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Abstract 

A performance of motor oil is influenced by base oil types and additives. Many ingredients such as 

antioxidants, viscosity index improvers, detergents, and antiwear agents are added to lubricants 

in order to improve its performances. Stability of motor oil is a concerned factor and widely used 
to measure performance of automotive lubricants. Therefore, understanding the stability of motor 

oil products is an initial step for improving the quality of lubricants. In this study, practical thermal 

analysis methods of conventional differential scanning calorimetry (DSC) and thermal gravimetric 
analysis (TGA) were used to evaluate the stability of 20 commercial motorcycle oils in 5 American 

Petroleum Institute (API) grades. Oxidation induction time (OIT), oxidation onset temperature 

(OOT), volatility loss and activation energy were used as stability indicators to determine perfor-
mances in thermal degradation process at 100oC for 8 weeks. The OIT and OOT were employed 

to evaluate oxidation stability. It was found that the latest API groups (SJ and SL) were more 

stable than the previous categories such as SC, SF, and SG. Volatility and apparent activation 
energies were used to determine thermal stability by TGA instrument. Stability of motor oils had 

no correlation with the API category. Significant variation of OIT, OOT, volatility and the activation 

energy within the same API category were observed during thermal degradation. 

Keywords: thermal stability; degradation; oil oxidation; activation energy of motor oils. 

 

1. Introduction  

A lubricant market is driven by the growing automotive industry. Total lubricant demand is 
estimated to be 2.5 billion liters per year in 2015 and projects to reach 3.2 billion liters per year 
in 2020 [1]. In addition, motorcycles have always been a dominant market. A number of mo-
torcycles on the roads have been growing by approximately 18 million units per year. The 
high demand for lubricant products in developing countries come with several problems such 

as counterfeit lubricants, reusing lube oil without appropriate re-refining processes and mixing 
lubricants with poor quality oils. Using these low quality lubricants not only impacts engine 
performances but also generates hazardous chemical vapors to the environment. These chemicals 
contribute to chronic hazards including mutagenicity and carcinogenicity, which are very toxic 
to humans [2]. Oxidation stability and volatility are important factors to be considered as indi-

cators on the quality and performance of lubricants. Poor quality motor oils express a high 
level of volatility and low oxidation stability. These properties directly affect the physical and 
chemical properties of lubricants, for example, volatility relates to the fire and flash point of 
the lubricating fluid in high-temperature conditions [3]. Oxidation property of a lubricant can 
lead to several undesirable results, such as increased oil viscosity, the formation of corrosive 

acids, and sludge buildups, which accelerating engine corrosion [4].  

Thermal stability determination of lubricant by thermal analysis techniques are important 
for the modern engine lubricants. Pressurized differential scanning calorimetry (PDSC) instru-
ment is used to determine the oxidative stability of engine oils such as OIT and OOT under 
isothermal and dynamic conditions [5-8]. This technique offers fast analysis (within an hour), 
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high sensitivity, less waste sample after testing and reproducibility of measurements [9]. How-
ever, the PDSC instrument is not as common as the conventional DSC. In general thermal 
analysis laboratories, the conventional TGA and DSC are widely used for numerous applica-
tions for a variety of materials. Many studies have reported that the conventional DSC could 
be used as a tool to classify and evaluate the effectiveness of oxidative inhibitors, which added 

to hydrocarbon products [10-12]. In addition, the evaporation loss of lubricating oil is also im-
portant in engine oil lubrication. It contributes to oil consumption in an engine and can lead 
to a change in the properties of the oil, which could produce air pollution [13]. Therefore, 
volatility of lubricant is an important factor that impacts the performances of formulated en-
gine oil. TGA technique is a common method for investigating weight loss of a sample while 

the temperature is changed over time [14]. The ASTM D 6375 standard test method is used 
for determining evaporation loss of lubricating oils by the thermogravimetric analyzer. Specif-
ically, Noack method gives useful volatility information in order to evaluate the volatility prop-
erties of motor oils [15]. Following this standard, a lubricant sample is quickly heated to 249oC 
in the dynamic section then held isothermally. A TGA curve provides a percent mass loss 
versus time, as shown in Fig. 1. For evaluation of oxidative stability by using the conventional 

DSC instrument, the oxidation induction time (OIT) and oxidation onset temperature (OOT) can 
be used to assess oil stability [16]. A typical OIT measurement is a plot of heat flow (mw/mg) 
versus time (min). The OIT technique indicates the time from the beginning that oil is exposed 
to oxygen gas in the isothermal condition until onset temperature peak occurs as shown in 
Fig. 2.  

 

 
Fig. 1. Thermogravimetric analysis determination 
of the evaporation loss (Noack volatility) 

Fig. 2. Differential scanning calorimetry curve for 
the oxidation induction time (OIT) determination 

 

Fig. 3. Differential scanning calorimetry curve for the 
oxidation onset temperature (OOT) determination 

This test method is standardized by 
the ASTM E 1858 standard [17]. The OOT 

is also using to evaluate the oxidative 
stability of lubricant. This method 
measures the oxidation onset tempera-
ture, which is standardized by the ASTM 
E 2009. In the beginning, a sample is 
heated with a constant heating rate. 

Simultaneously, one atmosphere of oxy-
gen is filled in until the exothermic peak 
emerges. The OOT value is defined as 
the temperature at the onset of the exo-
thermic oxidation peak [18] as shown in 

Fig. 3. 

Moreover, activation energy is another indicator utilizing kinetic analysis to determine the 

stability of lubricant. This application of TGA is based on the iso-conversional method of kinetic 
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analysis under non-isothermal conditions, which is frequently used to determine the activation 
energy of oxidative degradation study in oils [19-20]. It can be used as an analytical device for 
accurately measuring weight change of a material subjected to a temperature history. The 
weight loss information is used to determine the activation energy of lubricant samples. The 
high quality motor oil depends on the type of base oil as well as additives [21]. It should have 

good stability and volatility properties because these factors lead to serious damages to the 
engine. Determination of performances in an automotive lubricant through conventional thermal 
analysis techniques are beneficial for the formulation of lubricant before a full-scale engine 
testing, which is expensive and takes a longtime. Therefore, these practical methods can be 
utilized for improving the thermal performance of base oils and additives. In addition, thermal 

stability information should be provided to customers, they could identify performances of 
lubricants and select high performance lubricant without any influences of false commercials.  

In this work, we have investigated the thermal stability of 20 motorcycle oils during thermal 
degradation for 8 weeks by using practical thermal analysis methods to obtain values of OOT, 
OIT, volatility loss and activation energy. The change of quality in lubricants were estimated 
by a correlation of a trend in thermal stability. 

2. Materials and methods 

2.1. Motor oils 

Twenty conventional motorcycle oils were obtained from 20 brands commonly available in 
local lubricant markets. The tested lubricants consisted of international brands and local 
brands, which were suitable for 4-stroke motorcycle engines. In this investigation, viscosity 
grade of all samples were Society of Automotive Engineers (SAE) 40 of which 5 brands in SC 
category; 5 in SF; 4 in SG; 3 in SJ and 3 in SL category. About 30 mL of each lubricant fluid 

was filled in a glass cylinder container (2.5 cm diameter and 9.5 cm height) without c losing a 
lid and stored at 100oC for 8 weeks. Every 2 weeks, 2 mL of each sample was collected for 
determination of volatility loss, OIT and OOT in order to observe changes of performances.  

2.2. Oxidation onset temperature (OOT) analysis according to the ASTM E 2009 

According to the ASTM E 2009 standard for the OOT test, approximately 3 mg of lubricant 
samples were heated at a constant rate of 10°C/min from 25°C to 100°C in an oxygen atmos-

phere with constant flow rate of 50 mL/min. The oxidation onset temperature was specified 
from its DSC curves of the exothermic process. 

2.3. Oxidation induction time (OIT) analysis according to the ASTM E 1858 

Thermal stability of lubricants was analyzed in term of OIT test according to the ASTM E 
1858 standard. Approximately 3 mg of sample was placed into an uncovered aluminum pan 

and were held initially at 25°C under nitrogen flow of 50 mL/min. The temperature was in-
creased to 210°C with a heating rate of 40°C/min, still under the same nitrogen flow. When 
reaching the defined temperature, hold for 5 min and switched nitrogen to oxygen gas at 50 
mL/min then held at 210°C (isothermal) for 60 min. The OIT was measured by DSC signal 
when an exothermic reaction onset was observed.  

2.4. Volatility analysis according to the ASTM D 6375 

The procedure followed the ASTM D 6375, using 61 ± 3 mg of lubricant samples in an opened 
aluminum crucible with an internal diameter of 0.56 cm. The temperature was increased from 
50°C to 220°C with a heating rate of 100oC/min and followed by heating to 249°C at 10oC/min. 
The isothermal period was held at 249°C for 30 min with air purge at a total flow rate of 80 

mL/min. The percentage of evaporation loss of lubricants was determined by the TGA curve 
of the sample at 30 min after isothermal period. The TGA results were used to compare the 
volatility of samples for performance evaluation.  
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2.5. Determination of activation energy 

The conventional TGA was used to evaluate the kinetics of motor oils. Non-isothermal ther-

mogravimetry has been applied to determine activation energy. Approximately 5.0 mg of se-
lected sample was filled in a 70 µL alumina crucible and placed into TGA instrument. Samples 
were heated from the ambient temperature to 600oC under a nitrogen atmosphere with a flow 
rate of 100 mL/min. The experiments were conducted at 4 constant heating rates of 5, 10, 20 
and 30oC/min as shown in Fig. 4 at percent conversion of 10, 20, 30, 40, 50, 60, 70, 80 and 
90% were utilized to determine the activation energy. The decomposition of oil samples was 

evaluated to quantify the rate of aging of oils at different conditions. The kinetic models are 
based on the following fundamental rate equations [22]. 
𝑑𝛼

𝑑𝑡
= 𝐴𝑒𝑥𝑝 (−

𝐸

𝑅𝑇
) 𝑓(𝛼)                     (1) 

where E is the activation energy of the kinetic process; 𝐴 is the Arrhenius parameter also 
called the pre-exponential factor and 𝑅 the universal gas constant. The conversion depend-

ent function, 𝑓(𝛼)  is assumed that the degradation reaction is a simple nth-order reaction. 
The conversion dependent term can be expressed as 

𝑓(𝛼) =  (1 − 𝛼) 𝑛                     (2) 

where 𝑛 is the order of the kinetics, which is characterized by the first order kinetics 𝑛 = 1 
for decomposition of oil [23]. 

The integral form of the equation (1) can be written as: 

𝑔(𝑥) =  ∫
𝑑𝑥

𝑓(𝑥)

𝑥

0 =  
𝐴

𝛽
∫ 𝑒𝑥𝑝 (−

𝐸

𝑅𝑇
) 𝑑𝑇 =  

𝐴𝐸

𝛽𝑅
𝑝 (

𝐸

𝑅𝑇
)

𝑇

𝑇0         (3) 

where  𝛽  denotes the heating rate of ethe xperiment. 

Kissinger-Akahira-Sunose (KAS) method is based on the Coats, and Redfern approximation 
[24], which has been employed and the function of the integral isoconventional KAS method is 
given by [25]. 

ln (
𝛽

𝑇2
) = ln (

𝐴𝑅

𝐸𝑔(𝑥)
) −  

𝐸

𝑅𝑇
                  (4) 

Equation (3), temperatures at various chosen values of conversions are determined at dif-
ferent heating rates. The activation energy can be obtained from the slope of the strength-
line by plotting ln(𝛽/𝑇 2) on y-the axis versus 1/T on x-the axis at a given level of the conver-

sion as shown in Fig. 5.  

 
 

Fig 4. Typical TGA curves for weight loss 
profiles at different heating rates of SC1 

Fig 5. The Kissinger-Akahira-Sunose (KAS) plots 
for thermal degradation of lubricant at different 

rates and conversion level (α) : 0.1-0.9 

3. Results and discussion 

3.1. Initial product performances 

Twenty commercial motor oils having the same SAE viscosity grade at number 40 were inves-
tigated to determine the oxidative stability and volatility before thermal degradation test. They 
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were in 5 categories including SC, SF, SG, SJ, and SL. These engine oil samples were analyzed 
according to the three ASTM standards and the results of volatility loss, OIT and OOT are 
shown in Table 1.  

Table 1. The initial volatility loss (%), oxidation onset temperature (OOT, °C) and oxidation induction  
time (OIT, min) of twenty lubricants having the following API: SC, SF, SG, SJ, and SL categories 

Stable motor oil should have high oxidation temperature (OOT) and long oxidation time 

(OIT) value. The results revealed that the average of OOT value for each API category in-
creased from 235°C to 287°C and got better in the alphabetical order of the oil categories. 
There was a gap between the minimum and maximum of OOT values within each category. 
The range for SC, SF, SG, SJ, and SL were 18.1, 18.2, 28.5, 11.4 and 14.9, respectively, and 

these ranges reflected the quality of motor oils within the group. A narrow range implied that 
members of the same API had almost the same quality while there was quite a different oxi-
dative stability in the group with a large range. The relationship of the API categories and the 
oxidative stability evaluated by OOT also showed that the lubricants in the latest API service 
category (SL) was more stable than the previous category oils (SC, SF, SG, and SJ). The mean 

of the OOT was in the following order from the lowest to the highest: SC (235.3°C), SF 
(248.8°C), SG (263.7°C), SJ (275.3°C) and SL (286.9°C). The OOT value was a suitable tool 
to identify a poor oxidative oil in a category. For example, in SF category, SF04 had the lowest 
OOT of approximately 239°C, which was significantly lower than the OOT mean of 248.8°C. 
Therefore, the OOT values could be used as an indicator to evaluate the thermal stability of 
motor oils. The stability of the 5 API categories was also determined by OIT showing that the 

OIT of lubricants in each API category was in good agreement with the OOT data. Increasing 
the OIT accompanied with a higher oxidation temperature. Note that the two motor oils (SC3 
and SC5) in SC group had a similar OIT value (8.3 mins), but the results of OOT were different: 
230.4°C and 236.7°C, respectively. For the most stable oil, SL02 had the longest OIT (115 
mins) while OOT was the highest value (293.3°C) among all investigated motor oils. The volatility 

property provided by the Noack volatility test of the 20 lubricant fluids are shown in Table 1. There 
were 6 oils including SF01, SG01, SG02, SG03, SJ03 and SL01 whose evaporative loss were 
more than 14%, especially, SJ03 and SL01 had more than 20% of volatilization while SC2 and 
SC3 were good volatility oils having the lowest volatility. Therefore, the volatility rate is also 
an important factor for lubricants. A high volatile oil should be considered when using these oils.  

In this study, there was no significant correlation between volatility loss and the API cate-
gory. For this set of commercial lubricants, it was found that there was also no direct relation-
ship between SAE viscosity grade and volatility because all samples were in the same SAE 
viscosity grade, but they had different volatility properties. Moreover, the SAE viscosity grade 
was not a good indicator for providing the volatility information to the customers. The API 

category was also not a good indicator to determine the volatility of each motor oil, and there 
was no volatility trend when API category change from SC to SL. However, there was a good 
correlation between the API category and oxidative stability that the later API category such 
as SJ and SL was more stable than the previous categories (SC, SF, and SG).  

Lubricants 

API 

Volatility 

loss (%) 

OIT 

(min) 

OOT 

(°C) Lubricants 
Volatility loss 

(%) 

OIT 

(min) 

OOT 

(°C) 

SC01 8.3 9.4 246.2 SG01 19.0 15.0 248.0 

SC02 4.7 7.7 235.1 SG02 17.8 55.1 266.4 

SC03 4.8 8.3 236.7 SG03 14.1 59.8 276.5 

SC04 6.8 5.2 228.1 SG04 11.5 48.7 263.9 

SC05 5.6 8.3 230.4 SJ01 10.2 58.0 272.0 

SF01 15.0 23.4 257.0 SJ02 11.8 66.2 282.7 

SF02 11.8 16.0 248.5 SJ03 20.8 57.9 271.3 

SF03 8.5 17.9 249.7 SL01 21.2 65.0 279.0 

SF04 8.0 8.7 238.8 SL02 13.5 115.0 293.9 

SF05 6.3 17.1 250.2 SL03 6.6 92.7 287.8 
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3.2. Thermal stability during degradation  

Twenty motor oils were degraded at 100oC for 8 weeks, and samples were collected every 

2 weeks during the degradation test period. The oxidative stability and volatility results were 
obtained using DSC and TGA instruments. 

Stability of motor oils during thermal degradation were determined in terms of OIT (mins), 
OOT (oC) and volatility (%) over 8 weeks of aging test at 100oC. The data of 5 lubricants in 
the API SC category was taken every 2 weeks and plotted as shown in Fig. 6 (a) for OOT (oC) 
using the left axis, and for OIT (mins) using the right axis. Fig. 6 (b) was volatility of the 5 

lubricants in SC grade. The OOT values of the 5 motor oils showed that SC5 was quite a high 
oxidative stability motor oil to fight against an oxidation because its OOT values of 230oC 
remained almost unchanged during 8 weeks.  

 

Fig. 6 (a) Values of OOT (oC) shown on the left axis for the upper group of data and OIT (min) shown on 
the right axis for the lower group of the five lubricants within the API SC grade tested over eight weeks 

of heating at 100oC 

In contrast, OOT of SC1, SC2, SC3 and SC4 degraded over the testing period. Specifically, 
SC1 showed the highest OOT but degraded from 246.2oC to 231.4oC after 8 weeks. For SC2, 
SC3, SC4 and SC5, OOT results revealed that before degradation test (0 week), SC3 had 

higher OOT than SC2, SC4 and SC5. However, 8 weeks later, SC5 was more stable than SC2, 
SC3, SC4 and SC2 was more stable than SC3 and SC4, which had the lowest OOT of 217-
218oC. For oxidative stability determined by time of oxidation at isothermal methods, so called 
OIT values, the 5 motor oils had similar oxidative stability trend. Their OIT values slightly 
decreased over the period, except SC5, which remained unchanged at 8.3 mins. SC1 had the 

highest OIT values (9.4 mins) over 8 weeks which only slightly decreased by 0.8 mins at the 
end of the test. For SC2 at the beginning of the test, it had lower OIT than SC3. However, 
after 8 weeks their OIT values were almost the same at approximately 7 mins. The lowest 
stability in SC group was SC4. It had the shortest OIT value at every oxidation point. These 
OIT values were significantly lower than the others. 
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Fig. 6 (b) Volatility loss (%) of the five lubricants within the API SC grade tested after eight weeks of 
heating at 100oC 

Fig.6 (b) showed volatility loss (%) of 5 motor oils in SC grades. Over 8 weeks of thermal 

degradation at 100oC, the volatility loss changed only slightly from no loss for SC1 to maxi-
mum of 0.4% for SC2.  It was noted that these motor oils did not volatile much in 8 weeks. 
Moreover, volatility loss revealed that SC2 and SC3 had almost the same volatility loss of 
stock condition at two weeks. SC3 increased volatility loss but SC2 still unchanged. After two 
weeks, SC3 volatility remained steady while SC2 volatility slowly increased. Both SC2 and SC3 
had similar volatility loss of 5.2% at the end of the degradation period. From the data shown 

in Fig. 6 (a and b) it could be concluded that SC5 was a good stable motor oil. It had quite 
high oxidative stability and volatility although it did not have the best OIT, OOT and volatility 
properties. In contrast, SC1 showed the best oxidative stabilities in term of OOT and OIT but 
its evaporation was very high. Therefore, SC1 was not a good motor oil in this group.  

The oxidative stability test for 8 weeks at 100oC for SF group were shown in Fig 7 (a). The 

trend of OOT for the SF 5 motor oils decreased over the testing period. SF1 had the highest 
OOT values throughout 8 weeks while SF4 had the lowest OOT value. For SF2, SF3, and SF5, 
they had almost the same OOT value in the fresh condition. After two weeks, the OOT of SF3 
was higher than that of SF5 and SF2; all three motor oils declined slowly to an almost similar 
value (234-235oC) at the end of the degradation test. In SF group, OIT of all 5 samples de-

creased within 8 weeks. SF1 was the most stable motor oil, and its OIT values were the highest 
during the degradation period. In contrast, SF4 had very low stability when compared with 
the others although its OIT was almost unchanged.  Moreover, the OIT results reveal that the 
oxidation property trends of SF2, SF3, and SF5 went down over the period. After 4 weeks, 
SF2 expressed quite high stability because its OIT remained unchanged and it was higher than 

that of SF3 and SF5. However, the OIT decreased after that, and it was the same as SF3 at 
the end of the testing while SF5 had higher OIT than SF2 and SF3.  

Volatility loss (%) of all oils was shown in Fig 7 (b). There were 4 motor oils including SF1, 
SF2, SF3, and SF5 that did not change their volatility property while SF4 increased its volatility 
loss by 0.8% during 6 weeks and stayed constant at 8.8% until the end of the degradation 

test. The volatility property of all aged oil samples after 8 weeks showed that SF3 and SF4 
had almost similar volatility loss of approximately 9% while SF1 and SF2 had high volatility 
approximately 15% and 12%, respectively. By comparison, SF5 was the best oil in term of 
volatilization in this group because of the lowest volatility loss of about 6%. According to the 
oxidation property and volatility loss, it was obvious that SF2, SF3, and SF5 had good oxidative 
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stability. However, when considered volatility property, SF5 had the best oxidation and vola-
tility property. In contrast, SF1 was the best in terms of oxidative stability but poor volatility. 
A high performance lubricant requires high oxidative stability and low volatility rating. 

 
Fig. 7 (a) Values of OOT (oC) shown on the left axis for the upper group of data and OIT (min) shown on 
the right axis for the lower group of the five lubricants within the API SF grade tested over eight weeks 

of heating at 100oC 

 
Fig. 7 (b) Volatility loss (%) of the five lubricants within the API SF grade tested after eight weeks of 

heating at 100oC 

Differences of the thermal stability of four motor oils in the SG group was determined by 
dynamic OOT (oC) and isothermal OIT (min) and were shown in Fig. 8 (a). The oxidative sta-

bility property in terms of OOT showed that SG3 had the highest OOT and stayed relatively 
constant during the degradation test. This behavior indicated that SG3 had good oxidative 
stability compared with the rest. SG2 performed slightly better than SG4 within 6 weeks. After 
that, the OOT oxidative stability of both oils was nearly the same at approximately 259oC. SG1 
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had the lowest OOT over the degradation test. At the end of the degradation test, OOT of SG1 
decreased by 12.5oC while the other lubricants such as SG2 SG3 and SG4 had smaller changes 
of 7.4, 5.7 and 5.4, respectively. For this reason, it was concluded that SG1 had the lowest 
oxidative stability in SG group. OIT test of four SG motor oils revealed that throughout the 
degradation test, SG2 and SG3 were the most stable oils for SG group.  

 

Fig. 8 (a) Values of OOT (oC) on the left axis (the upper group) and OIT (min) on the right axis (the 
lower group) of the five lubricants within the API SG grade tested over eight weeks of heating at 100oC 

 

Fig. 8 (b) Thermal degradation test in eight weeks in terms of volatility loss (%) of the five lubricants 
within the API SG grade tested after eight weeks of heating at 100oC 

The OIT results of both oils were the same after 2 weeks. At the end of the degradation 
test, SG2 and SG3 had OIT at 53.2 mins, which was the highest oxidation time in this SG 
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group. SG4 was more stable than SG1 but its oxidation time was not as good as that of SG2 
and SG3. Therefore, SG1 was the least stable when considered OIT and OOT values.  

Fig. 8 (b) showed volatility loss (%) by TGA of four motor oils in SG group. The overall 
volatility trends of SG2, SG3, and SG4 stayed relatively constant at 17.8, 14.1 and 11.5%, 
respectively. Only SG1 oil had a different volatility behavior. It was the highest volatile oil in 

SG category and at the end of degradation, the volatility increased by 0.4%. The results from 
Fig. 8 (a and b) showed that SG3 was the most dominant in the oxidation properties. It had 
the highest OOT and OIT during the degradation test. However, SG3 evaporated more than 
SG4 by 2.6%. This small difference was not significant. Therefore, SG3 had the best perfor-
mance in SG group. 

The results for SJ group were illustrated in Fig. 9 (a). The oxidative stability of three motor 
oils showed that OOT of all motor oils were reduced with increasing incubation time. SJ2 was 
more stable than SJ1 and SJ3. Before the degradation process, SJ2 was oxidized at approxi-
mately 283oC. After 8 weeks, the oxidative stability decreased by approximately 8oC. The OIT 
result revealed that stability of SJ1 was higher than SJ3. These 2 oils had almost the same 
oxidation temperature before the degradation test. Over the period, they had similar oxidation 

trends. However, SJ1 had better stability than SJ3 because its OOT value was higher. At the 
end of the degradation process, SJ1 OOT was reduced by only 6.4oC while SJ3 OOT was re-
duced by 10oC. The OIT results showed the same oxidation trend as the OOT results. SJ2 was 
the most stable oil in this group because its OIT was the longest while SJ1 and SJ3 had almost 
the same oxidation induction time. Fig. 9 (b) presented the difference of volatility property 

(%) over 8 weeks of three oils in SJ category. SJ1 maintained low volatility property and 
stayed constant in volatility loss over the degradation test. This volatile behavior indicated 
that SJ1was a good quality motor oil. For volatility loss of the others, there was a small change 
of 0.1% volatility for SJ2 while SJ3 had the highest volatility loss of 21%. The order of volat-
ilization of 3 oils was SJ3 > SJ2 > SJ1. The thermal stability of SJ group shown in Fig. 9 (a 

and b) indicated that SJ2 had a better performance in the oxidative stability and volatility than 
the others. 

 
Fig. 9 (a) Values of OOT (oC) on the left axis (the upper group) and OIT (min) on the right axis (the 

lower group) of the five lubricants within the API SJ grade tested over eight weeks of heating at 100 oC 
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Fig. 9 (b) Thermal degradation test in eight weeks in terms of volatility loss (%) of the five lubricants 
within the API SJ grade tested after eight weeks of heating at 100oC 

The oxidative stability properties of motor oils in SL category were shown in Fig 10 (a). All 

OOT values were reduced after the thermal degradation process. It was noted that SL2 had 
the highest OOT before the aging test then reduced by 12.5oC after 8 weeks. The OOT of SL1 
and SL3 were lower at 287.8oC and 279oC and decreased by 6.2 and 7.1oC at the end of the 
degradation test. Although SL2 had the highest oxidative stability that reached 294oC, after 8 
weeks the OOT decreased sharply to 281.4oC, which was almost the same temperature as 
that of SL3. For this reason, SL3 should be identified as a high performance motor oil in SL 

group. The OIT result showed the oxidation time of SL motor oils in Fig 10 (a).  

 
Fig. 10 (a) Values of OOT (oC) on the left axis (the upper group) and OIT (min) on the right axis (the 

lower group) of the five lubricants within the API SL grade tested over eight weeks of heating at 100oC 
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Fig. 10 (b) Thermal degradation test in eight weeks in terms of volatility loss (%) of the five lubricants 
within the API SL grade tested after eight weeks of heating at 100oC 

It could be observed that SL2 oil had the same trend as its OOT results, its OIT reduced by 

21 mins over 8 weeks. For SL1 and SL3, OIT results had no change in oxidation time at 65 
and 93 mins, respectively. A good stable oil should have constant OIT value and take a long 
time to be oxidized. The OIT results showed that SL3 was the most stable oil in this group. 
The volatilization of three motor oils was evaluated and showed in Fig. 10 (b). SL1 had the 
highest volatility at 21.2% and increased slightly to 22.2% at the end of the test. However, 
SL3 had better volatility than SL2. The volatility property of SL2 was 13.5% while SL3 was 

6.6%. The volatility loss of both oils remained constant over 8 weeks. The results indicated 
that SL3 had the best volatile property (lowest loss) and remained unchanged. SL3 also had 
the best oxidative stability in SL group.  

The OOT and OIT results were provided by the conventional DSC, which was very useful 
tool for characterizing the oxidative stability of commercial motor oils. An exothermic peak 

from DSC output signal expressed the hydrocarbon chains that were oxidized by a free radical 
mechanism [26]. It expressed level of resistance of a motor oil to oxidation reaction during the 
testing period [27]. In the analysis of OOT and OIT results, it was observed that there was a 
good correlation between the latest service API category and oxidative stability. The newer 
API category showed higher oxidative stability than the old category. This was a clear indica-

tion of the latest API standard accompanies with better anti-oxidation properties of the lubri-
cants [28]. The rate of oxidation of lubricant was influenced by the quality and type of base oil 
as well as the antioxidant additives. Antioxidants played an important role to protect the lub-
ricant in service by limiting the chemical changes and degradation [29]. Moreover, OOT and 
OIT applications were widely used for assessing the improvement of oxidative stability of lub-

ricants [30-32]. Both OOT and OIT are good for quality identification and should be provided to 
customers. TGA Noack application was a good method for evaluating the volatility of lubricant. 
It was useful for estimation of volatility oil at high temperature condition such as engine op-
erating temperature.  Rate of volatility depended on the differences in molecular structure of 
base oil and additives [33]. The results of TGA Noack indicated that increase of volatility in oil 

was not influenced by the SAE viscosity grades and the API service categories. The differences 
of volatility in individual motor oil exhibited the lubricant’s tendency to vaporize. The high 
volatility motor oil was not recommended because there may not have enough lubricant to 
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lubricate and reduced the heat generated between surfaces in the engine. Moreover, high 
volatility lubricants had a chance to be consumed more than low volatility oil at the normal 
operating temperature of the engine. It caused several serious problems of engines such as 
oil starvation, which would generate friction, wear and raise temperature of engines [34]. As 
shown in this study, volatility testing data should be added to product labels in order to better 

inform customers of the critical information of motor oils. The results of the oxidative stability 
and volatility during the thermal degradation process revealed useful information about per-
formance of several API grades.  

3.3. Kinetics of thermal decomposition 

Kinetics of thermal decomposition in motor oils were determined using data obtained from 

TGA result. The temperature ranges were shifted to higher temperatures when heating rate 
was increased. In addition. Following the KAS method plotted of 1/T versus ln (β/T 2) at 9 
conversion levels (α) at 0.1-0.9, all plots had a strong linear relationship (r2 > 0.98). The 
apparent activation energies (Ea) were calculated from the slope of the linear regression equa-
tion at different conversion levels. Table 2-6 are lists of the apparent activation energies of 
fresh and aged lubricants in SC, SF, SG, SJ and SL category, respectively. It was clearly shown 

that the trends of apparent activation energy increased from low to high conversion levels 
because long chain hydrocarbons remained in the base oil degraded at high activation energy [35]. 
Moreover, the average of the apparent activation energy of 5 categories in all fresh motor oils 
was higher than the aged lubricants. This showed that fresh lubricants are more stable than 
aged lubricants because chemical structures of base oils change from long chain hydrocarbons 

to aromatic compound during long exposure to high temperature for long period. Moreover, 
straight chains are substituted by aromatic rings and decrease the oxidative stability of lubri-
cants [36-37].  

Table 2. Activation energies determined of fresh and aged lubricants using Kissinger -Akahira-Sunose 
method in the API SC grade 

Con-
version 

Activation energy (kJ/mol) 

SC1 SC2 SC3 SC4 SC5 

 fresh aged fresh aged fresh aged fresh aged fresh aged 
0.1 91.98 90.43 78.81 74.87 89.79 80.39 86.12 83.84 77.67 75.04 
0.2 92.04 88.94 78.77 76.62 99.40 89.61 98.77 87.04 87.97 84.56 
0.3 93.57 90.99 80.95 79.26 105.91 98.35 100.05 95.92 95.81 88.84 

0.4 92.48 89.08 83.12 82.61 104.56 96.63 99.58 97.13 98.20 92.56 
0.5 98.85 95.07 85.58 84.08 106.85 99.40 105.66 102.79 102.38 99.34 
0.6 97.28 96.23 88.49 87.36 115.48 107.92 106.22 104.76 104.05 98.83 
0.7 100.57 99.77 91.02 88.64 113.49 105.34 107.58 106.73 107.69 103.28 
0.8 103.21 102.94 94.46 91.04 116.18 109.10 112.96 110.62 112.95 107.06 
0.9 107.99 106.79 98.65 96.13 119.19 113.43 114.62 113.12 118.99 114.41 

Mean 97.55 95.58 86.65 84.51 107.87 100.02 103.51 100.22 100.63 95.99 

Table 3. Activation energies determined of fresh and aged lubricants using Kissinger -Akahira-Sunose 
method in the API SF grade 

Con-
version 

Activation energy (kJ/mol) 
SF1 SF2 SF3 SF4 SF5 

 fresh aged fresh aged fresh aged fresh aged fresh aged 
0.1 84.59 79.61 75.38 72.27 85.35 78.04 82.22 74.52 85.08 78.40 
0.2 96.90 92.50 83.62 79.99 93.71 86.64 89.01 87.94 94.39 86.97 
0.3 97.03 95.48 87.35 84.48 97.91 90.75 91.33 86.02 99.89 91.85 
0.4 100.60 97.90 90.18 87.41 106.98 94.99 93.42 89.02 103.17 95.88 
0.5 104.80 101.20 93.08 90.38 105.17 98.69 96.48 91.29 106.74 98.51 

0.6 107.80 103.70 96.20 92.34 109.12 101.32 100.95 93.77 110.14 103.26 
0.7 110.80 106.80 98.65 95.14 112.72 109.67 101.56 97.09 115.71 107.84 
0.8 115.40 110.10 100.92 98.84 116.67 108.43 104.76 99.73 122.91 120.76 
0.9 118.20 114.90 104.57 102.33 121.33 113.14 108.37 103.04 137.86 134.84 
Mean 104.01 100.24 92.22 89.24 105.44 97.96 96.46 91.38 108.43 102.03 
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Table 4. Activation energies determined of fresh and aged lubricants using Kissinger -Akahira-Sunose 
method in the API SG grade 

Con-
version 

Activation energy (kJ/mol) 
SG1 SG2 SG3 SG4 

 fresh aged fresh aged fresh aged fresh aged 

0.1 74.86 75.94 76.89 69.72 82.15 79.4 79.64 73.37 

0.2 80.83 80.78 82.55 77.18 89.53 87.23 89.56 86.88 

0.3 83.32 82.15 84.64 79.72 92.47 90.91 94.45 85.47 
0.4 85.41 83.54 86.60 84.03 94.87 92.39 98.35 89.36 

0.5 88.40 84.94 89.53 82.61 96.55 94.90 102.51 95.15 

0.6 92.06 86.13 91.45 84.05 98.80 96.12 105.80 98.79 
0.7 95.94 87.29 96.24 85.57 100.93 98.84 108.78 100.04 

0.8 100.71 89.09 97.54 86.56 102.59 100.74 112.55 99.73 

0.9 105.28 91.02 100.24 88.29 105.44 102.70 117.14 107.57 
Mean 89.65 84.54 89.52 81.97 95.93 93.69 100.98 92.93 

Table 2 showed activation energy results of SC group. SC3 and SC4 were the most stable 

oils in this group. At the initial condition, the average apparent activation energy  of SC3 and 
SC4 were 107.87 and 103.51 kJmol-1, respectively. After the degradation period, the average 
apparent activation energy of these 2 motor oils drops by approximately 8 and 3 kJmol-1, 

respectively. SC1, SC2 had activation energy below 100 kJmol-1 before the ageing period. After 
8 weeks, activation energy decreased by approximately 2 kJmol-1. SC5 decreased activation 
energy by approximately 5 kJmol-1. After thermal degradation test, its activation energy was 
almost the same as that of the SC1.The apparent activation energy results indicate that a 
motor oil having higher activation energy is more stable than that with a lower average ap-

parent activation energy [35]. Table 3 clearly indicated that SF5 was the most stable motor oil 
in SF group. The average apparent activation energy  reached 108.43 kJmol-1 at the fresh 
condition and dropped to 102.03 kJmol-1 after 8 weeks of ageing test. SF1 and SF3 had quite 
a high activation energy at 104.01 and 105.44 kJmol-1, respectively. However, the activation 
energy of SF2 and SF3 were not over 100 kJmol-1. Especially, SF3 was the lowest stability in 

SF group. Table 4 showed the average apparent activation energy of SG grade. It indicted 
that after degradation test, SG3 and SG4 had the highest activation energy (93-94 kJmol-1). 
However, when compared activation energy results at the fresh condition of 2 motors. SG4 
had a significantly greater value than SG3 by approximately 5 kJmol-1. This shows that SG3 
was the most stable motor oil in SG group. The apparent activation energy of SJ and SL grades 

were listed in Table 5 and 6, respectively.  

Table 5. Activation energies determined of fresh and aged lubricants using Kissinger -Akahira-Sunose 
method in the API SJ grad 

Con-
version 

Activation energy (kJ/mol) 
SJ1 SJ2 SJ3 

 fresh aged fresh aged fresh aged 

0.1 84.02 79.82 81.66 75.73 82.37 78.31 

0.2 89.83 83.87 89.03 83.06 88.67 82.98 
0.3 95.93 88.74 94.51 88.55 91.66 84.05 

0.4 102.23 92.38 100.39 91.94 94.18 85.91 

0.5 108.28 97.92 104.69 99.32 95.90 87.63 
0.6 113.86 103.62 109.19 103.16 98.28 89.94 

0.7 120.25 107.42 117.58 108.41 100.25 91.98 

0.8 128.72 112.92 117.58 114.87 104.38 95.19 
0.9 136.93 121.98 122.41 121.18 110.86 101.22 

Mean 108.89 98.74 104.12 98.47 96.28 88.58 

SJ1 and SJ2 were more stable than SJ3 for fresh motor oil. After degradation, they had a 

similar average apparent activation energy of 98-99 kJmol-1. However, at fresh condition SJ1 
had higher average apparent activation energy than SJ2 by approximately 5 kJmol-1. In SL 
group, ageing condition of SL3 exhibited the most stable lubricant in this group and showed 
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the highest activation energy among 19 motor oils (average activation energy = 104.2 kJmol-
1). In fresh condition, the activation energy of SL3 was very high (108.92 kJmol-1) while SL1 
and SL2 were 103.72 and 106.08 kJmol-1, respectively. After the degradation period, SL3 
decreased its average activation energy only by 4 kJmol-1 while SL1 and SL2 lost activation 
energy by approximately 8 and 21 kJmol-1. 

Table 6. Activation energies determined of fresh and aged lubricants using Kissinger -Akahira-Sunose 

method in the API SL grade 

Con-
version 

Activation energy (kJ/mol) 
SL1 SL2 SL3 

 fresh aged fresh aged fresh aged 

0.1 79.68 72.92 82.25 66.78 95.18 90.26 

0.2 84.06 80.09 92.46 75.38 98.88 95.01 
0.3 95.57 86.78 97.75 78.98 100.56 97.23 

0.4 99.92 91.45 102.22 83.07 103.88 99.97 

0.5 104.69 97.21 107.29 85.61 107.05 105.56 
0.6 108.12 98.61 112.29 89.09 112.31 109.25 

0.7 113.83 103.18 116.79 92.68 118.31 114.59 

0.8 119.56 111.77 120.52 95.70 120.79 116.51 
0.9 128.09 118.18 123.12 98.41 123.33 119.39 

Mean 103.72 95.58 106.08 85.08 108.92 105.31 

The activation energy analysis of fresh and aged motor oils can be used to characterize the 

stability of lubricants. This study showed that there was no correlation between the activation 
energy and lubricant grades. The differences of the apparent activation energy depend on a 
formulation of base oils and additives present in motor oil. These variations can be attributed 
to the complex organic transformations occurring during degradation of the motor oil [35].  
These components such as base oil, antioxidants, detergent, corrosion inhibitors, viscosity 

index improvers, anti-wear agents, and anti-foaming agents are important factors and impact 
to the changes in the apparent activation energy of motor oils. Determination of stability by 
using the apparent activation energy during thermal degradation process provide a better 
understanding in physiochemical properties of motor oils. 

4. Conclusions  

The results of these studies can be used to characterize the performance of motor oils. 

Good oxidative stability of lubricants had high OOT, OIT, and the activation energy while vol-
atility loss was low. Using the common DSC to determine OIT and OOT were very useful for 
evaluation of the oxidative stability in lubricants. The TGA Noack test provided valuable infor-
mation on volatilities of lubricant. It simulated real life conditions, which lubricant exposed to 
a high temperature and air. Volatility measured by Noack did not correlate well with the SAE 

viscosity and the API categories. Moreover, mass loss data of TGA can be used to calculate 
the apparent activation energy. This is an important tool for stability study.  

These lubricant properties shown from this work are practical and powerful indicators for 
characterization performance of lubricant products in the market.  
 Oxidative degradation was critical information to determine a performance of motor oils. 

 The SAE viscosity and the API category were not good factors to determine the volatility of 
commercial motor oils. 

 The latest API category (SL) were more stable than the previous categories (SC, SF, SG, 
and SJ). 

 Lubricants with the same SAE viscosity and API category could show significant differences 

in their oxidative stability and volatility.  
 Stability of lubricant can also be evaluated in term of the activation energy, and there is no 

correlation between the activation energy and API grades. 
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 The ageing test is important to physiochemical degradation study of motor oils. These ther-
mal analysis applications such as OIT, OOT, volatility and the activation energy can be used 
for stability determination. 
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Abstract 

The existence of any liquid on the pavement surface causes a decrease in skid resistance. Heavy 

rain storm or improper surface grading leave a water film on the pavement surface. By increasing 

water film and vehicle velocity, there is a moment in which hydroplaning phenomenon can occur 
and causes the vehicle linear speed to become disproportionate to wheel rotational speed.  In this 

study, a new laboratory-scale simulator is designed and manufactured that can simulate the oc-

currence of hydroplaning on asphalt pavements, facilitating the study of different parameters on 
the occurrence of this phenomenon such as vehicle speed, water film thickness, tire thread, pave-

ment surface physical properties, etc. The lack of proportion between the linear movement of 

vehicle shaft and wheel rotation was considered as an important principle in designing of this 
machine. The designed apparatus involved electrical, mechanical, water transfer and asphalt mix-

ture parts. The obtained results showed that the ratio of wheel rotational speed to its longitudinal 

speed is a proper index for identifying hydroplaning threshold. The results showed that by increas-
ing frequency from 27.5 to 35 Hz, the ratio of wheel rotation to axle rotation in rpm is reduced by 

almost 10% in wet condition and hydroplaning occurred. 

Keywords: Laboratory-Scale machine; Friction; Hydroplaning; Asphalt Pavement; AUT Simulator. 

 

1. Introduction  

One of the important issues in road safety is friction between the vehicle tire and road 
surface. When the road surface is exposed to rain, a thin water film is established on the 
pavement surface. Water film performs as a lubricant and having the obvious result of de-
creasing skid resistance. The downfall in the level of skid resistance establishes dangerous 

situation for vehicles. On the one hand, pavement macrotexture is as the most important 
factor in skid resistance and present micro drainage capacity in the pavement surface. In a 
way that current protrusions on road surface and distance between rough stones cause to 
decrease water film thickness which is formed between pavement and tire. In another hand, 
vehicles traffic on the road, decrease pavement macro texture gradually. At high speeds and 

intensive rainfalls, tire tread can’t scatter accumulated water between tire and pavement and 
a water film is formed between tire and pavement, totally eliminating any direct contact be-
tween the tire and the pavement surface [1]. This phenomenon is called hydroplaning which is 
affected by various related factors to vehicle tire pressure and thread, fluid and pavement 
surface [2].  

The fluid thickness and its density are effective parameters which are related to the fluid. 
According to Ong et al., when the thickness of water film increases to 0.1 to 2 mm, hydro-
planing speed decreases drastically [3]. Micro-texture and macro-texture of pavement surfaces 
are important related factors in road surface which are influential in hydroplaning occurrence. 
According to the studies of Ong et al., if the mean texture depth is in the range of 0.2 to 

0.5mm pavement micro-texture can postpone hydroplaning through increasing hydroplaning 
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speed by up to 20% [3]. In another study, Yager used sand patch test to identify the level of 
texture depth and its relation to the potential of hydroplaning for various pavement surface [4]. 

2. Background 

According to Figure 1, contact surface between tire and pavement composed of 3 areas [1]:  
Area (A): (sinkage zone), there isn’t any contact between the tire and the pavement in this 

area. The tire floats on a wedge of water. 

 

Figure 1. Contact surface between pavement and tire 

Area (B): (transition zone), in this area water film being cut in some parts by some aggre-
gates and friction force could develop due to existing micro-texture on coarse aggregates. 
Connection to aggregates resulted in tire deformation in this area. 

Area (C): (tractive zone), there isn’t any contact between tire and water layer in this area, 
and the whole micro-texture of the surface is active to increase friction. 

By increasing vehicle speed, accessible time decreases to escape water from the interface 
between pavement and tire and increase the lubricating effect of water. According to previous 
studies, by increasing speed of the vehicle, area C would be small. Both areas A and B would 

be larger proportionally. If the tractive area is equal to zero and formed layer under tire 
wouldn’t be interrupted, the contact between tire and pavement are removed completely. In 
this situation, the vehicle slide on the water. In this case, the hydroplaning phenomenon oc-
curs. 

Cerezo et al. are proposed a hydroplaning speed model calculating the water-film thickness 

by using road characteristics measurements [2]. 
If a tire is in full contact with the pavement surface and can roll freely, the relative speed 

between tire circumference and pavement which is called slip speed is equal to zero. The 
mathematical relationship for slip speed is as follows [5]: 

𝑆 = 𝑉 − 𝑉𝑝 = 𝑉 − (20.73 × 𝜔 × 𝑟)               (1)  

where, S = Slip speed km/h; V = Vehicle speed km/h; 𝑉𝑝 = Average peripheral Speed of the 

tire km/h; 𝜔 = Angular velocity of tirthe e, radians /sec; r = Average radius of the tire, cm. 
In the state of free tire roll, 𝑉𝑝 is equals to vehicle speed and S is zero. For a fully locked 

wheel, 𝑉𝑝 is equals to zero and slip speed is equals to vehicle speed. Slip ratio (SR) can be 

calculated from Equation 2 [5]: 

𝑆𝑅 =
𝑉−𝑉𝑝

𝑉
× 100 =

𝑆

𝑉
× 100                  (2) 

In another research in the university of Texas A&M, a study is performed on the relationship 
between wheel slip ratio and hydroplaning. The main finding of this research was that if the 
level of slip ratio is more than 10%, a considerable reduction in friction will occur and hydro-
planing will happen [6]. 

A review of the present literature did not reveal the existence of any lab-scale apparatus 
for studying hydroplaning. Most studies are based on field tests and apparatus that are used 
for testing skid resistance and surface texture in the field [2,7]. For example, NCHRP has intro-
duced outflow meter (ASTM E 2380) which is used for measuring macro texture surface as 
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hydroplaning evaluator apparatus [8]. One of the tire manufacturing companies, designed and 
invented a lab-scale apparatus with the aim of studying the effects of different tire thread 
patterns on hydroplaning initiation [9]. The advantage of this apparatus is a simple mechanism 
in its performance, low cost, the possibility of performing the test in short time and controlled 
environmental. On the other hand, the performance of the apparatus is contrary to what ac-

tually happens in a real situation. In a way that in a real situation, vehicle move in high speed 
on fluid. While in this apparatus, water move under fixed wheel by high pressure. One of the 
disadvantages of this apparatus is that the lack of wheel is moving on the surface by different 
velocities. For this reason, hydroplaning occurrence speed can’t be measured.  

Another machine called Skid Resistance Interface Testing Machine has been designed and 

built by TU-Delft University in the framework of the SKIDSAFE project to study the effect of 
the various phenomena occurring at the tire and pavement interface. This machine enables 
various combinations of slip velocity and pressure to be applied with concurrent measurement 
of temperature in the interface regions. With this device, it is also possible to study the rav-
eling resistance of a surfacing material [10]. 

In another study Hichri et al. are developed a laboratory test method to reproduce the 

deposit of contaminant particles on the road surface and measure the friction coefficient on 
dry and wet contaminated surfaces [11]. 

3. Methodology 

In the designed apparatus, which is named AUT Simulator, one wheel with linear suspen-
sion system and defined vertical load is connected to a central shaft through a crank, and it 

moves with an electromotor. Water splash operation performs with a definite pressure to the 
surface between wheel and asphalt mixture through water nozzle which is mounted in front 
of the wheel. With the use of a compactor on another crank, asphalt mixture has been com-
pacted. By using a tachometer which is installed on the wheel and central shaft, the slipperi-
ness of wheels and the part of a wheel rolling that is transferred to wheel skid are identified, 

and the hydroplaning phenomenon is evaluated in different conditions.  

One magnetic brake is connected to wheel shaft to apply different friction factor and make 
negative torsion which has the ability of continuous range operation of brake changes. Also, 
for the observation of apparatus outputs, the software was used which can show the amounts 
of wheels revolution per minute (rpm) and central shaft on display machine momently by 

setting revolution frequency and apparatus speed in definite intervals.  

By using AUT simulator, it is possible to compact different asphalt mixtures in the mold and 
evaluate the impact of pavement surface texture on hydroplaning initiation. Asphalt mixture 
is compacted in the molds using a similar procedure to ensure a constant mix void ratio and  
compaction percentage [12]. 

The number of revolutions is registered by two tachometers momently. By comparing these 
amounts in dry and wet conditions of the pavement surface, one can predict the occurrence 
of hydroplaning. In other words, the lack of proportion between a number of wheel rotation 
and the amount of wheel longitudinal movement is identified as the occurrence of this phe-
nomenon. This is similar to the slide of moving car which doesn’t roll its wheel the same 
amount of space which has moved and some part of rolling has transferred to wheel skid. 

Also, with designing and manufacturing of this apparatus, different tests can be done for eval-
uating tire air pressure impact, wheel load and water film thickness on hydroplaning speed. 
The schematic drawing of the machine is shown in Figure 2. 

4. Material and manufacturing process 

In this part, designing and manufacturing process of apparatus are described by separat-

ing mechanical, electrical, water transfer and asphalt mixture properties. 
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Figure 2. Schematic drawing of the AUT Simulator 

4.1.Mechanical parts 

The platform that asphalt layer is constructed on has a circular shape. In this structure, 
there is the possibility of continuous movement on a circular route and this to some extent is 
the nearest case to the real life situation. In previous apparatuses for assimilating the skid of 
the wheel, the wheel has been fixed, and fluid crosses under it with pressure [9] or two drams 
which are connected together, have been used.For ease of pouring and removing asphalt 

materials from the mold, the aluminum mold was constructed in many segments. A pneumatic 
tire with 24 cm diameter and 8 cm width was used in this apparatus. Also, to decrease tire 
thread impact on the hydroplaning phenomenon, a tire without thread has been used. Linear 
Motion Guide (LM-Guide) suspension was used for smooth circular rotation of the wheel. Me-
chanical components of the apparatus are shown in Figure 3. 

 

Figure 3. General view of components of apparatus 
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4.2. Electrical parts 

For providing apparatus propellant, one gear electromotor AC has been used. To have a 

smooth wheel operation at the start and end of the movement and also speed control, one 
inverter is connected to electromotor which has engine driver role. For connecting electromo-
tor to the central shaft and transferring monotonous speed of the engine to the shaft, timing 
belt with lateral cogs with high accuracy has been used. In this device for exact rpm counting, 
the optical rotatory encoder has been used. They produce 2000 ppt in one revolution. Laser 
line emits on a circular glass plane as black and white continuously, and the rotational speed 

is identified. For transmitting electronic data, one electronic board has been placed on the 
apparatus central shaft. A rotary guide was used to establish electrical connections. Since in 
this device, data frequency from encoder has been high and pulsed to voltage proportion has 
been low, data is transferred wireless to the board. Microcontroller module that is inside the 
box acts as receptor and sender. Microcontroller read encoder in two phases and then receive 

and save them in the module. 

4.3. Water transfer 

Water nozzle is mounted on the device. For changing the water pressure, one ballast pump 
is connected to the water reservoir. For controlling water volumetric flow rate in the nozzle, 
one bypass hose is connected to the pump that can return back the extra water to the on 

board water reservoir. Water reaches the apparatus central shaft through a flexible hose with 
a definite pressure. On top of the central shaft, one Rotary Joint is placed which has the 
responsibility of water supply from the reservoir to the rotating wheel. From another side of 
Rotary Joint, another flexible tube leads water to a point just in front of the wheel (Figure 4). 
The front  plate of water nozzle pond has the possibility of movement as sliding and exhausting 
of water with different thicknesses. 

 

Figure 4. Water transfer between tire and asphalt mixture 

4.4. Asphalt mixture 

For compacting asphalt mixture in the molds, steel compactor has been placed on the other 
side of the wheel arm symmetrically, as can be seen in Figure 5. To facilitate the movement 
and making one monotonous surface, there is one suspension system similar to wheel for the 
compactor. Also, compactor height is changeable with two buckles. When apparatus is per-
forming the test, the compactor is in upper height, and it has no contact with the surface, and 
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when the mixture should be compacted, the compactor is on asphalt mixture and wheel has 
no connection to surface anymore. All samples were compacted with the same number of 
wheel rotation to prepare similar samples. 

 

Figure 5. Asphalt mixture compaction 

5. Results 

Performance grade bitumen PG58-16 was mixed with aggregate to produce asphalt mix-
tures. The softening point of used bitumen is 51 ͦC, the penetration at 25 ͦC is 6.8 mm and its 
ductility is over 100 cm. The aggregate used had a grading in accordance with Iran national 

code of practice No. 234 as shown in Table 1. 

Table 1. The grading used in asphalt samples preparation 

Sieve Size 
Mix Types 

Sieve Size 
Mix Types 

Mix A Mix B Mix A Mix B 

Percent Passing Percent Passing 

19 - 100 # 16 92.5 - 

12.5 - 95 # 30 82.5 - 
9.5 - - # 50 60 13 

# 4 100 59 # 100 30 - 

# 8 97.5 43 # 200 14.5 6 

To evaluate the introduced apparatus, 2 types of asphalt mixture, namely A and B with 
different grading are prepared according to national standards and optimum bitumen content. 

Asphalt mixture is poured in molds and compactor which is connected to crank machine, 
compacts asphalt mixture with definite speed and cycle number. Then asphalt mixture texture 
is measured by sand patch method (ASTM E965). The wheel is on asphalt mixture surface and 
compactor is fixed at its higher location 10 cm above pavement surface. At first, the test is 
done in a dry condition of the surface at 15 to 35 Hz frequency with rising steps of 2.5. In 
each frequency, 150 complete cycle of wheel crosses on asphalt mixture surface. Secondly, 

the test is done in a wet condition of asphalt mixture surface. Water is sprinkled with specified 
pressure and thickness of 1 mm between wheel and surface through the nozzle. Similar to the 
previous mode, wheel and axle rotation in rpm are registered momently. Obtained results for 
one asphalt mixture with 0.49 mm depth surface texture is presented in Table 2. 
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Table 2. Tests result in dry and wet conditions in Mix A 

Frequency 

(Hz) Condition 
MTD 

(mm) 

Number of 

Cycles 

Thickness 

of water 
film (mm) 

Rotation 

of axle 

Rotation 

of wheel 
Ratio 

15 Dry 0.49 150 0 29548 171879 5.817 

20 Dry 0.49 150 0 34198 199272 5.827 

25 Dry 0.49 150 0 49031 285409 5.821 
27.5 Dry 0.49 150 0 55411 322989 5.829 

30 Dry 0.49 150 0 58727 342262 5.828 

32.5 Dry 0.49 150 0 61918 361046 5.831 
35 Dry 0.49 150 0 67040 391176 5.835 

15 Wet 0.49 150 1 32785 190186 5.801 

20 Wet 0.49 150 1 35623 206328 5.792 
25 Wet 0.49 150 1 48921 266375 5.445 

27.5 Wet 0.49 150 1 55749 299707 5.376 

30 Wet 0.49 150 1 58612 314219 5.361 
32.5 Wet 0.49 150 1 62073 331966 5.348 

35 Wet 0.49 150 1 67052 354638 5.289 

As it can be seen in Table 2, in dry surface condition, with an increase of frequency, the 

shaft rpm ratio to wheel rpm increases slightly so that it can be regarded as constant in 
different frequencies. In wet conditions of the surface until the frequency of 20 Hz with little 
difference, almost this ratio is similar to dry surface conditions, but for the frequency of 25 Hz 
and higher speeds, more differences are observed in this ratio as can be seen in F igure 6. In 

this case, the surface connection between wheel and surface is slight because of water inter-
cepting and amount of wheel rpm is less than the dry surface mode. In fact, this position is 
hydroplaning occurrence threshold. Some references call this case partial hydroplaning. When 
the speed increases, there is not enough time for water to escape from the contact surface 
between wheel and asphalt mixture and it reduces the wheel contact area with the surface. 
In the 35 Hz frequency, the ratio of shaft rpm to wheel rpm has been decreased by 10 percent 
compared with the dry mode. 

 

Figure 6. Rotation of wheel to axle ratio in wet and dry conditions 

Moreover, rotation of the wheel to axle ratio in wet and dry conditions in Mix B at different 
frequencies is showed in Figure 6. In this mixture, MTD value is equal to 1.38 mm. The partial 

transition is observed in this ratio in Mix B up to 30 Hz. But in the frequency of 32.5 Hz, this 
proportion decreased about 5% in comparison to 30 Hz. Transition in this proportion results 
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from hydroplaning occurrence. Obtained results demonstrated that hydroplaning occurrence 
potential is declined by increasing pavement surface texture.  

6. Conclusion and future work 

This paper refers to the process of designing and making new testing apparatus for identi-
fying hydroplaning occurrence. Difference between longitudinal speed and the rotational speed 

of wheel has been considered as an index for determining the hydroplaning threshold in this 
apparatus. The result showed that this ratio is a proper index for evaluating a hydroplaning 
phenomenon. Also, results demonstrated that hydroplaning occurrence potential is declined 
by increasing pavement surface texture. The designed machine has the following abilities 
which can be used in future researches to evaluate various parameters affecting this phenom-

enon. 
 The ability of a comparative study for selecting proper grading and a minimum depth of 

surface texture to be used in asphalt mixtures for better  surface draining and improved 
safety in high speed. 

 The possibility of creating different types of asphalt pavements with different texture and 

materials.  
 Evaluating the impact of different tire thread on sliding and hydroplaning. 
 Examination of effects of different fluids viscosity on pavement surface on sliding. 
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Abstract 

This study explores a very simple means to map hydrocarbon prolific areas within the onshore 

Cenozoic Niger Delta Basin using high-resolution potential field data. This was achieved by 

identifying and superimposing the map of gravity lows on the map of magnetic lows. About six (6) 
major sub-basins were recognised, namely: the Onuba sub-basin, the Udeonu sub-basin, Ahoada 

sub-basin, Aba sub-basin, Owerri sub-basin, and Okigwe sub-basin. Among the six sub-basins 

recognised, Onuba and Udeonu sub-basins are larger than the other sub-basins. The Udeonu sub-
basin lies mainly within the central delta cutting across the Greater Ughelli depobelt, the Northern 

depobelt and the Central Swamps (I and II) depobelts (Early Eocene to Middle Miocene). The 

Onuba sub-basin lies within the distal delta cutting across the Central Swamp II, the Coastal 
Swamps (I and II) and the Offshore depobelts (Middle Miocene to Pliocene). The six sub-basins 

were suggested to lie within the hydrocarbon prolific areas. Out of the major onshore Niger Delta 

depobelts, the Coastal Swamps (I and II) are the most productive. By implication, the distal part 
of the delta that lies within the Onuba sub-basin is more productive than the central part of the 

delta. 

Keywords: Niger Delta Basin; potential field data; sub-basins; and hydrocarbon prolific areas. 

 

1. Introduction  

A sedimentary basin may be described as an area of the Earth’s crust dominated by sub-
sidence that allows the net accumulation of sediment [1]. They can range in small size of 
hundreds of metres to as large as the ocean basin (not necessarily basinal in shape) with 
essentially two vital elements: a source of sediment supply and an area of sediment deposi-

tion. A basin may register the tectonic evolution of the lithosphere that contains numerous 
Earth resources like fossil fuel, minerals, water resources and may as well be the location of 
possible environmental challenges like earthquakes, volcanoes, etc. Within a basin or sub-
basin, a depocentre can be described as the place where maximum thickness of sediment 
accumulation is observed over a particular period [1-2]. In a hydrocarbon province, sub-basins 

are generally attributed to higher net-to-gross reservoir properties depending on sediment 
provenance and delivery mechanisms [3]. The hydrocarbon columns are controlled not only by 
the structural geometry and the fault sealing capacity but also by seal distribution, reservoir 
characteristics and fluid properties. All these represent necessary parameters for evaluating 
hydrocarbon accumulations [4].  

Basement faulting affects delta development and its sediment thickness distribution [5]. 
This may be dependent on the balance between the rates of subsidence and sediment supply [6]. 
The sedimentary pattern generated by this balance may have been affected by the tectonics 
of the basement and its structural configuration [7].  

Prior to this study, various hydrocarbons’ prolific areas have been established in the exten-

sional part of the onshore Niger Delta that cuts across the depobelts [7-10]. However, it is not 
very clear if the prolific areas coincide with the sub-basins within the study area. In this study, 

247



Petroleum and Coal 

                         Pet Coal (2019); 61(2): 247-261 
ISSN 1337-7027 an open access journal 

a simple comparative study was made to map various hydrocarbon prolific areas of the on-
shore Niger Delta. This was attained using potential field data with the scope to image full 
scale crustal signal variability for density and iron content in previously identified hydrocarbon 
prolific areas. This was achieved by identifying and mapping the ‘’depocentres’’ within a sedi-
mentary basin. Since depocentres are generally regarded as areas of maximum thickness of 

sediment accumulation, we expect to recognize them by identifying areas with relatively low 
density and low magnetic properties. 

This study illustrates a very qualitative means of how potential field data could be employed 
to map sub-basins and hydrocarbon prolific areas using the Cenozoic Niger Delta Basin as a 
case study. This study involves identifying gravity lows and magnetic lows from the data and 

superimposing one on the other in order to identify the sub-basins within the Niger Delta. The 
major sub-basins identified were compared with previously established hydrocarbon prolific 
centres/belts in the same region. 

2. Geological setting of the Cenozoic Niger Delta Basin (CNDB)   

According to Daly [11], the petroleum potential of the African continent can be grouped into 
four main provinces, namely: offshore Mesozoic rifted passive margins; large Cenozoic delta 

systems; onshore Phanerozoic continental rifts and Palaeozoic cratonic basins. A major portion 
of the Phanerozoic petroleum potential of the African continent is associated with rift settings [12]. 
These include, for example, the Jurassic Yemen-Somalia rifts, the Permo-Triassic Karoo sys-
tem, the Neocomian rift zone at the initiation of the Gondwana breakup, the Cretaceous basins 
controlled by the West and Central Africa Shear Zone and the Tertiary East Africa rift zone. In 

Nigeria, the West and Central Africa Shear Zones divide the continental margins into individual 
basins forming boundary faults of Cretaceous Benue-Abakaliki Trough that cuts across the 
West African shield [10]. The Benue-Abakaliki Trough represents a failed arm of a rift triple 
junction that failed to develop during the separation of African plate from South American 
plate and this lasted from the Albian to the Santonian [13]. The other arms that developed are 

characterised by the South Atlantic and the Gulf of Guinea in the Equatorial Atlantic.  
The Niger Delta Basin is a structural depression linked to the tectonic evolution of the Benue 

Trough of Nigeria. This depression was formed within the basement complex of the African 
craton [15]. In Nigeria, the basement complex consisting mainly of granite and gneisses cov-
ering half of the landmass with extensive schist belt in the west [16]. The basement complex 

was subjected to two metamorphic events. The first event occurred at about 2000 (+250) Ma 
and the second was at about 600 (+150) Ma. The first is associated with a pre-Pan-African 
orogeny while the second is associated Pan-African orogeny [16-17].  

The Niger Delta is a coastal basin attributed to the post-rift stage in the Cenozoic times of 
the passive continental margin. The post-rift stage was characterized mainly by sea-level eu-

static change, uplifting and tilting of the African plate, formation, and deposition of clastic 
rocks and turbidites [18]. The coastal sedimentary basin of Nigeria passed through three dep-
ositional cycles, and the first two cycles form the basic framework on which the Niger Delta 
was built [15]. Sediment deposition into the Niger Delta Basin started in the third depositional 
cycle in the Cenozoic (Late Eocene) to the present, and this has been attributed to regressive 
delta sequence. The stratigraphy of the Niger Delta is closely tied to the structural and sedi-

mentary cycles of the Benue Trough. The Niger Delta Basin is divided into three lithostrati-
graphic units, namely: Akata Formation (marine), Agbada Formation (transitional) and Benin 
Formation (continental) [10,19]. Three environments of deposition are recognised in the Niger 
Delta namely: (a) the continental consisting of Bende/Ameki Group, coastal plain sand and 
deltaic plain (Eocene – Oligocence); (b) the transitional consists of meander belt, backswamp, 

and mangrove swamps (Oligocence – Miocence) and marine comprises Estuaries, Beach ridges 
and bars (Miocence – Pliocence) [19]. An outline of the geological map of the Cenozoic Niger 
Delta Basin is shown in Fig. 1. Details of the geological setting of the Cenozoic Niger Delta 
Basin have been discussed [6,10,16]. 
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Fig. 1. Outline of the geological map of the Cenozoic Niger Delta Basin (modified from NGSA 1964 and 

2003; Frankl and Cordry, [19]) 

3. Niger Delta depobelt province 

The development of the Niger Delta took place in discrete structural units (depobelts) that 
act as sub-basins, and this was as a result of the activity of large growth faults and clay diapers [21]. 
Doust and Omotola [16] described three prominent depobelt provinces based on geological 
structure namely: (a) the Northern delta depobelt  province that overlies relatively shallow 
basement, with the oldest generally rotational growth faults that are evenly spaced and in-

creasing in steepness seaward; (b) the Central Delta depobelts province, characterised by 
well-defined structures with successive deeper rollover crests that shift seaward for any given 
growth fault; and (c) the Distal Delta depobelt province, characterised by complex structures 
due to internal gravity systems on the modern continental slope.  

The three prominent depobelt provinces can be divided further into seven depobelts based 
on age [16]: (i) the Northern Delta depobelt, (ii) Greater Ughelli depobelt, (iii) Central Swamp 

I depobelt, (iv) Central Swamp II depobelt, (v) Coastal Swamp I depobelt, (vi) Coastal Swamp 
II depobelt, and (vii) Offshore depobelt (Table 1). Other studies identified five depobelts in 
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the Niger Delta by grouping them as Northern, Greater Ughelli, Central Swamp, Coastal 
Swamp and Offshore depobelts [10,22]. 

Table 1. The seven prominent depobelts of the Niger Delta Basin based on age (modified from Doust 
and Omatsola [16]) 

Depobelts Paralic sequence Alluvial sands 

Northern Delta Late Eocene to Oligocene Early Miocene 

Greater Ughelli Oligocene to Early Miocene Early Miocene 

Central Swamp I Early to Middle Miocene Middle Miocene 

Central Swamp II Middle Miocene Middle Miocene 

Coastal Swamp I Middle to Late Miocene Late Miocene 

Coastal Swamp II Middle to Late Miocene Late Miocene 

Offshore Late Miocene/Pliocene Late Miocene/Pliocene 

The Cenozoic Niger Delta Basin is one of the world’s major hydrocarbon basins with proven 
reserve of over 37.2 billion barrels of recoverable hydrocarbon (2.93% of the world reserve) 
at the end of 2011, ranking Niger Delta Province the twelfth largest hydrocarbon province in 

the World [10,23]. With an estimated 41.4 years at the present rate of production of over 2,457 
barrels per day (BP, 2012 report). The Basin has been explored for over 50 years after over 
47 billion barrels have been produced [24] and exploration activities are still ongoing. A sche-
matic diagram showing various hydrocarbon prolific areas in the Niger Delta is shown in Fig. 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic diagram showing the location of Niger Delta hydrocarbon 

prolific areas in green (extracted from Stacher [39]; Saugy and Eyer [40]) 
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4. Background  

As discussed in previous studies [25-28], sedimentary basins, salt diapirs, granite structures 

and grabens are characterised by negative gravity anomalies (also called gravity lows or grav-
ity minima) while positive gravity anomalies (also called gravity highs or gravity maxima) are 
characterised by horsts, uplifts and mafic rock materials. The magnetic susceptibility varies 
from less than 10-4 emu/cm3 for sedimentary rocks to between 10-3 and 10-2 emu/cm3 for iron-
rich basic igneous rocks [28]. In general, basic igneous rock has high magnetic susceptibility 
due to their relatively high magnetite content. Acidic igneous rocks and metamorphic rocks 

have intermediate magnetite content while sedimentary rocks have low magnetic susceptibil-
ity due to low magnetite content. However, there are some exceptional cases; some sediment 
might have high magnetic content. For example, laterites containing maghemite or rema-
nently magnetized hematite [29] or marine sediment with complicated magnetic mineral as-
semblages [30]. In this study, it was however assumed that there were no exceptional cases and 

the interpretations will be based on the principles outlined by Sharma [27] and Telford et al. [28]. 

5. Data and processing sequence 

Most corrections, in particular drift, latitude, Free-air and Bouguer corrections had already 
been applied to the gravity data. Therefore, we will focus on their applications rather than 
acquisition. A high-resolution aeromagnetic data of the Niger Delta was acquired between 

2009 and 2010 by Fugro Airborne Survey Ltd, with preliminary interpretation carried out by 
Patterson Grant and West (PGW) Consultants Canada. The high-resolution Bouguer gravity 
anomaly data used for this study, cover most part of the onshore Niger Delta area while the 
high-resolution aeromagnetic data covers the onshore Niger Delta with adjacent offshore 
(Figs. 3a and b). The acquisition procedures have been discussed by Paterson et al. [31] and 

Reford et al. [32]. The magnetic data, post-processed and presented in this section, relate to 
the distribution of magnetic minerals within the sub-surface of the Niger Delta area. The new 
aeromagnetic data were gridded using a bi-directional gridding technique since the data were 
acquired along parallel lines. To enhance the geological features, due to deeper magnetic 
sources, various low-pass phase filters were applied to the aeromagnetic data. The essence 
of the filters is to eliminate the effects of shallow wavelength anomalies or noise.  The two 

main filters applied included: (i) reduction to equator (RTE) of the magnetic data and (ii) 
upward continuation of the magnetic data. In this study, the magnetic data were reduced to 
magnetic equator using an average geomagnetic inclination of -16°.5' and an average geo-
magnetic declination of -2°.25'. The main purpose of this filter is to position the magnetic data 
above their causative sources. The data were also upward continued to 2000 m to suppress 

the effects of cultural noise from the area especially pipeline network or effects of shallow 
sources and the map was presented in Fig. 3a. Many filters were not applied in this study to 
avoid the possible attenuation of the geological information that in this case seem to be un-
necessary for this interpretation.  

6. Procedure 

In this study, gravity and magnetic data were used to qualitatively map various sub-basins 
within the Niger Delta area using Oasis Montaj software. The procedure for identifying sub-
basins and hydrocarbon prolific areas are outlined below: 
a. identify areas with gravity lows and magnetic lows within the Niger Delta Basin. This is 

important because regions with negative gravity anomalies or negative magnetic anomalies 

are often associated with sub-basins or sedimentary basins.  
b. superimpose gravity map on magnetic map or vice versa using Oasis Montaj. This is im-

portant due to areas where both maps display similar negative anomaly characteristics and 
were marked as sub-basins and could be related to areas of potential hydrocarbon prolific zones.  

c. compare the superimposed maps with sediment thickness distribution map in the same area.  

d. compare the results obtained with previously identified prolific belts/centres. 
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7. Results and discussion 

7.1. Sub-basins within the Niger Delta 

Within the Niger Delta Basin, nine (9) major magnetic lows were recognised from magnetic 
map, namely: Sangana magnetic low, Brass magnetic low, Bonny magnetic low, Oloibiri-Pen-

nington magnetic low, Degema magnetic low, Port-Harcourt magnetic low, Ahoada magnetic 
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low, Owerri-Aba magnetic low, and Okigwe-Udi magnetic low (Fig. 4). The magnetic lows 
recognised are associated with areas of low magnetic anomalies that may represent sedimen-
tary rocks, and in some cases intermediate anomalies that may be associated with granitic 
rocks. The magnetic lows may be caused by intra-basement faulting and were speculated to 
represent sub-basins within the Niger Delta Basin.  
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Six (6) sub-basins were recognised within the Niger Delta Basin by superimposing the grav-

ity low map on the magnetic low map using Oasis Montaj (see Fig. 6). Among the sub-basins 
recognised, two of them are larger than the other four sub-basins. The two large sub-basins 

were named: the Onuba sub-basin (1) and the Udeonu sub-basin (2). The areas covered by 
Onuba sub-basin include: the Sangana, Brass, Kula, Bonny, Pennington, Oloibiri, Degema and 
Port-Harcourt areas while the areas covered by Udeonu sub-basin include: Burutu, Patani, 
River-Benin, Warri, Kwale, Aboh and Agbor areas. Other sub-basins include: Ahoada sub-basin 
(3), Aba sub-basin (4), Owerri sub-basin (5) and Okigwe sub-basin (6). 

The Udeonu sub-basin lies mainly within the central part of the Delta depobelt and partly 
in the Northern Delta depobelt. The Central Delta depobelt is characterised by well-defined 
structures with successive deeper rollover crests that shift seaward for any given growth fault 
[16]. The Northern Delta depobelt is underlain by shallow basement and has the oldest gener-
ally rotational growth faults that are evenly spaced and increase in steepness seaward [16]. 
While based on age, the Udeonu sub-basin lies mainly within the Greater Ughelli, Northern 

and Central Swamp (I and II) depobelts. The Onuba sub-basin on the other hand lies within 
the distal part of the Delta depobelt province and is characterised by complex structures due 
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to internal gravity systems on the modern continental slope as suggested by Doust and Omo-
tola [16]. While based on age, the Onuba sub-basin lies within Offshore, Coastal Swamp I, 
Coastal Swamp II, and Central Swamp II depobelts.  

The major hydrocarbon prolific areas show some resemblance to the recognised Onuba and 
Udeonu sub-basins, and these were compared to the thickness of sedimentary unit in the 

Niger Delta Basin (obtained from Onuba, [34]) and presented in Fig. 6. The results show that 
most of the prolific areas occur in places where sediments thickness varies from more than 4 
km to about 10 km. This implies that these prolific areas have sufficient thickness of sediment 
to potentially allow hydrocarbon to form [35-37]. It is therefore speculated that the sub-basins 
identified might act as depocentres for the major hydrocarbon discoveries within the onshore 

Niger Delta Basin and these sub-basins may be characterised by higher net-to-gross reservoirs 
depending on sediment provenance and delivery mechanisms [38]. The Onuba and Udeonu 
sub-basins are hereby suggested to be associated with the major hydrocarbon prolific areas 
within the onshore Niger Delta Basin and adjacent offshore [16,39-40]. 

7.2. Hydrocarbon prolific areas of the Niger Delta Basin 

In this study, two main hydrocarbon prolific areas were identified at the distal and the 

central part of the delta (Figs 6 and 7). The two hydrocarbon prolific areas were compared to 
the three (3) previously identified hydrocarbon prolific maps namely: (i) Prolific map A [8-10], 
(ii) Prolific map B [6, 16] and (iii) Prolific map C [39-40]. The results obtained indicate that all the 
prolific maps (A, B, C and the present study) lie within the central part of the delta (see Figs. 
8, 9, 10 and 11) and cut through the Northern depobelt and the Central Swamp (I and II) 

depobelts (Early Eocene to Middle Miocene). In addition, the evidence from the same results 
further suggest that only prolific map C and that of the present study lie considerably within 
the distal part of the Niger Delta (Figs 10 and 11). This implies that the prolific map C and the 
one recognised from the present study cut across the Central Swamp II, the Coastal Swamp 
(I and II) and the Offshore depobelts (Middle Miocene to Pliocene). Omotsola [24] argued that 

of the major depobelts within the Onshore Niger Delta, the Coastal Swamps (I and II) are the 
most productive depobelts. If this is true, it could imply that the distal part of the delta could 
be more productive than the central part of the delta. This study is also in agreement with 
previous study suggesting that the most hydrocarbon prolific system of the Niger Delta was 
attributed to the Eocene–Miocene marine shale source rocks and Oligocene–Miocene turbidite 

reservoir sands [18].  
The reservoir properties and source rock characteristics of the Onuba and Udeonu sub-

basins within the onshore Niger Delta Basin are highlighted. The known reservoir rock of the 
onshore Niger Delta mainly comprises sandstone and unconsolidated sands of the Agbada 
Formation of predominantly Eocene to Pliocene age [6]. Studies suggest that the major reser-

voirs are observed mainly as the Miocene paralic sandstones with porosity of 40% and Darcy’s 
permeability of 2 and a thickness of 100 metres [41]. The quality and shape of the reservoir 
rock is attributed to point bars of distributary channels and coastal bars that often cut inter-
mittently by sand-filled channels [42]. The source rock of onshore Niger Delta Basin was sug-
gested to have originated from marine shale of Akata Formation and intercalated shale of 
paralic sandstone of Agbada Formation [43]. The source rock contains land plant material and 

is capable of generating hydrocarbons [44]. Ejedawe et al. [45] using maturation models sug-
gested that Agbada shale act as source rock for oil while the Akata shale act as source rock 
for gas at the central part of the delta. This cuts through the Udeonu sub-basin, Ahoada sub-
basin, Aba sub-basin and Okigwe sub-basin. While at the distal part of the delta (the Onuba 
sub-basin), both Agbada and Akata Shales act as source rock for oil. 

The Udeonu sub-basin (Eocene–Miocene) lies mainly within the central part of the onshore 
Niger Delta Basin that falls within the central prolific map similar to prolific maps A and B. The 
Udeonu sub-basin of the onshore Niger Delta is characterised by a gravity low and this is may 
be related to granite structures or grabens with accumulated sediment thickness ranging from 
7 km to about 9 km. The magnetic anomaly amplitudes beneath the Udeonu sub-basin range 
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from less than 100 nT to 10s nT. The area with amplitude of less than 10 nT were suggested 
to be related to sedimentary magnetization contrasts while the area with amplitude of 10s nT 
were suggested to be related to acidic igneous rocks or deep metamorphic basement [25]. It 
is thereby suggested that the Udeonu sub-basin is most likely to be underlain by thin conti-
nental or transitional crust rather than oceanic crust as previously suggested [6,8,16]. Ejedawe 
[8], using cumulative probability plot of oil reserve density (ORD) argued that the central Niger 
Delta hydrocarbon prolific area (Fig. 8), marks the transition zone between oceanic and con-
tinental crusts and this zone of weakness was also attributed to the tectonic zone of active 
subsidence [6,16]. Evamy et al. [6] further suggested that continent-ocean boundary (COB) 
within the Niger Delta area may serve as a major depobelt where the delta attains a dominant 

zone of crustal instability. 
The Onuba sub-basin (Miocene-Pliocene) lies mainly within the distal part of the onshore 

Niger Delta Basin. It is underlain by gravity high of some tens of mGal and this may be related 
to intermediate rocks or uplifts associated with basement fault or anticlinal faults. The mag-
netic anomaly amplitudes beneath the Onuba sub-basin range from less than 10 nT to 10s nT. 
Most of the areas with amplitudes of less than 10 nT were related to sedimentary magnetiza-

tion contrasts within the basin and the areas of 10s nT may be underlain by acidic igneous 
rocks or deep metamorphic basement due to no strong magnetic anomaly amplitude in this 
area [25-28]. Based on the above observation, it is hereby suggested that the Onuba sub-basin 
may likely be underlain by continental crust rather than transitional/COB as previously sug-
gested [6,8,47].  

Haack et al. [38] examined the position of the hydrocarbon prolific area in the Niger Delta 
with respect to oil prone marine source rock deposited adjacent to the central prolific belt. 
They suggested that source rock accumulation was influenced by pre-Cenozoic structures re-
lated to basement structures. This influence may have conditioned the major boundary fault 
to separate the Niger Delta Basin into (depobelts) that serve as main breaks in the regional 

dip of the delta [6]. The depobelts have been linked with the activity of large growth faults and 
clay diapers [21]. These features reflect the very common trapping mechanism for hydrocarbon 
accumulation in the Niger Delta Basin. Most oil and gas fields in the Niger Delta are charac-
terised by these features. Fig. 12. highlights the geological map of the Niger Delta, indicating 
hydrocarbon prolific areas. 

8. Summary and conclusions 

This study was a cursory attempt to map sub-basins and relate them to major hydrocarbon 
prolific areas within the onshore Cenozoic Niger Delta Basin using magnetic and gravity data. 
In this study, nine (9) major magnetic lows were recognised from the magnetic map, and they 
could have been caused by intra-basement faulting. On the other hand, one major extensive 

gravity low was recognised and may perhaps reflects low density rocks within the Niger Delta Basin. 
Based on that, six (6) sub-basins were then mapped by super-imposing gravity low map 

on the magnetic low map namely: the Onuba sub-basin, the Udeonu sub-basin, Ahoada sub-
basin, Aba sub-basin, Owerri sub-basin, and Okigwe sub-basin. Among the sub-basins recog-
nised, two of them are quite extensive with Onuba sub-basin covering Sangana, Brass, Kula, 
Bonny, Pennington, Oloibiri, Degema and Port-Harcourt areas and the Udeonu sub-basin cov-

ering Burutu, Patani, River-Benin, Warri, Kwale, Aboh and Agbor areas. The six sub-basins 
were suggested to lie within the hydrocarbon prolific areas. 

The Udeonu sub-basin lies mainly within the Central delta depobelt cutting across the 
Greater Ughelli depobelt, the Northern depobelt and the Central Swamp (I and II) depobelts 
(Early Eocene to Middle Miocene). While the Onuba sub-basin lies within the Distal Delta 

depobelt province cutting across the Central Swamp II, the Coastal Swamp (I and II) and the 
Offshore depobelts (Middle Miocene to Pliocene). Out of the major Onshore Niger Delta 
depobelts, Omotsola [24] argued that the Coastal Swamp (I and II) are the most productive 
depobelts. If this is true, it could imply that the distal part of the delta that lies within the 
Onuba sub-basin could be more productive than the central part of the delta.  
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Insights obtained from this study, if combined with other non-geophysical data and deep 
drilling operations, might help to identify precise hydrocarbon targets, which could lead to a 
reduction in operational risks, cost, and time. This idea requires further investigation to un-
derstand the nature of the hydrocarbon prolific areas. 
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Abstract 

Coal utilisation currently accounts for 40% of electricity generation worldwide. With energy  demand 

projected to rise by 50% by 2042, coal-fired power is expected to expand particularly in nations 

with vast coal deposits such as Nigeria. However, limited scientific data on coal fuel properties and 
other socio-economic and political factors have hindered progress in Nigeria. Therefore, this study 

seeks to examine the burning (combustion) characteristics of Obomkpa (BMK), Ihioma (IHM), and 

Ogboligbo (OGB) lignite coals. It presents insights into the physicochemical properties, thermal 
degradation behaviour, and characteristic temperature profiles of the coals. The results showed 

that BMK contains high carbon, hydrogen, heating value but low oxygen compared to IHM and 

OGB whereas IHM showed the highest volatile matter but the lowest fixed carbon.  However, OGB 
showed poor physicochemical qualities compared to BMK and IHM. The oxidative thermal analyses 

of the samples resulted in high mass losses and low residuals. The characteristic temperature 

profiles revealed IHM is more reactive, ignitable, and thermally efficient compared to the BMK and 
OGB lignite coal samples. Hence, IHM is a good feedstock for gasification, whereas BMK is suited 

for combustion and OGB for coke formation or coal blending. 

Keywords: Oxidative Characterization; Fuel Characteristics; Lignite Coal; Nigeria. 

 

1. Introduction  

Coal is the most abundant and extensively dispersed fossil fuel worldwide [1].  It is also 
considered a reliable fuel for the supply of affordable base load energy and offers significant 
benefits that other fuels cannot currently accomplish around the globe [2]. As a result, coal 
has become critical to the global energy mix, which presently accounts for over 38% or 8000 

TWh of electricity generated from coal-fired power plants [3]. Given this, the coal power in-
dustry provides the energy required by billions of consumers worldwide, thereby stimulating 
socio-economic growth and development as seen in India and China over the years [2,4]. With 
the demand for energy projected to soar by 50% by the year 2042, coal-fired power genera-
tion is expected to expand particularly in nations like Vietnam, Mozambique, and Nigeria. It is 

predicted that the astronomic growth in energy demand in these nations will expand coal-fired 
power in the years to come. The discovery of vast new deposits of coal particularly in Nigeria 
has revived interest in the energy generation. According to estimates, Nigeria has 640 million 
tons of proven resources and 2.8 billion tons of coal reserves strategically located across Ni-
geria.  The vast majority of Nigeria’s coal is located in the lower, middle and upper regions of 

the Benue trough which extends from the SW to NE of Nigeria’s sedimentary basin. Therefore, 
the establishment of coal power plants in the various geopolitical zones within these sedimen-
tary basins will greatly augment Nigeria’s epileptic power supply. 
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The recent discovery of vast coal deposits in Obomkpa (BMK) in Aniocha-North Local Gov-
ernment Area (Delta State), Ihioma (IHM) in Orlu Local Government Area (Imo State), and 
Ogboligbo (OGB) in Igalamela-Odolu Local Government Area (Kogi State) have further in-
creased the prospects of coal-fired power generation in Nigeria.  Preliminary studies on BMK, 
IHM, and OGB have revealed the samples are low-ranked coals (LRC) or lignite [5-6] with po-

tential for energy production. Other studies have basically provided estimates of deposits [7-9], 
physicochemical and mineralogical assessment [10-12], petroleum source rock potential [13-16], 
or other applications [17]. As a result, there is limited scientific data on the burning (combus-
tion) characteristics and oxidative thermal properties of these lignite coals in literature.  There-
fore, this study seeks to examine the burning (combustion) characteristics of Obomkpa (BMK), 

Ihioma (IHM), and Ogboligbo (OGB) lignite coals from Nigeria’s sedimentary basin. It will also 
present comprehensive data on the physicochemical, calorific values, thermal degradation 
behaviour and characteristic temperature profiles of the samples under mild oxidative condi-
tions. It is envisaged that the findings will provide valuable insights into the fuel properties 
and possible applications of the lignite coals for the future design, operation and optimisation 
of coal-fired power or chemical plants in Nigeria. 

2. Experimental 

The rock samples were acquired from Obomkpa (BMK) in Aniocha-North Local Government 
Area (Delta State), Ihioma (IHM) in Orlu Local Government Area (Imo State), and Ogboligbo 
(OGB) in Igalamela-Odolu Local Government Area (Kogi State) all in Nigeria. The samples 
were subsequently crushed, ground, and sieved into 250 µm sized partic les for physicochem-

ical characterisation and thermal analysis. Next, the samples were characterised by ultimate, 
proximate, and calorific value analyses. The ultimate analyses were performed according to 
ASTM D5291-16 on the CHNS Elemental analyser (Model: vario MACRO CubeTM GmbH, Ger-
many) to determine the elemental compositions of the samples. Next, the proximate fuel 
properties were determined through thermogravimetric (TG) analysis according to procedures 

reported in the literature [18]. The calorific value analysis was performed according to ASTM 
standard D2015 for determination of higher heating value (HHV) through bomb calorimetry 
using the combustion calorimeter (Model: IKA C2000, USA). 

Next, the burning (combustion) characteristics and thermal degradation behaviour were 
examined by thermogravimetric analysis (TGA). The TG runs were performed under mild oxi-

dative conditions and controlled by an air flow/purge rate at 20 mL/min through the non-
isothermal heating programme of the TG analyser (Model: Shimadzu TG-50 analyser, Japan).  
For each test, approximately 10 mg of coal was weighed and placed in alumina crucible before 
the samples were heated at 20 °C/min from 30°C to 800°C. In the end, the TG analyser was 
cooled down, the raw data retrieved and processed on the Shimadzu Workstation (Version: 

TA-60WS). Next, the mass loss (%), and derivative mass loss (%/min) was plotted against 
temperature to obtain TG-DTG plots for the oxidative thermal analysis of the coals.  The plots 
were then analysed, to examine the burning characteristics through its degradation behaviour, 
thermal reactivity and temperature profile characteristics (TPC), according to the procedures 
in the literature [19-20]. The TPCs examined in this study are; ignition (Tons), midpoint (Tmid), 
and maximum decomposition (Tmax), and burnout (Toff) temperatures along with mass loss 

rate (%/min) and residual mass (RM, %).  

3. Results and discussion 

The objective of this study is to critically examine the burning characteristics of the lignite 
coal samples; Obomkpa (BMK), Ihioma (IHM), and Ogboligbo (OGB) from Nigeria. The results 
are presented in terms of its fuel and burning characteristics. 

3.1. Fuel properties 

Table 1 presents the fuel properties of BMK, IHM, and OGB lignite coals from Nigeria. The 
terms; C, H, N, S, O denote the elements carbon, hydrogen, nitrogen, sulphur, and oxygen, 
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respectively. However, M, VM, A, FC, and HHV denote the proximate properties; moisture, 
volatile matter, ash, fixed carbon and higher heating value, respectively. 

Table 1. Fuel characteristics of Nigerian lignite coals 

Fuel characteristics Symbol/Unit BMK IHM OGB 

Ultimate analysis 

C (wt. %) 50.38 46.80 37.48 

H (wt. %) 5.62 5.39 3.51 

N (wt. %) 0.59 0.64 0.80 

S (wt. %) 0.96 1.52 2.33 

O (wt. %) 42.45 45.64 55.88 

Proximate analysis 

M (wt. %) 3.63 4.75 3.12 

VM (wt. %) 58.05 69.52 51.43 

A (wt. %) 11.73 2.43 1.03 

FC (wt. %) 26.61 23.30 44.41 

Calorific analysis HHV (MJ/kg) 19.66 19.40 15.55 

As observed in Table 1, the coals contain high compositions of C, H, N, O, and S. The 

highest compositions of C, H and the lowest O were observed for BMK which explains its 
comparatively higher calorific value (HHV) of 19.66 MJ/kg. Similarly, BMK contains the lowest 
N and S content which indicates a potentially lower risk of pollutant emissions such as NOx, 
SOx and NHx during combustion. However, BMK contains the highest ash content of all the 
lignite coals examined in this study. This could result in significant ash deposition along with 

the concomitant problems of ash disposal, fouling and agglomeration during combustion. In 
contrast, the highest N and S content was observed in OGB. The sample also exhibited the 
lowest C, H, but the highest O which accounts for its low HHV of 15.55 MJ/kg compared to 
BMK (19.66 MJ/kg) and IHM (19.40 MJ/kg). Lastly, the fuel characteristics of IHM were found 
to be mid-way between BMK and OGB as observed in the elemental compositions. However, 

IHM contains the highest and lowest concentrations of VM and FC, respectively. The results 
indicate IHM is a suitable for coal gasification due to its VM, M and relatively low ash content.   

3.2. Burning characteristics 

The TG and DTG plots for the oxidative thermal analysis of Obomkpa (BMK), Ihioma (IHM), 
and Ogboligbo (OGB) lignite coals are presented in Figures 1 and 2. 

 
 

Figure 1. TG plots for oxidative, thermal analysis 

of Nigerian lignites 

As observed in Figure 1, the BMK and IHM 
coals experienced signification mass loss as 
evidenced in the downward sloping curves 

compared to OGB during thermal analysis 
from RT to 800°C. This demonstrates the 
burning characteristics, and thermal degra-
dation behaviour was significantly influenced 
by temperature which resulted in a mass loss 

during TG analysis. The magnitude of the 
mass loss for the coals was examined from 
the temperature profile characteristics (TPCs). 
The TPCs for the coals deduced from the TG 
plots in Figure 1 are presented in Table 2. 

As observed from Table 2, the Tons for the coals ranged from 250.10°C to 309.45°C. The 

Tons is the lowest temperature in which a sample undergoing thermal analysis begins to de-
compose or experience mass loss. The lowest and the highest values for Tons were observed 
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for IHM and BMK, respectively. This indicates that IHM is ignited or begins to thermally de-
compose at lower temperatures compared to BMK. Hence, it can be surmised that IHM is more 
reactive (less thermally stable) compared to OGB and BMK based on the reactions conditions 
examined in this study. The greater reactivity of IHM can be ascribed to its high VM (volatile 
matter) and lower FC (fixed carbon) as earlier presented in Table 1. 

 

Figure 2. DTG plots for oxidative thermal analysis of Nigerian lignites 

Table 2. TG-TPCs for BMK, IHM and OGB lignite coals 

TPC Parameter Symbol, Unit BMK IHM OGB 

Onset Tons (°C) 309.45 250.10 296.37 

Mid-point Tmid (°C) 394.32 347.29 375.99 

Offset Toff  (°C) 480.59 436.53 454.37 

Mass loss (ML, %) 73.18 78.94 55.51 

Residual mass (RM, %) 26.82 21.06 44.49 

Next, the Tmid values for the coals were examined. The Tmid is the intermediate temperature 

of the TG plot during thermal degradation of the sample. As observed, the Tmid ranged from 
347.29 °C to 394.32 °C.  Similarly, the lowest and highest values were observed for IHM and 
BMK, respectively. Lastly, the burnout temperatures or Toff ranged from 436.53°C to 
480.59°C. The Toff is the temperature in which devolatilization or thermal degradation of vol-
atiles is finalised during TGA. The lowest and highest Toff were observed for the IHM and BMK, 

respectively. Based on the TG-TPCs, IHM is the most reactive coal compared to OGB and BMK. 
The mass loss (ML, %) and residual mass (RM, %) for the coals were also examined in this 

study. The ML (%) is the mass of the sample lost or thermally degraded during TG analysis, 
whereas the RM (%) is the mass of the sample remaining at the end of the process.  The ML 
of the coals was in the range 55.51% to 78.94%. The highest mass loss (ML, %) was observed 

for IHM coal whereas the lowest was OGB. However, the RM ranged from 21.06% to 44.49% 
for the coals.  The highest RM was observed for OGB whereas the least was for IHM. The results 
confirm that IHM is the most reactive coal whereas OGB is most thermally stable. 

Next, the DTG plots for the oxidative thermal analyses of the coals were deduced as pre-
sented in Figure 2. As observed, the DTG plots showed a set of small peaks for derivative 
mass loss (DTG, %/min) below 200°C for all the coal samples examined in the study. The 

peaks, denoted as DyP (drying peak), in this range are typically ascribed to drying (or loss of 
moisture) during thermal analysis. The largest DyP was observed for IHM, BMK, and OGB in 
decreasing order of magnitude.  The size of the IHM drying peak is due to its higher moisture 
content (4.75 wt.%) compared with BMK (3.63 wt.%) and OGB (3.12 wt.%). 
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Furthermore, the DTG plots showed another set of larger peaks, denoted as devolatilization 
peaks 1 and 2 (DvP1 and DvP2), in the range 200°C to 600°C for the thermal degradation of 
the coals examined in the study.  The thermal analysis of the OGB coal resulted in one sym-
metric peak whereas BMK and IHM showed two peaks with different decomposition tempera-
tures.  Based on this, the TPCs were deduced to examine the decomposition mechanism of 

coals based on the DTG peaks as presented in Table 3. 

Table 3. DTG-TPCs for BMK, IHM and OGB lignite coals 

Parameter Unit BMK IHM OGB 

Drying peak DyP, °C  64.70 75.87 63.72 

Devolatilization peak 1 DvP1, °C  312.99 295.74 368.50 

Devolatilization peak 2 DvP2, °C  420.14 356.00 No peak 

As observed in Table 3, the maximum temperature of the drying peaks (DyP) for the coals 

ranged from 63.72°C to 75.87°C. The highest DyP was observed for IHM which as earlier 
stated is due to its higher moisture (M) content compared to BMK and OGB.  Due to its higher 
M, higher energy is required to dry the sample during thermal analysis which accounts for the 
larger size of its DyP compared to the other samples.  Next, the DvP1 peaks for the coals 

ranged from 295.74°C to 368.50°C. The DvP2 peaks observed for only BMK and IHM were 
between 356.00°C and 420.14°C. In both cases, the lowest peak values were observed for 
IHM whereas the highest was observed in OGB.  Overall, the results confirm that IHM is more 
reactive compared to the other coals examined based on the TPCs deduced from the thermal 
analysis. Furthermore, the reactivity of coals was examined from the mass loss during the 

various stages of the thermal analysis. Based on the DTG peaks and degradation tempera-
tures, the oxidative thermal analysis of the coals occurred in three stages. The range of tem-
peratures was; 25 – 110°C, 110 – 600°C, and 600– 800°C.  The corresponding mass losses 
(ML, %) during each stage is presented in Table 4. 

Table 4. Mass loss during coal decomposition stages 

Temperature 

range (°C) 
Stage Thermal process 

BMK 

(%) 

IHM 

(%) 

OGB 

(%) 

25 – 110 I Drying 3.75 4.65 3.30 

110 – 600 II Devolatilization 69.24 73.99 51.98 

600 – 800 III Coke formation 0.19 0.29 0.23 

The mass loss (ML, %) in stage I ranged from 3.30% for OGB to 4.65% for IHM.  As ob-

served, the highest mass loss during the drying stage was for IHM.  In comparison, the ML for 
the samples is in good agreement with the moisture content in Table 1. In stage II, the ML 
ranged from 51.98% (OGB) to 73.99% (IHM).  The value observed for BMK is to some degree 

equivalent to its volatile matter (VM=51.43%) reported in Table 1.  However, the ML values 
for BMK and IHM observed in Table 4 differ by 11.19% and 4.47% from their VM. The higher 
values observed for the ML may be ascribed to degradation or loss of other coal components 
during thermal analysis.  Lastly, ML during stage III ranged from 0.19 in BMK to 0.29% in 
IHM.  Overall, it can be surmised that the reactivity of the coals is in the order IHM>BMK>OGB 

based on the ML data deduced and presented in Table 4. 

4. Conclusion 

The paper presented new findings on the temperature profile characteristics of three newly 
discovered lignite coals; BMK (Obomkpa), IHM (Ihioma) and OGB (Ogboligbo) from Nigeria. 
The coal samples were characterised by physicochemical, calorific value, and non-isothermal 

oxidative thermogravimetric analyses. The physicochemical analysis results showed that BMK 
contains high C, H, HHV and low O compared to IHM and OGB.  The BMK sample also exhibited 
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the lowest N and S but significantly high ash. The IHM contained the highest VM but the lowest 
FC. However, OGB showed poor physicochemical coal qualities with comparatively lower val-
ues to BMK and IHM. Overall, the oxidative thermal analysis of the coals resulted in a 
significant mass loss but low residual mass. Based on the temperature profile characteristics 
(TPC), IHM is more reactive, ignitable, and thermally efficient compared to BMK and OGB. Due 

to its properties, IHM is a potentially good candidate for energy recovery through gasification. 
However, BMK will be suitable for combustion whereas OGB is best suited for coke formation 
or blending with other coals. 
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Abstract 

Hardgrove Grindability Index (HGI) is a determining factor of energy consumption during grinding. 

The current study is aimed at investigating the influence of the blending behavior on HGIs of two 

dissimilar coal samples.  
In this study, one local coal sample is taken from Lakhra coal deposits and second sample is extracted 

from Indonesian coal reserves for empirical experiment and analysis. The total number of nine blends 

with different blending ratios based on the Net Calorific Value (NCV) was made. In addition, the 
samples were further tested for proximate and ultimate analysis, Gross Calorific Values and HGI 

respectively. The ASTM D409-D409M standard Hardgrove grindability tester was used for the 

determination of HGI of cited two coal samples. The main purpose of this study is to  determine the 
blends that specify the optimum results those are appropriate for power sectors and cement industries. 

According to the above study, the blend no 2 and 3 demonstrate the optimum results for cement 

factories with approximately HGI 46 and 49 with sulphur content 1.01 and 1.17, whereas blend no 4 
and 5 are appropriate for power sectors with approximately HGI 52 and 54 with sulphur content 1.37 

and 1.58. 

Furthermore, the value of the blends for HGI and moisture content shows the inverse relation, as the 
moisture content increases HGI value decreases. Similarly, research results also determine that there 

is also inverse relationship between the blend value of volatile matter and total carbon with HGI. 

Additionally, the GCV also exhibits inverse relationship while ash and fixed carbon reveal direct 
relationship with the value of blends for HGI. In the same manner, sulfur also exhibits direct relation 

with HGI value.. 

Keywords: Coal blending; Gross calorific value; Hardgrove grindability index; proximate analysis; Ultimate analysis. 

 

1. Introduction  

Among fuel, coal has the key standing in meeting the energy needs around the globe. It’s 
extensively leading source of energy accessible to world economy nowadays [1]. 

The HGI is intended to conclude ease through which coal can be ground. It evaluates the 
grindability of coal and is a confidential measure of coal. It delivers the knowledge of grinding 

power consumption and comminuting extents. HGI of coal can be contingent on the composi-
tion of coal. It’s extensively utilized by the industries so as to measure power need throughout 
the process of comminution [2-5]. Typically, harder coals have low HGI and softer coals have 
higher HGI contents [6-10]. A number of the physical properties of coal like stiffness, tenacity, 
and rupture are often indicated by it as similarly [11-13]. 

Generally, coal grindability is classified into two terms: first is work index that measures 
overall energy consumption for obtaining product quality fineness is determined; second is 
grindability index through that fineness of absolute product is measured for same grinding 
work of standard samples. As work index is time and labor cost consuming factor, therefore, 
Hardgrove grindability index (HGI) is mostly preferred for projecting the behavior of coal and 

energy consumptions requirements of mill [14]. It is very important to discuss that multiple 
physical and chemical properties of coal put impact on the value and measurement of HGI, 
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including particulars of moisture, ash, volatile matter and fixed carbon. In addition to that, 
presence and exact proportion of multiple macerals and microlithotypes and composition and 
supply of mineral substance. Coal blending is also a compulsory parameter that affects the HGI 
grindability of assumed coal. Usually, coal blending doesn’t indicate any additive relation 
among the Hardgrave grindability index results of separate constituent coals [15].  

This study deals with the assessment of HGI of two dissimilar coal blends related to their 
chemical properties. 

Various countries around the globe depend on different sectors that play role in the strength 
of economy. Some countries rely on agriculture and other on their mineral resources. The Pa-
kistan is one among those countries that rely on agriculture, though preserves adequate po-

tential to distract the economic dependence on her mineral capitals that have been asking for 
the consideration. Little attention to the coal sector can not only increase the severe energy 
crisis the country is dealing, but it can also influence economy. 

 

Figure 1. Hardgrove grindability index machine [19] 

Energy deficiency in Pakistan is a biggest 
problem and it can be utilized by the local 
coal as a solid fuel for power generation and 
if its use is given top priority by the industria-
lists [16]. 

As matter of coal-fired is concerned, it is 
usual practice to make convenient blend of 
local coals apart from separate coals within 
Pakistan. Generally, coals and blends are 
ground before use for burning.  

The coal grindability is usually influenced by 
the blending factor, as stated in the litera-
ture [17- 18]. A few studies have revealed 
some confident result on grindability be-
cause of its blending. The current research 
has been assumed to investigate the effect 

of coal blending on the HGI grindability of lo-
cal and foreign coal. 

2. Factors affecting the Hardgrove grindability values 

The HGI is mostly affected by the petrographic structure of coal. Usually, grindability grows 
as the content of volatile matter rises of about 30%, on the far side that the grindability 
declines. Likewise, with the increment in carbon content, the HGI value will increases as well 
and the grindability then decrease quickly with the carbon value greater than about 92%. The 
coal with the classification of lithotype having comparable percentages of volatile matter com-

prise variance in the HGI results. Durite is also labeled as dull coal is a lithotype attribute by 
low HGI and is usually the hardest. Classification fusite is considered by means of lithotype 
with the principal value of HGI is uncertain as a result of its highest fragility is affected by 
initiation of substantial quantity of pulverized portions rather through screening and grinding 
in the investigating tool [20]. Glittering vitrinite is another type of lithotypes in black coal that 
have considerably greater HGI values as compared to the durites in the identical coal classifi-

cation. The variance in grindability of distinct lithotypes permits for particular grinding. It is 
usually effective with the existence of vitrinite in coal raises the value of HGI, however, the 
liptinite and micronite macerals decline the grindability. 

3. Materials and methodology 

Approximately 10 kg of coal sample from Indonesia was provided by Engineer Faisal Raza 

traders from their coal stores located in Karachi and 10 kg of Lakhra coal was directly taken from 
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the mining region of Lakhra. Each sample of 10 kg was thoroughly mixed in order to ensure 
homogeneity as far as possible. The two coals selected for the present studies were such that 
one coal had the low HGI (Indonesian coal) while the other coal had high HGI (Lakhra coal).  

The experiments were carried out on two dissimilar coal samples with their unary and binary 
blends. The standard ASTM D409-D409M was followed for the determination of HGIs. For a 

realistic study, two normal reference coals were conjointly used. The results of these experi-
ments are given in Tables 1 to 4. 

The proximate and ultimate analysis was also achieved on each blended coal sample in 
agreement with ASTM standards. All experiments were carried out on air-dried origin. Total 
carbon and sulfur were measured with Carbon-Sulfur analyzer ASTM-D-5016-08 standard.  

The process, for the determination of HGI, was as follow; 
The 50 mg sample of prescribed size -75+3350 mesh was taken in the ball mill of HGI 

machine along with 8 iron balls with diameter 25.4±0.003 mm. The mouth of the ball mill was 
closed and was set to rotate for exactly 70±0.25 revolutions. After the requisite rotation was 
achieved, the machine stopped automatically. The sample left within the ball mill was later 
collected along with any pulverized material holding on to the surface of the HGI machine with 

the assistance of a brush. 
This sample was after placed in a 75μ size of sieve and was shivered approximately for 10 

minutes. The sample which passed through 75μ size and retained on 3350μ size was weighed 
on the balance. The HGI value is determined by the given experimental formula [21]:  

HGI = 13 + 6.93W                     (1)  

where: W is weight of the test sample passing through 75μ sieve after grinding in the HGI 
machine. 

4. Calculation for the determination of the percentage of coal blends 

The blends of two dissimilar coal samples on thermal based on NCV were prepared by using 
the following calculation [22]; Suppose the total heat to be obtained from the blend is 100,000 

kJ. If the 90 % heat is required from Indonesian coal than heat required from it is 90,000 
kcal. Then, heat required from Lakhra coal is 10 % which total to 10,000 kcal. 

kg coal of Indonesian coal required for 90,000 kcal = 
90,000 𝑘𝑐𝑎𝑙 

𝑁𝐶𝑉 𝑜𝑓 𝐼𝑛𝑑𝑜𝑛𝑒𝑠𝑖𝑎𝑛 𝑐𝑜𝑎𝑙 𝑘𝑐𝑎𝑙/𝑘𝑔
 = 

90,000

6483
 

Hence, kg coal of Indonesian for 90,000 kcal =13.88 kg coal. 

Similarly, kg coal of Lakhra coal required for10, 000 kcal = 
10,000 𝑘𝑐𝑎𝑙 

𝑁𝐶𝑉 𝑜𝑓 𝐿𝑎𝑘ℎ𝑟𝑎 𝑐𝑜𝑎𝑙 𝑘𝑐𝑎𝑙/𝑘𝑔
=

10,000

4877
 

Hence, kg coal of Lakhra for 10,000 kcal = 2.05 kg coal 

Percentage (%) of Indonesian coal by weight = 
13.88

(13.88+2.05) 
× 100= 87.131 %  

Percentage (%) of Lakhra coal by weight = 
kg coal of Lakhra

(kg coal of Indonesian + kg coal of Lakhra) 
 × 100 

=
2.05

(13.88+2.05)
 × 100= 12.868 % 

The thermal percentages of other blends were calculated in similar way and their results 
are presented in Table 2. 
The Net calorific value (NCV) and hydrogen (%) was determined by the following formula; 

𝑁𝐶𝑉 = 𝐺𝐶𝑉 − [(0,089.𝐻) +
𝑇𝑀

100
. 587]              (2) 

𝐻 = 0,069.
𝐺𝐶𝑉

100+𝑉𝑀
− 2.86                (3) 

where: GCV is the Gross calorific value in kcal/kg; H is Hydrogen content present in the coal 
in %; TM is the Total Moisture in %; VM is the volatile matter. 
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Table 1. Analysis of coal samples and their HGI values as received basis 

Sample 
TM 

 (%) 

Ash 

(%) 

VM 

(%) 

FC  

 (%) 

GCV 

(kcal/kg) 

NCV 

(kcal/kg) 

TC  

(%) 

S 

(%) 

H 

(%) 

HGI 

value 

Indonesian  11 13 37.9 34.5 6 420 6 483 65.90 0.80 10.58 44 

Lakhra  8.6 15 41.5 38.9 4 828 4 877 55.78 5.68 6.99 66 

TM- total moisture; VM- volatile matter; FC-fixed carbon; GCV-gross caloric value; NCV-net caloric value; 

TC-total carbon; S-sulfur; H-hydrogen, HGI- Hardgrove grindability index 

Table 2. Calculated percentage of each assumed sample 

Blend ratios (%) 
Thermal blending ratio (%) Weight blending ratio (%) 

Indonesian Lakhra Indonesian Lakhra 

1 100 0 100 0 
2 90 10 87.131 12.858 

3 80 20 74.938 25.061 

4 70 30 63.695 36.304 

5 60 40 53.008 46.991 
6 50 50 42.928 57.071 

7 40 60 33.401 66.598 

8 30 70 24.378 75.621 
9 20 80 15.811 84.188 

10 10 90 7.703 92.296 

11 0 100 0 100 

Table 3. Measured analysis of the binary blends of two dissimilar coal samples  

Blend 

ratios 

TM 

(%) 

Ash 

(%) 

VM 

(%) 

FC 

(%) 

GCV 

(kcal/kg) 

NCV 

(kcal/kg) 

TC 

(%) 
S (%) 

H 

(%) 

HGI 

value 

1 11 13 37.9 34.5 6420 6 483 65.90 0.80 10.58 44 
2 10.80 13.2 38.3 35 6 360.64 6 423 64.04 1.03 10.42 46 
3 10.58 13.5 38.9 35.44 6 279.24 6 340 62.22 1.17 10.19 49 
4 10.32 13.7 39.2 35.82 6 097.48 6 156 60.38 1.37 9.79 52 

5 10.1 14 40.10 36.28 5 916.44 5 956 58.54 1.58 9.33 54 
6 9.87 14.3 40.3 36.73 5 735.04 5 792 58.08 2.46 8.94 57 
7 9.6 14.4 40.6 37.14 5 553.64 5 608 57.62 3.20 8.55 59 
8 9.73 14.6 41 37.59 5 372.24 5 426 57.16 3.82 8.14 62 
9 9.13 14.7 41.1 38.01 5 190.84 5 243 56.70 4.44 7.76 63 

10 8.88 14.9 41.3 38.48 5 009.44 5 060 56.24 5.18 7.38 64 
11 8.6 15 41.5 38.9 4 828 4 877 55.78 5.68 6.99 66 

Table 4. Calculated analysis of the binary blends of two dissimilar coal samples  

Blend 
ratios 

TM 
(%) 

Ash 
(%) 

VM 
(%) 

FC 
(%) 

GCV 
(kcal/kg) 

NCV 
(kcal/kg) 

TC 
(%) 

S (%) 
H 

(%) 
HGI 

value 

1 11 13 37.9 34.5 6 420 6 483 65.9 0.80 10.58 44 

2 10.91 13.4 38.6 35.02 6 261 6 163.1 64.44 0.996 10.19 47 
3 10.46 13.7 38.8 35.5 6 012 6 016.2 63.98 1.064 9.65 50 
4 10 13.8 39.1 35.97 5 943 5 868.3 63.52 1.105 9.48 51 
5 9.76 14.1 39.6 36.42 5 784 5 704.4 64.06 1.477 9.10 53 
6 9.52 14.3 40 36.86 5 635 5 576.5 60.38 2.228 8.76 55 
7 9.48 14.5 40.2 37.29 5 466 5 428.6 58.54 2.992 8.40 57 
8 9.25 14.6 40.5 37.72 5 307 5 283.7 57.15 3.29 8.05 60 

9 8.90 14.7 41 38.14 5 148 5 135.8 56.23 4.267 7.68 61 
10 8.78 14.8 41.2 38.54 4 951 4 988.9 56.01 4.89 7.26 62 
11 8.6 15 41.5 38.9 4 828 4 877 55.78 5.68 6.99 66 

TM- total moisture; VM- volatile matter; FC-fixed carbon; GCV-gross caloric value; NCV-net caloric value; 

TC-total carbon; S-sulfur; H-hydrogen, HGI- Hardgrove grindability index. 

5. Results and discussion 

The overall results those have been extracted from the study are discussed here in the 
aspect of relative grindability of ease of pulverization of the local as well as international coals. 
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In case of comparison with the grindability of low-rank coals, it was observed that some cases 
regarding low-rank coals within other countries have similarities with the coal found in Pakistan. 

Results of this research work are presented together in tabular and as well as in graphical 
order. Table 1 to 4 represents the proper investigation of two dissimilar coal samples with 
different grade and their unary and the binary blends comprising the determined data of their 

HGI contents.  

5.1. Effect of coal blending on Hardgrove grindability index  

The current research determines the HGI of coal blends of different heating ratios arranged 
from two different coals. One from Indonesia hard coal having HGI 44 and second local coal 
from Lakhra having HGI 66. The experimentally measured HGI values of different blends 

ranged between 46 and 64 whereas the weighted average calculated values ranged between 
47 and 62 as given in Table 3 and 4. 

On the other hand, the weighted average calculated values of HGI are lesser by 1 to 2 
compared to the experimentally determined HGI values for blending ratios having 60 % to 10 
% of Indonesian coal as indicated in table 4. 

The consequences of current work are supported by related work conducted in past re-

search on coal as following; 
The results of this study specify that experimentally measured HGI values of coal blends 

varied by about 1 to 2 with the weighted average calculated values [23]. Moreover, he added 
that the influence of moisture and coal blending on HGI of Western Australian coal where it 
has been perceived that measured HGI values of binary and tertiary blends resembled sound 

with the weighted average values of HGI within ±2. 
Contrary to the above-cited conclusions of researchers, results of [24] state that even 

though coals with the same HGI mixed together, the measured HGI values of blends deter-
mines smaller than the calculated values, in certain conditions poorer than either blended 
constituents. Consequently, it was determined that there is no other technique except exper-

imentally measured method for the determining of the HGI of the different coal blends.  

5.2. Effect of chemical properties of coal blending on Hardgrove Grindability Index 
of coal samples 

5.2.1. Proximate analysis 

5.2.1.1. Moisture  

The calculated moisture contents found to be marginally higher related to the experimen-
tally determined contents for all blending ratios of Indonesian coal in Lakhra coal.  The contrast 
between the measured and calculated values ranges 0.25 % to 1%. 

Thus, the consequences have exposed advancement of moisture contents in blends within 
the range 0.25 % to 1 %. These results are supported by the reflection [25] who specified that 

to any form of moisture content comprising only internal and surface moisture constituent, 
advancement should apply.  

5.2.1.2. Volatile matter 

The change between experimentally measured and calculated values was found and 
ranges 0% and 2.6 %. The experimentally measured values conclude higher than the calcu-
lated values for total blending ratios. The results of the present study are supported by the 

results of [25] and [26]. 

5.2.1.3. Ash 

The experimentally measured ash content values of different blends ranged between 18 % 
and 40 % whereas the weighted average calculated values ranged between 15.9% and 39.1% 
as mentioned in Table no 3 and 4. The experimentally measured values always conclude higher 

than the calculated values for total blending ratios [26-27]. 
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5.2.1.4 Fixed carbon 

There is no any method to determine the fixed experimentally, hence it is determined by 

using the following formula;  
FC = 100 - Moisture + ash + volatile matter; where FC is the fixed carbon. 

The progression of fixed carbon content can be determined with the addition of the other 
three components i.e. moisture content, volatile matter content and ash content. It is affected 
by mistakes in their determination. It has been perceived that the calculated values are always 
higher than the measured values of fixed carbon. 

5.2.2 Partial ultimate analysis 

5.2.2.1 Total carbon 

The results clearly indicate that the blends of total carbon seem to be an additive property. 
These evaluations of the present work are equivalent to the results of [27-28].  

5.2.2.2 Sulfur 

The experimentally measured total sulfur values of different blends ranged between 1.08 
% and 5.18 % whereas the weighted average calculated values ranged between 0.996 % and 
4.89 % as shown in Table 3 and 4 representing a variance from 0.034% to 0.29%. The results 
of the current study are supported by the opinion of [28]. 

5.2.2.3 Hydrogen content  

The reason for a difference between the measured and calculated values of hydrogen con-
tent may be because of the volatile matter value and the gross calorific value rises or reduces 
steadily. The Syler’s equation has been used for the determination of hydrogen value when 
GCV was in kJ/kg. 

6. Conclusion 

The industrial sector in Pakistan, particularly the cement sector is consuming blends of high 
sulfur local coal and low sulfur imported coals. The two coals are blended together to carry 
the sulfur content of the blend to a limit of about 2% acceptable in the cement industry. The 
pulverization characteristics of imported coal and local coal are completely dissimilar.  

This study was conducted to experimentally measure the pulverization characteristics which 
are measured by HGI and it was concluded that the blends of two dissimilar coals indicate the 
prime consequences and are acceptable for power plants and cement industries.  

In addition, it was concluded that; 
 Out of the 9 potential blends, the blend 2 & 3 show the prime results which are in good 

agreement for the cement industries about 46 & 49 HGI value with sulfur content 1.01 & 1.17. 
 Although blend 4 & 5 are meet for power plants about 52 & 54 HGI value with sulfur content 

1.37 & 1.58. 
The blends value for HGI and moisture content indicates the opposite relation, as the mois-

ture content rises HGI value decreases instantly. Past studies revealed that coal with high 
moisture content noted as a hard coal though it may include the small HGI values on grinding 

but talking about the Lakhra coal which shows uniqueness with low moisture content is 8.6 
and HGI value is high 66 nearly. It is because of the maceral present in the Lakhra coal that 
is vitrinite.  It is commonly valid that the existence of vitrinite in coal increases the HGI value, 
though the micronite and liptinite macerals diminish the grindability. 

Moreover, it is also confirmed that the blends value of moisture content and volatile matter 

(VM) demonstrates the opposite relation with HGI. As the HGI value increases the value of 
moisture content and volatile matter decreases. Similarly, the total carbon also show the op-
posite relation with HGI. However, the value of ash and fixed carbon shows the direct relation 
with the blends value for HGI. Likewise sulfur also show the direct relation with the HGI. 
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Abstract 

A variety of techniques have been employed in order to reduce problems caused by the crystallization 

of paraffin during the production. Four different alkyl chain length of n-alkyl methacrylate-vinyl acetate- 
methacrylic acid terpolymers were prepared and characterized by the infrared spectrometer, and the 
molecular weight of the prepared additives was determined by using gel permeation chromatography 
analysis. The performance of the prepared terpolymers as pour point depressants additives for fuel oil. 

The efficiency of the prepared compounds on pour point depressants for fuel oil increases by increasing 
the concentration of these additives  and the alkyl chain length of n-alkyl methacrylate. The X- ray 
diffractometer patterns of wax in the absence and presence of investigated additives were studied. 
Comparison of morphologies and structures of waxy crystals in fuel oil beneficiated with and without a 
pour point depressant was made by micro photographic studies which show the modification in wax 
morphology due to the additive. 

Keywords: Terpolymers; Fuel oil; Pour point depressants; Wax modification. 

 

1. Introduction  

Hydrocarbon fuel oils, for example, petroleum distillate fuels, contain n-paraffin waxes that 

tend to be separated from the oil in low temperature [1-2] The waxes generally crystallize as 

an interlocking network offine sheets, thereby entrapping the remaining fuel in cage like struc-

tures [3] and causing the cold flow problems such as blockage of fuel lines and filters in engine 

fuel system. Studies have shown that the network waxes amounting to as little as 1–2wt% of 

the sample are still capable of causing low temperature fluidity and operability problems in 

distillate fuels [4-5]. Highly waxy crude oils are characterized by a high pour point, viscosity, 

and yield stress, and exhibit non-Newtonian flow behaviour below pour point temperature [6-8] 

The flow properties of crude oil play a great role in its production storage, transport, and 

refining [9-11] pour point depressants (PPDs) to improve the cold flow properties of oils has 

been proven to be an effective and economical way [12]. In general, these additives have a 

wax-like paraffin part which provides the interaction between the additive and paraffin and a 

polar segment that is responsible for modifying the morphology of wax crystals [13-14]. 

Some characteristics of the additives should be considered: there should be a sufficient 

number of pendant alkyl groups with sufficiently long hydrocarbon chains, there should be an 

appropriate distance between the hydrocarbon pendant chains and there should be a suitable 

ratio of monomers for copolymer additives [15-16]. Many experimental and theoretical studies 

have been performed to reveal the pour point depressant mechanism and many hypothetical 

mechanism theories have been formed, in which adsorption, co-crystallization, nucleation, and 

improved wax solubility are the most widely accepted view points [17-18].In the present study, 

we have synthesized four alkyl methacrylate-vinyl acetate-methacrylic acid terpolymers with 

different long-chain alkyls by free radical polymerization and evaluated their influence on the 

flow properties of  fuel oil. 
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2. Experimental  

2.1. Materials  

The following chemicals were used, methacrylic acid, dodecyl alcohol, hexadecyl alcohol, 

octadecyl alcohol, two linear saturated long  chain alcohol blends NAFOL 20+A, and NAFOL 

1822 B were supplied from Condea Chemical Company, the typical analysis is listed in Table 1. 

Vinyl acetate was purchased from Aldrich and distilled under reduced pressure before use.  P-

toluene sulphonic acid, dibenzoyl peroxide, and other common chemicals used were of labor-

atory grade reagents.  

Table 1. Typical analysis of linear long-chain alcohol blends (NAFOL) 

Properties 
NAFOL 
20+A 

NAFOL 
1822 B 

Properties 
NAFOL 
20+A 

NAFOL 
1822 B 

Composition, wt % Density g/cm3 at 80°C 0.803 0.802 
C16-OH 0.9 0.2 Solidification point,°C 56-60 63-65 
C18-OH 24.3 15.0 Ester No. mg KOH/g 9.9 0.16 

C20-OH 24.4 14.8 Acid No. mg KOH/g 0.05 0.01 
C22-OH 38.2 69.8 Water, wt% 0.06 0.04 
C24-OH 9.9 0.2 Flash point,°C 208 204 
C26-OH 2.3 - Iodine No. mg/100 mg 8.2 0.23 

   
Average carbon num-
ber (calculated) 

Cav= 20 Cav= 22 

2.2. Middle distillate fuel oil composition 

Middle distillate fuel oil (FO) derived from the waxy western desert crude oil with physico-

chemical characteristics given in Table (2) was used for evaluation of the performance of the 

synthesized additives. The n-paraffin content of the fuel oil tested was determined by urea 

adduction [19]. The fuel oil was subjected to gas liquid chromatographic analysis to determine 

the average carbon number and carbon number distribution. 

Table 2. Physical characteristics of fuel oil 

Properties Methods Result 

Specific gravity at 60/60oF IP 160/87 0.8412 

Kinematics viscosity at 40oC (cSt) IP 71/80 3.7 
Cloud point (cp), oC IP 219/82 24 
Pour point (pp), oC IP 15/67(80) 15 
Sulfur content (wt%) IP 266/87 0.231 
Flash point, oC IP 34/82 (87) 123 
Total paraffins content (wt%) Urea adduct 20.3 

n-paraffin (wt%) GLC 19.9 
Iso-paraffins (wt%) GLC 0.40 

2.3. Synthesis additives 

2.3.1. Synthesis of n-alkyl methacylate 

The methacrylic acid mono-esters were prepared by reacting 1 mole of methacrylic acid 

with 1.1 mole of a series of n-alkyl alcohols which having increasing number of carbon atoms 

dodecyl alcohol, hexadecyl alcohol, two linear saturated long chain alcohol blends NAFOL 20+A 

(Cav=20) and NAFOL 1822 B(Cav=22) using p-toluene sulphonic acid as catalyst, toluene as a 

solvent (100ml) and hydroquinone to avoid polymerization. The reaction mixture was con-

ducted for 24 hours at the reflux temperature. Water was separated azeotropically using Dean-

Stark apparatus. The excess of the residual alcohol was removed through distillation under 

vacuum; then the reaction mixture was extracted with n-hexane, washed several times with 

water to remove unreacted methacylic acid and the catalyst, and then dried under vacuum at 40C. 
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2.3.2. Synthesis of terpolymers 

The above synthesized alky methacrylate, vinyl acetate and methacrylic acid dissolved in 

toluene in a 1:1:1 mol ratio were taken in a four-necked flask. In the beginning, the contents 

were subjected to nitrogen flushing for twenty minutes, then gradually heated to 95 °C. When 

the temperature of the reaction reached 95°C, benzoyl peroxide dissolved in toluene as an 

initiator was added drop by drop. The whole content was refluxed for 8 h. Finally, the thick 

slurry was distilled under reduced pressure, followed by precipitation in excess ethanol and 

vacuum dried for 24 h [20]. The prepared additives are named as MVM-12, M VM-16, MVM-20, 

and MVM-22, respectively. 

2.4. Characterization of the prepared terpolymers 

Infrared spectra for esters n-alkyl methacrylate and their terpolymers with vinyl acetate 

and metacrylic acid were recorded on FTIR spectrophotometer (Genesis Series) using the tra-

ditional transmission technique for KBr pellets.  

Molecular weights and polydispersity of terpolymers were determined by using gel permeation 

chromatographic analysis (GPC) with a refractive index detector using column styragel HR THF 

7.8X300 mm, equipped with a water 515 HPLC pump. THF was used as an eluent at a flow 

rate of 1ml/min. Aliquots (1ml) of each sample were diluted with an appropriate amount of THF 

and were shaken vigorously, then passed through a filter and injected into the GPC for analysis.  

2.5. Evaluation tests 

2.5.1. Pour point measurements 

Pour points were measured by following the ASTM D97 method. An appropriate quantity of 

additive (250–2000 ppm) in 1 mL toluene was added to 50 ml fuel oil in a cylindrical test jar 

and the mixture was first heated to 45oC. The test jar was then placed in a digital pour point 

cooling bath, and the sample was cooled at a specified rate and examined at intervals of 3oC 

for flow characteristics. The lowest temperature at which the movement of the specimen is 

observed is recorded as the pour point. The results are presented as pour point reduction in 

relation to the pour point of the fuel oil. The pour point reduction was calculated from the 

following equation: pour point reduction: Δpp= pppure - ppadd; 

where PPpure is the pour point of the pure fuel oil, and PPadd is the pour point of the fuel oil 

containing the additive. 

2.5.2. X-Ray diffraction spectroscopy 

The structure of the wax isolates from fuel oil and wax + 1500 ppm (MVM-22), and wax + 

1500 ppm (MVM-12) were characterized using X-ray powder diffract meter, PANalytical X'Pert 

PRO MPD (Netherland). Cu Kα radiation with wave length= 1.5418Å was used at a rating of 

40 kV, 40 mA. The diffraction patterns were recorded at room temperature in the angular 

range of 4-70º (2θ) with step size 0.02º (2θ) and scan step time 0.4 (s). The crystalline 

phases were identified using the ICDD-PDF database. 

2.5.3. Microscopic Studies 

An Olympus polarizing microscope model BHSP fitted with an automatic camera with a 

35mm format was used to study the wax crystals of untreated and additive treated fuel oil at 

a temperature of -5oC below the pour point. The temperature of the tested lube oil sample 

was controlled on the microscope slide by an attached cooling thermostat. The adopted mag-

nification was 100X. 

3. Results and discussion 

3.1. Chemical structure and characterization of the prepared terpolymers 

By analyzing the most important signals in the FTIR spectra, it was confirmed that the four 

terpolymers share the same profile. According, the spectrum of compound acrylic acid which 
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illustrates the O-H stretching band of the carboxylic group which appeared as a small broad 

band at 3443 cm−1. It can be clearly seen the characteristic CH3 and CH2 of the alkyl group 

adsorption peaks at 2925 and 2854 cm-1, the characteristic C = O stretching peaks of methacry-

late at 1727 cm−1, and the characteristic, and we can see the intensity of CH3 and CH2 bands 

increases with the increase of the length of alkyl groups [21]. The characteristic C =C is stretch-

ing vibration peak at 1639 cm-1 almost vanishes completely. This indicates that there exist 

alkyl chain moiety, methacrylate moiety, and vinyl acetate moiety in the prepared terpolymer. 

The molecular weights and polydispersity index of the four terpolymers were determined 

using a gel permeation chromatograph the results are given in Table 3. 

Table 3. Characterization of the synthesized terpolymer additives alkyl methacrylate-vinyl acetate- 
methacrylic acid 

Additive  
designation 

Composition 
Mw 

(g/mol) 
Poly dispersity 

index 

MVM-12 
Terpolymer (dodecyl methacrylate-vinyl 
acetate – methacrylic acid) 

11350 1.70  

MVM-16 
Terpolymer (hexadecyl methacrylate- vi-
nyl acetate – methacrylic acid) 

15660 2.03 

MVM-20 
Terpolymer (NAFOL 20+A methacrylate- 
vinyl acetate - methacrylic acid) 

20351 2.42 

MVM-22 
Terpolymer (NAFOL 1822 B methacry-

late- vinyl acetate – methacrylic acid) 
22980 3.09 

3.2. Pour point  

The pour point of the fuel oil sample is 15°C. The reduced extent of the four terpolymers 

with different n-alkyl chain lengths MVM-12, MVM-16, MVM-20 and MVM-22 at various con-

centrations to pour point is shown in Table 4 and Figure 1. It can be seen from Figure 1, the 

n-alkyl chain length and concentration of PPDs have very important effects on the reduction 

extent of pour point.  

 
Figure 1. Relation between additive concentration and 
pour point depressant for fuel oil 

The influence of n-alkyl chain length of 

terpolymers is closely related to the con-

tent of the corresponding n-alkane in the 

fuel oil, especially for their influence on the 

PP. The effects of the PPDs on reducing PP 

sometimes are in consistent, because PP 

is closely related to the formation of the 

three-dimensional network. MVM-22 ex-

hibits the best considerable reduction on 

PP. At a concentration of 1500ppm, MVM-

22 reduces the PP by -6°C and (reduces 

the PP by 21°C) and has a better effect on 

reducing PP with MVM-20 (reduces the PP 

by 15°C). In the pour point tests that were 

conducted with various samples methacry- 

mlate terpolymers, we note that for a given size of a pendant hydrocarbon group, an increase 

in the proportion of these groups increases the performance of the additive. Also, for a given 

terpolymers composition, increasing the size of the alkyl group improves the performance of 

the additive. The effect of the four terpolymer additives MVM-12, MVM-16, MVM-20 and MVM-

22 on pour point for sample fuel oil are shown in Table 4. With increasing the concentration 

of the additives an increase in their activity was observed and as a result, a great depression 

of pour point was achieved. This means that at these concentration ranges the additives may 

co-crystallize with the paraffins and modify their crystals, at higher concentrations of additives, 

the side way growth becomes more difficult for the wax crystals (4). 
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Table 4. The effect of additives on the pour point of fuel oil 

Additives      
designation 

n-alkyl side 
chain 

Additive concen-
tration, ppm 

PP, 
oC 

∆PP, 
oC 

MAM12 12 

0 15 0 
250 15 0 
500 12 3 
1000 12 3 

1500 9 6 
2000 6 6 

MAM16 16 

0 15 0 
250 12 3 
500 9 6 
1000 6 9 
1500 3 12 

2000 3 12 

MAM20 20 

0 15 0 
250 12 3 

500 12 3 
1000 6 9 
1500 0 15 
2000 0 15 

MAM22 22 

0 15 0 
250 12 3 
500 6 9 
1000 0 15 
1500 -6 21 
2000 -6 21 

PP = pour point ∆PP = pour point depression 

3.3. X-Ray diffraction measurements 

X-Ray diffraction investigation of wax in the absence and presence of prepared additives 

(1500 ppm). The particle size of wax with in the presence of 1500ppm MVM-22 and wax with 

1500ppm from MVM-12 were determined by using the Scherer equation [22].  

𝑑 =
𝐵𝜆

𝛽𝑐𝑜𝑠𝜃
 , where d is the mean particle diameter; B is Scherer constant (0.89); λ is wave 

length of the x- ray beam = 1.5405Å; β is full -width half maximum FWHM of diffraction lines, 

and θ is the diffraction angle.  

The computed values of particle size Table 5 showed increasing the order of wax with 1500 

ppm of MVM-22 = 4.47 < wax with 1500 ppm of MVM-12= 5.88 < Wax = 9.41.  

Table 5. X-Ray Diffraction results of the wax and wax with additives 

Sample Pos, [2θ] FWMH(o) d-spacing, [Å] Rel. intensity, [%] 

Wax 
21.4033 0.2952 4.17095 100.00 
22.2754 0.1574 3.75442 31.60 

Wax+MVM22 
21.4305 0.3129 4.1522 100.00 

23.7275 0.3346 375044 31.45 

Wax+MVM12 
21.2772 0.2952 4.17596 100.00 
19.1588 0.2362 4.63264 31.6 
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Figure 2. XRD spectra for wax in presence of 
1500ppm from MVM-22 

The PPD additives are considered to be 

well in the primitive molecular orientating 

and nucleating process. MVM-22 is consid-

ered more efficient than MVM-12. Figure 2 

represents the XRD spectrogram for MVM-22 

additives. The PPD molecules will get into the 

lattice part of wax crystal cells causing a 

change in the surface properties of the wax 

crystals. It will also bring the n-alkane mol-

ecules to deposit on the surface of the wax 

crystals. Adsorption can also decrease the 

plane density, but the changes of the surface 

properties of the wax crystal are different 

from those with co- crystallization. 
 

3.4. Mechanism studies 

 
 

Figure 3. Schematic drawing of operating mecha-
nism of terpolymers in fuel oil 

The probable mechanism is shown in Figu-

re 3 At wax appearance temperature, the al-

kyl chain of the PPDs co-crystallized with the 

corresponding n-alkanes in the fuel and be-

came the nuclei of wax growth. With the 

temperature decrease, other n-alkanes in 

the fuel oil gradually precipitated out in the 

nuclei and the PPD molecules in a closer po-

sition combined with each other through n-

alkanes. Thus wax crystals gradually grow. 

The polar groups of the PPD molecules play 

a very important impact on the morphology 

of wax crystals. Due to the strong polarity of 

the polar group on the methacrylic acid, wax 

crystals are easy to form sphere or ellipsoid,  
 

which has a smaller specific surface. The system has low surface energy and is more stable. 

As the polar groups distributed on the surface of wax crystals, wax crystals are difficult to 

bond together to form a three-dimensional network. But when the size distribution of wax 

crystals is very uneven, the smaller particles tend to get together with the bigger ones. The 

system is more stable. 

3.5. The effect of terpolymer additives on wax crystal modification 

The photomicrography of waxy fuel oil without treatment showed a column large wax crys-

tal (PP=15oC), Figure 4(a) to compare with The photomicrography of treatment the fuel oil 

with 1500 ppm from MVM-12, MVM-16, MVM-20 and MVM-22 terpolymer additives illustrated 

in  Figure 4(b, c, d, e) respectively. From in section of this Figure 4, it can be observed that 

the wax crystals configurations have been modified to involve many fine dispersed crystals as 

shown in Figure 4(d, e). In this case, the wax modification in the order MVM-22 > MVM-20 > 

MVM-16, i.e. from these obtained data it can be concluded that there is a correlation between 

wax modification and measured flow parameters. 
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Figure 4. Photomicrographs of (a: FO untreated) 
and (b: FO+ 1500 ppm MAM-12), (C: FO+1500 
ppm MAM-16), (d: FO+1500 ppm MAM-20) and 
(e: FO+1500 ppm MAM-22) 
 

a PP=15 b PP=3 

c PP=0 d PP=0 

e PP=-6  

 
 

4. Conclusions  

Four alkyl methacrylate – vinyl acetate- methacrylic acid terpolymer additives with different 

alkyl groups from C12 to C22 and different were prepared, purified and characterized by FTIR 

and GPC their effects on pour point properties of the fuel oil were investigated. 

In the pour point tests that were conducted with various samples of n- alkyl methacrylate 

–vinyl acetate- methacrylic acid terpolymers, we note that for a given size of a pendant hy-

drocarbon group, an increase in the proportion of these groups increases the performance of 

the additive. Also, for a given terpolymer composition, increasing the size of the alkyl group 

improves the performance of the additive. 

With increasing the concentration of the additives, an increase in their activity was ob-

tained, and as a result, a great depression of pour point was achieved. 

Study X-ray diffraction of wax and wax with different additives. Photomicrographic analysis 

showed that a clear effect of the terpolymer additives on the wax crystal modification which 

is in agreement with the above results  
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Abstract 

The bituminous binders used in road constructions are characterized by empirical tests as penetration, 

softening point and breaking point without characterizing the elastic-plastic response. This now appears 
to be inadequate mainly in the case of polymer modified bitumen. The objective of this work was to 
investigate the rheological properties of non-modified and polymer modified bitumen binders in dyna-
mic shear rheometer by complex shear modulus and phase angle. The complex shear modulus values 
of non-modified bitumen are lower than the polymer modified bitumen at higher temperatures throughout 
the frequency range. The phase angle values of non-modified bitumen are significantly higher over the 
temperature and frequency test range. This is caused by lower elasticity compared to polymer-modified 

bitumen. Comparison of penetration results with complex shear modulus at 25°C showed that the 
bitumen is harder, the penetration is lower, and the complex shear modulus is higher. 

Keywords: bitumen binder; rheology; complex modulus; phase angle; empirical properties. 

 

1. Introduction  

Bitumen is one of the basic building materials, which is mainly used in road construction. 

Research works on bituminous binders, and asphalt mixtures were based on the assumption 

that bitumen can be characterized and sorted by empirical tests such as softening point, pene-

tration or break point. These tests determine the stiffness and consistency of the binder with-

out characterizing the elastic-plastic response. Especially in the case of polymers modified 

bitumen [1], these tests cannot adequately describe the complex rheological behavior of bitu-

men binders. 

The development of the use of bitumen binders in road construction also leads to the deve-

lopment of new test methods that best describe their physical properties. One of the most 

important features is the behavior of bituminous binders at low temperatures, where there is 

a risk of breakage of the road with frost cracks. Further detection of high-temperature resis-

tance where there is a risk of permanent deformations. This corresponds to the high-tempera-

ture sensitivity of the bituminous binder, which can be described by the viscosity dependence 

on the temperature as noted in [2-5]. Last but not least, it is important to evaluate the fatigue 

properties of the material or to characterize the resistance to loss of cohesion. The develop-

ment of new testing methods according to [6], functional tests, have focused on characterizing 

the visco-elastic behavior of bitumen to better prediction of binders behaviour in asphalt mix-

tures, especially in critical conditions of failure - rutting, low temperature cracking and fatigue 

cracking in asphalt pavement roads. These methods include characterization in the dynamic 

shear rheometer DSR, the rotary viscometer or the bending beam rheometer BBR. 
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2. Bitumen rheology 

At present, the most commonly used method of fundamental rheological testing of bitumen 

properties is dynamic mechanical analysis usually by means oscillatory-type testing. Rheological 

tests, compared to classical empirical tests, allow the properties of materials to be evaluated 

against loads, temperature intervals, frequencies and time at different loads. It allows to in-

vestigate the dynamic development of materials over time and to model the deformation 

properties of substances that are influenced by external forces. The basic methods of rheolo-

gical measurement can be divided according to the load mode as rotation tests, oscillatory 

tests, creep tests, relaxation tests.  

Bitumen binders behave in part as an elastic material (the deformation after loading is reversi-

ble, at a very low temperature) and partly as a viscous fluid (deformation due to load is 

irreversible, at high temperature). The dynamic mechanical analysis (DMA) of rheological pro-

perties allows characterization of the viscous and elastic behavior of bitumen binder at service 

temperatures. The sample of the binder is located between the two plates, the bottom plate 

is firm, and the upper one oscillates over the sample and creates shear stress. DMA is perfor-

med on a fresh binder, bitumen after short-term aging RTFOT and bitumen after long-term 

aging PAV using dynamic shear rheometer (DSR). The DSR test allows quantifying both elastic 

and viscous properties. This enables the bitumen binder to be characterized in the temperature 

range during the road pavement using in service. 

At the University of Žilina, the rheological properties are measured on the Physica MCR 301 

oscillatory rheometer with convection heating device CTD 450 by Frequency Sweep (FS) test 

method. FS test method uses a parallel plate system (PP), a set of two parallel plates, the bottom 

plate is stationary, upper is shear, performing the oscillatory motion. The distance between 

the plates (shear interval) h is exactly defined (Figure 1). The FS test is performed at a constant 

temperature, and for the viscoelastic materials, it is controlled by shear strain in the form of 

a sinusoidal oscillation function: 

𝛾(𝑡) = 𝛾𝐴. 𝑠𝑖𝑛𝜔𝑡                  (1) 

Testing the viscoelastic materials, the resulting stress and presetting the strain are not in 

phase, the strain delays behind the stress by a phase angle. If the oscillatory shear is sinus-

oidal, following [7-8] the shear stress τ is expressed: 

𝜏(𝑡) = 𝜏𝐴. sin(𝜔𝑡 + 𝛿) = 𝜏𝐴. (𝑐𝑜𝑠𝜔𝑡 + 𝑖. 𝑠𝑖𝑛𝜔𝑡)       (2) 

where τA is the stress amplitude (Pa), ω is the angular frequency (rad/s), 𝜔 = 2𝜋𝑓, t is the 

time (s) and  is the phase angle of the measured material response specified in degrees. 

The complex shear modulus G* expressing the resistance of the bitumen binder to defor-

mation when subjected to repeated stress [7], is calculated using the equations:  

𝐺∗ =
𝜏(𝑡)

𝛾(𝑡)
                    (3) 

Parameters resulting from oscillation processes are written in the complex form: 

|𝐺∗| = √(𝐺´)2 + (𝐺´´)2               (4) 

The storage modulus G' represents deformation energy stored by the sample. After unload-

ing the stored energy acts reversible deformation process and the material behaves elastically. 

The loss modulus G´´ is the amount of deformation energy consumed by the sample during the 

shear process. A part of this energy heats the sample, there are frictional forces between the 

molecules, frictional heat occurs, and the residue is released as heat to the environment. The 

sample with the high loss modulus exhibits irreversible deformation and indication of the relati-

ve size of the reversible and irreversible deformation and the expression of the displacement 

or the delay between the applied shear load and the resultant shear conversion. The complex 

shear modulus or resistance to deformation of bitumen increases with the addition of polymers [8]. 

The character of the cross-linked polymers (elastomer example used in polymer modified bi-

tumen) is more or less flexible, soft or relatively rigid solid. 

The values of parameter G* and δ are dependent on temperature and load frequency of 

bitumen binder. At high temperatures, the binders behave as viscous liquids without the ability 
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to return to their original shape. In this case, the viscous component prevails, with the phase 

angle δ approaching 90°. At low temperatures, bitumen behaves as elastic materials that return 

from deformation completely. This property is represented by the elastic component, and the 

phase angle δ is approaching 0°. 

      
 

Figure 1. FS test [7] 

A bitumen is considered as a liquid with high viscosity. Highly viscous materials usually 

have a higher temperature dependence compared to low-viscosity fluids. When heating non-

crystalizing materials, a transition takes place from a rigid, solid consistency with G´ > G. In 

this case, the glass transition temperature is reached at the maximum of the G curve and the 

melting temperature occurs at the intersection of curves of G´ and G [7]. The temperature 

susceptibility of binder decreases significantly with the polymer modification which makes 

binder more suitable to use in extreme climatic regions as mentioned in [9] and [10]. 

3. Experimental program 

The scope of the research study was to evaluate the rheology properties of various bitumen 

binders in relation to physical properties, in terms of showing a better behavioral characteri-

zation as well as differences between unmodified and modified bitumen. Bitumen modified by 

the addition of macromolecular substances such as synthetic polymers, change their thermo-

viscous and elasto-viscous properties. Polymers reduce the temperature sensitivity of bitumen 

(harder at high summer temperatures, reduce brittleness at low temperatures), extend the 

plasticity range to 80oC, increase elasticity, aging resistance, extend service life. The qualita-

tive level is related to the type of modifier and its quantity in bitumen (usually 2 to 12 %), 

the type of bitumen and its chemical composition, the technological process especially the way 

of homogenization. 

The experimental study covered paving grade bitumen of 50/70 and 35/50 gradation and 

polymer modified bitumen PMB 45/80-75 and PMB 25/55-60. The purpose of the research 

related to analyzing of rheological properties in relation to empirical properties was divided 

into two stages. First, the physical properties of bitumen binders, that are the most frequent 

indicators of their behavior in practice were determined by empirical tests including the needle 

penetration at 25oC according to EN 1426 and a softening point (the Ring and Ball Test) ac-

cording to EN 1427. The measured results of the samples are shown in the following Table 1.  

Table 1. Bitumen physical properties 

 Penetration 
at 25oC 

[0.1mm] 

Softening 
point  

[oC] 

Dynamic viscos-
ity at 135oC 

[mPa.s] 

Dynamic viscos-
ity at 165oC 

[mPa.s] 

35/50;A11 44.8 56.2 855.0 203.75 

50/70;A1 64.1 49.8 470.44 118.22 
50/70;A4 61.0 48.0 516.31 126.3 
50/70;A7 54.3 51.0 500.08 128.31 

PMB 45/80-75;M2 54.6 80.8 2236.0 553.75 
PMB 45/80-75;M3 74.3 75.4 1572.5 383.75 
PMB 45/80-75;M4 60.5 78.4 1825.0 417.5 
PMB 25/55-60;M11 35.8 62.0 2725.0 585.0 
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Second, the rheological properties were determined by dynamic-mechanical analysis ac-

cording to EN 14770. Using the dynamic shear rheometer (Figure 2), the values of the complex 

shear modulus and the phase angle were determined under the selected test conditions: 

Mode of loading: controlled-strain, amplitude γA = 5% 

Temperatures:   range 25 to 80oC  

Frequencies:    range 0,1 to 10 Hz. 

Bitumen binder sample is sandwiched between two circular parallel plates (PP system) with 

25 mm diameter and distant from each other to a thickness of 1 mm. The lower plate is fixed 

while upper plate oscillates back and forth across the sample at a different frequency to create 

shearing action. This measuring method [7] enables simultaneous monitoring of rheological 

parameters G′, G″ and * in the chosen interval of angular frequencies.   

 

Figure 2. Dynamic shear rheometer Physica MCR301 (left), SW for the test and results (right)  

4. Results and analysis 

The method of "FS test" allows observing the rheological parameters (*, G', G") depending 

on the angular frequency ω at a constant temperature. If the intersection of the curves G', G" 

can be observed, the molecular weight changes (length and branching of hydrocarbon chains) 

and degradation of the material can be assessed. The test data record at a certain temperature 

and for each angular frequency contains values of parameters storage modulus, loss modulus, 

complex viscosity, shear stress, shear rate, and torque.  

The rheological data for the tested bitumen are presented as standard in the form of master 

curves of complex modulus G* and phase angle  at a reference temperature. Master curves 

represent the viscoelastic behavior of bitumen binder at a given temperature for a range of 

frequencies, bigger than that tested. It is based on the principle of the time-temperature 

superposition system. The experimental curves can be superimposed by shifting all curves to 

one selected as the base curve [7]. Temperature dependence of this shift is expressed by the 

function logaT(T). Temperature shift factor aT can be expressed by any standard method. In 

this study the Williams-Landel-Ferry equation according to [11] and [12] was used: 

𝑙𝑜𝑔𝑎𝑇 =
−𝐶1(𝑇−𝑇𝑟𝑒𝑓)

𝐶2+(𝑇−𝑇𝑟𝑒𝑓)
          (5) 

where T is temperature, Tref is the reference temperature, C1 and C2 are taken as constants. 

This method is found in [12] to be applicable to bitumens. The results of tested bitumen are 

shown in Figure 3 and 4.  

Samples of the same grade bitumen exhibit similar values of the complex modulus as seen 

in both non-modified and modified bitumen binders. At all test temperatures in the observed 

range of angular frequencies, the highest values of the complex shear modulus were deter-

mined in the case of harder bitumen, namely samples PMB 25/55-60; M11 and 35/50; A11; 

and the lowest values 50/70 paving grade bitumen samples. At higher test temperatures (e.g., 

70 and 80°C), the shear modulus values of 35/50 bitumen get closer to the values of PMB 

45/80-75 bitumen samples.  

At higher load frequencies and pavement service temperature, the shear modulus values 

of paving grade bitumen are higher than PMB 45/80-75 bitumen samples. From Figure 3 and 
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Figure 4 it can be noted that the change in bitumen stiffness with a change of loading fre-

quency is more markedly in the case of paving grade bitumen compared to the modified bitu-

men. That is also confirmed by the values of the loss and storage modulus. The values of the 

loss modulus of non-modified bitumen are significantly higher than the storage modulus at all 

tested frequencies and temperatures. The polymer component in modified bitumen, mainly at 

higher temperatures, increases the storage modulus, acts the reversible deformation process 

and the material behaves elastic.  

 

Figure 3. Complex modulus of non-modified (left) and modified (right) bitumen samples at 25oC refer-
ence temperature  

 

Figure 4. Complex modulus of non-modified (left) and modified (right) bitumen samples at 50oC refer-
ence temperature  

Through the master curves, it has been shown that the same grade bitumen (paving grade 

and modified bitumen) have approximately the same values of the complex shear modulus 

across the frequency range. The master curves of the paving grade bitumen modulus are 

parallel. Lower penetration bitumen have higher values of the complex shear modulus; the 

master curve is shifted to higher values. Higher values of the complex modulus indicate that 

the binder has greater resistance to deformations at repeated loads.  

The phase angle  determines the time lag between the induced shear strain and the re-

quired shear stress in a controlled strain test. Phase angle δ can be described as an indicator 

of the relative magnitude of reversible and irreversible deformation. By comparing the values 

of phase angle (Figure 5), it can be stated that the phase angle of paving grade bitumen is in 

the range of 70° to 90°, while for modified bitumen it is from 50° to 70°. The phase angle of 

modified bitumen is significantly lower; the bitumen behaves elastic because of the polymer 

component in the bitumen.  
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Figure 5. Values of phase angle from the DSR test at 50oC (left) and 25oC (right) 

The results of rheological measurements of bitumen binders were compared with the basic 

properties determined by the empirical tests. The bitumen stiffness at 25oC represented by 

the penetration was compared with a stiffness modulus set at 25oC and a load frequency of 

1.59 Hz, based upon an equivalent vehicle speed of 80 km.h-1 (Figure 6). Comparison of pen-

etration results with complex shear modulus values at 25 °C showed that the harder bitumen 

is, the lower penetration and the higher complex shear modulus are. The relationship between 

the stiffness as penetration and complex modulus (DSR at 25 °C) was expressed by [13] as 

logG*=2.923-1.9*logPen and confirmed according to [14] dependence between G*sin at 25 oC 

and penetration. 

  
Figure 6. Relation between the penetration at 
25oC and complex modulus at 25oC and frequency 
1.59 Hz 

Figure 7. Relation between the softening point 
and phase angle at 50oC and frequency 1.59 Hz 

With increasing temperatures (50oC or 60oC) the complex modulus values decrease. This 

is a representation of the loading of bitumen in the summer season. The modified bitumen 

PMB 25/55-60 shows the highest value at both temperatures (50°C or 60°C), next bitumen 

35/50, and the other bitumen show significantly lower values. It is evident that the harder 

bitumen in terms of penetration has higher values of the complex shear modulus. The modulus 

is reduced by increasing penetration. Relatively high dependence has been shown in Figure 7 

between the softening point and phase angle.  

5. Conclusion 

The main objective of this work was to investigate the rheological properties of bitumen in 

DSR. The obtained data are graphically presented as isochrones, isotherms, and master curves 

of the complex shear modulus and phase shift angle. Using the complex shear modulus G* 

and the phase angle, it is possible to characterize the viscoelastic behavior of bitumen at 

different temperatures and load frequencies. 

By comparing the values of tested paving grade (35/50, 50/70) and modified (PMB 45/80-

75, PMB 25/55-60) bitumen, it was determined that the complex shear modulus values of 
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non-modified bitumen are lower than those of the polymer modified bitumen at higher tem-

peratures throughout the frequency range. The phase angle values of non-modified bitumen 

are significantly higher over the temperature and frequency test range. This is caused by lower 

elasticity compared to polymer-modified bitumen. 

Comparison of penetration results with complex shear modulus at 25 °C showed that the 

harder bitumen is, the lower penetration and the higher complex shear modulus are. This 

dependence applies to both paving grade and modified bitumen.  
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Abstract 

Sulfur recovery is a core process in both midstream and downstream oil and gas industries.  Changing 
the feed composition, temperature, and pressure, degrading the equipment and catalysts, suboptimal 

operations due to inadequate control of temperature, pressure and air flow rate are some of the 
obstacles which reduce the performance of the sulfur recovery units. Low performance of sulfur 
recovery units creates the issues of safety and environmental problems. The objective of work is 
improving the performance of sulfur recovery unit in a gas plant. Aspen HYSYS V10 sulsim modified 
Claus three stage simulation model is used to mimic the behavior of a real sulfur recovery unit and it 
is considered as the base case.  The performance of the base case is 93.89%.  Base case process is 
optimized by controlling the air demand percent and the adjusting the sulfur dew point margin. These 

changes improved the performance to 98.60%. The performance of the plant is tested for a challenging 
feed composition case and this change reduced the performance to 96.39%. Arranging the selective 
oxidation converter improved the performance to 99.14%.  Adding the tail gas section with the recycle 
stream and replacing the alumina catalyst with titania catalyst improved the performance to 99.92%.   
The simulation procedure developed in this work is useful to process engineers to smoothly handle the 

sulfur recovery unit in challenging situations. 

Keywords: Alumina catalyst; Challenging feed; Sulfur recovery unit; Sulsim; Titania catalyst. 

 

1. Introduction  

Natural gas contains H2S, CO2, SO2, NH3, mercaptans and other sulfur-containing com-

pounds. Presence of these contaminants in natural gas degrades the quality of sales gas, 

corrodes the equipment, pipelines and causes acid rains [1]. Sulfur-containing natural gas is 

named as sour gas if it contains ammonia and it is called as acid gas if ammonia is not present. 

Acid gas must be treated: to meet safety considerations and environmental regulations, to 

reduce corrosion and protect equipment, to improve quality of liquid products and to improve 

heating value of sales gas. The most commonly used method for acid gas cleaning is done 

using regenerative amine solvents. In this process, acid gas is passed through the aqueous 

amine solution. H2S and CO2 are absorbed by amines and they are separated from the natural 

gas and the gas is sweetened [2]. The mixture of amines and contaminants can then be rege-

nerated with heat, and the amines can be reused in the process. 

In gas plants, after the acid gas cleaning, sulfur is removed. Based on H2S content in acid 

gas, acid gas is classified as lean acid gas and rich acid gas. H2S content in rich acid gas is 

greater than 50% and in lean acid gases, H2S content is less than 50%. From the inception, 

Claus process is the most practiced process industrially for recovery of sulfur [3]. In Claus 

process, sulfur recovery from acid gases is a challenging task because of operational parame-

ters and feed stock changes [4]. Process challenges can be handled by process modifications. 
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Process modification studies need the knowledge of thermodynamics and kinetics of chemical 

species involved in the process.  Various studies on process modification and optimization are 

available to the sulfur recovery. Some of them are: A review for process modification technolo-

gies [5], Selectox process for lean acid gases processing [6], studies on effect of reaction pa-

rameters on the quality of captured sulfur [7], reaction with adsorption in a reaction furnace 

itself to overcome the Claus reaction equilibrium limitations [8], super Claus process using 

selective oxidation catalyst [9], designing new alumina catalysts with specific properties [10-11] 

and structures [12], lanthanum oxide based catalysts [13],  ammonia pyrolysis and oxidation 

technique [14], benzene destruction technique [15], new tubular Claus catalytic reactor heat 

exchanger unit filled with a heat transfer enhancement medium [16], Claus recycle with double 

combustion process [17], reaction kinetic studies to reduce CS2 formation [18], BTX oxidation 

by SO2 in a BTX destruction unit placed between Claus furnace and catalytic units [19], toluene 

destruction using oxygen enriched air [20], maintaining suitable operating conditions in the 

reaction furnace for the presence of toluene and carbon dioxide [21], feasibility studies for lean 

acid gas feed containing mercaptans [22], coupled modification of GTU and SRU processes [23], 

thermal insulation to avoid thermal damage of Claus reaction chamber [24], reducing number 

of catalytic stages by following guidelines for the design of thermal section [25], introducing 

high temperature air combustion technology [26]. 

In the Claus process maximum possible sulfur is recovered from the thermal and catalytic 

sections. For a two-stage Claus process the maximum sulfur recovery is 95% and for a three-

stage Claus process sulfur recovery is 98% [4]. These recovery efficiencies are not sufficient 

to meet the stringent environmental regulations. The new regulations demands, 100% recov-

ery of sulfur from acid gases. To meet the new environmental standards tail gas treatment 

units are attached to the sulfur recovery units.  In tail gas treatment the remaining sulfur is 

recovered. Various technologies available for tail gas cleaning in literature are Beavon sulfur 

removal process [27], in which the tail gas is treated in two-steps. Sulfur contaminants are 

first catalytically hydrolysed and/or hydrogenated to hydrogen sulfide and the hydrogen sul-

fide is then converted to elemental sulfur and recovered, The Shell Claus Off-gas Treating 

(SCOT) Process [28], use of Cu- and Ag-exchanged Y zeolites as selective adsorbents for hydro-

gen sulfide [29], temperature swing adsorption systems for Claus tail gas clean up units [30], 

use of a re-generable solid sorbent [31]. 

Performance of the Claus units depends on thermodynamics and kinetic factors of the pro-

cess [32]. Using thermodynamics and kinetic data models for the Claus process can be develop-

ped [25, 33-35]. These models are useful for the simulation of Claus process and its unit opera-

tions [36], Genetic algorithms [37], model-based optimization techniques [38], modeling and 

multi-optimization of thermal section [39] are some the techniques used for the improved per-

formance of sulfur recovery units. The advantage of the simulations is one can predict the 

response of the process for challenging conditions and for operational changes [40-42]. 

The above studies motivated the present simulation work to improve the performance of 

the sulfur recovery plant with tail gas treating section. Results of this work are useful for 

process modification studies to recover the desired quantity of sulfur from acid gases without 

changing the process equipment. 

2. Process description 

Acid gas feed to the modified Claus three- stage process contains H2S, CO2, CH4, C2H6, C3H8. 

Feed gas composition is given in Table 1. Acid gas is processed for sulfur recovery using the 

Aspen HYSYS Sulsim Claus three-stage process with tail gas treatment section and incinerator.  

Table 1. Feed gas composition of sour gas 

Component Mole fractions Component Mole fractions 

CO2 0.242 C2H6 0.002 
H2S 0.75 C3H8 0.001 
CH4 0.005   
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In general the Claus plant contains two sections. Section one is the thermal section by 

containing the main burner, reaction furnace, and waste heat boiler. Section two is the cataly-

tic section by containing two or three catalytic converters in series. Catalytic converter con-

tains a catalytic reactor with a catalyst layer and a condenser. In between catalytic reactors, 

re-heaters are present to provide the necessary heat for the catalytic reactions. Schematic 

diagram for Claus three-stage process is shown in Figure 1. At the entrance of the thermal 

section main burner is placed. The role of the main burner is to burn the impurities (i.e. 

hydrocarbons, ammonia and mercaptans) present in the acid gas stream from the acid gas 

cleaning unit.  For this reaction, external air stream is supplied.  Adjacent to the main burner, 

reaction furnace is present. In reaction furnace, 1/3rd of the H2S is converted to elemental 

sulfur.  Corresponding reactions are the reaction (1) and reaction (2).  

 

3𝐻2𝑆 +
3

2
𝑂2 → 𝑆𝑂2 + 2𝐻2𝑆 + 𝐻2𝑂     (1) 

2𝐻2𝑆 + 𝑆𝑂2 ↔ 3𝑆 + 2𝐻2𝑂 + ℎ𝑒𝑎𝑡      (2) 

 

Figure 1. Process flow diagram for the base case three stage Claus process 

Remaining 2/3rd of the H2S is converted into elemental sulfur in catalytic converters followed 

by the thermal section.  The overall Claus reaction is given by reaction (3). 

2𝐻2𝑆 + 𝑆𝑂2 →
3

𝑛
𝑆𝑛 + 2𝐻2𝑂                  (3) 

Due to the combustion reaction at the reaction furnace, some impurities are also formed.  

Impurities formed are COS and CS2. These impurities lower the sulfur recovery efficiency and 

these can be handled at catalytic converters only by hydrolysis reactions. Hydrolysis reactions 

are the reaction (4) and reaction (5).  
𝐶𝑂𝑆 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2𝑆             (4) 
𝐶𝑆2 + 2𝐻2𝑂 ↔ 𝐶𝑂2 + 2𝐻2𝑆          (5) 

Reaction (4) and (5) takes place at high temperatures and in the presence of the catalyst. 

In thermal furnace reactions (1) and reaction (2) takes place in about 2 seconds at 10000C - 

14000C. The elemental sulfur formed in the reaction furnace is cooled in the waste heat boiler 

and it is separated by condensation.  By absorbing the heat from the reaction furnace gases, 

steam is generated from the waste heat boiler.  The remaining unconverted gases are sent to 

the re-heater.  Re-heater acts as a link between the thermal section and catalytic section. Re-

heater outlet stream is connected to the catalytic converter. In catalytic converters, the reac-

tion to form sulfur is continued. This step improves the further sulfur recovery. Catalytic reac-

tors operate at temperatures above the sulfur dew point. From the process gases, at each 
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catalytic converter, elemental sulfur is condensed and collected in the condensers. In general 

alumina catalyst and titania catalysts are used as catalysts in catalytic converters. The gase-

ous effluent from the last catalytic stage condenser is low in sulfur-containing compounds but 

may require some additional treating to meet flare gas specifications. This gas is sent to tail 

gas treating processing, which can contain unit operations such as hydrogenation bed, reduc-

ing gas generator, quench tower, amine absorber, incinerator, and flare. The amount of sulfur 

recovery needed depends on the tail gas treating system installed. The recycle gas stream will 

be recycled back to the reactor furnace. The process gas containing the low sulfur compounds 

is directed to the incinerator and flare. 

3. Process simulation 

Acid gas stream from the amine regenerator unit in the acid gas cleaning unit is connected 

to the sulfur recovery unit as feed gas stream. The tail gas stream is connected to the outlet 

of the Sulsim sub-flow sheet. After the convergence of the Aspen HYSYS V10 Sulsim, sub-flow 

sheet cumulative sulfur recovery of the unit is checked. If the initial overall performance is 

not satisfactory a couple of modifications are performed to improve the performance of the 

sulfur recovery unit.  

In the simulation, the main parameters considered are reaction furnace empirical model, 

H2S to SO2 ratio, the temperature of catalytic converters, incinerator checker wall kinetic para-

meters. Base case simulation uses the straight through acid gas empirical model. Selection of 

the empirical model depends on the percentage of the H2S present in the feed gas. Here, 

straight through amine acid gas empirical model is selected and this option is suitable for feed 

containing the more than 50% of the H2S.  For further improvement in sulfur recovery, it can 

be tested with other empirical models available in Aspen HYSYS. Optimum H2S to SO2 ratio 

can be maintained by arranging air demand analyzer (ADA) and adjust operations as shown 

in Figure 2. ADA is connected between the last condenser and the reaction furnace. Air demand 

analyzer (ADA) is useful in adjusting the air to fuel ratio and Adjust block is useful to adjust 

the converter temperature.  To meet the tail gas specifications air demand analyzer controls 

air flow to the reaction furnace. To do this, in ADA internal options, tail gas is selected as the 

sample stream, target variable is selected as air demand percent and air demand target value 

is set as zero percent (it corresponds to the ratio of H2S and SO2 as 2). For convergence, it 

needs more iteration. After re-converging, performance will be improved.  

 
Figure 2. Sulfur recovery unit with air demand analyser and adjust operations 
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Adjust operations are arranged at catalytic converter 2 and catalytic converter 3, these can 

be seen in Figure 2. Adjust operations are added to decrease the outlet sulfur dew point mar-

gin. Initially, it is 24.52oC for the second catalytic converter. For catalytic converter operations, 

these temperatures should be as low as possible without depositing sulfur on the catalyst. A 

good target is 10oC. This value can be adjusted using the adjust unit operation. Second cata-

lytic converter target variable is outlet sulfur dew point margin. 10oC is specified as the spec-

ified target value of outlet sulfur dew point margin. In parameters specifications, minimum 

temperature specified as 135oC and the maximum temperature specified as 500oC. Process 

re-converges and improvements in the performance of sulfur recovery are observed. For further 

recovery of sulfur selective oxidation section is added. 

Selective oxidation converter is connected to the vapor outlet stream from the last conden-

ser attached to the catalytic converter 3. It can be seen in Figure 3. 

 
Figure 3. Sulfur recovery unit with selective oxidation converter 

Feed composition fluctuations are common in sulfur recovery units. To handle challen-

ging situations in this study, simulations are performed for low percentage composition of H2S 

in the feed stream. The same optimization procedure is followed as in the above sections to 

handle the challenging situation to maintain the same sulfur compounds compositions in tail 

gas without changing the process equipment.  

In Figure 4, the tail gas section is attached. It contains the reducing gas generator, 

hydrogenation bed, quench tower and simple amine absorber. In reducing gas generator mention 

burn stoichiometry as 85% and Steam to fuel ratio 85 mass%. Similarly RGG Air, RGG Fuel 

Gas, and RGG Water streams also defined.  Adjust block is added (ADJ-3) to adjust RGG Fuel 

Gas Flow to achieve an RGG Effluent temperature of 285oC. The next the data for hydrogena-

tion bed is given. For quench tower set the pressure drop 3 kPa and the outlet temperature 

to 35oC. Data for simple amine absorber also provided.  

Finally, sulfur recovery efficiency is tested by varying the alumina catalyst with titania cat-

alyst and the improvements in performance are noted.  
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Figure 4. Sulfur recovery unit with tail gas treating section, incinerator and recycle stream 

4. Results and discussion 

Acid gas feed composition (mole fractions) to sulfur recovery unit is: CO2 0.242, H2S 0.75, 

CH4 0.005, C2H6 0.002, C3H8 0.001, Simulations are conducted to improve the cumulative 

sulfur recovery of the three- stage Claus process. Main parameters concentrated for simulation 

are H2S/SO2 ratio, outlet sulfur dew point temperature, catalytic converter inlet stream tem-

peratures, incinerator temperature. Since improvements in sulfur recovery are possible by 

improving the hydrolysis reaction (i.e. reactions (4) and (5)) to achieve this at first catalytic 

converter influence of temperature increase on sulfur recovery is tested while maintaining the 

second and third catalytic converters at low temperatures (operating the last two stages at 

low temperatures favours the Claus reaction). For further improvements of cumulative sulfur 

recovery or to improve the hydrolysis reaction performance Titania catalyst is selected which 

is available in catalytic converter unit operation. 

In sulfur recovery plants (SRUs) sometimes processes are challenging due to changing feed 

slates.  For changing feed conditions current process configurations does not meet the desired 

specifications. To meet the current process configurations process optimization conducted and 

the optimum process parameters calculated. 

4.1. Effect of H2S/CO2 ratio 

Performance of the SRU decreases due to incomplete oxidation, losing catalytic activity and 

lowering temperatures of the furnace.  The base case process cumulative sulfur recovery ef-

ficiency obtained is 93.89% (Table 2).  

Table 2. Sulfur recovery efficiency summary for base case process 

Stage Thermal reaction 
furnace 

Catalytic  
converter 1 

Catalytic  
converter 2 

Catalytic  
converter 3 

Conversion percent 68.25 47.02 53.85 24.28 
Cumulative conversion 

percent 
68.25 83.17 92.21 94.10 

Sulfur recovery percent 99.73 98.76 97.88 89.90 
Cumulative sulfur recovery 
percent 

68.08 82.98 92.02 93.89 

COS hydrolysis percent --- 97.37 74.38 60.56 
CS2 hydrolysis percent --- 93.93 43.98 28.80 
Overall recovery efficiency 

percent 
--- --- --- 93.89 
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To increase the sulfur recovery around 98.5% operational changes are needed. To meet 

the flare specifications, it is also mandatory to maintain the concentration of sulfur-containing 

compounds in the tail gas less than 1 kmole/hr. These changes (i.e. improving the sulfur reco-

very percent) can be made with no equipment changes. Adjust block is added to adjust the 

converter temperature, Air demand analyzer is added to adjust air to fuel ratio. Air demand 

analyzer targeted the last condenser vapor outlet stream in the catalytic section. First catalytic 

temperature is at 3400C to ensure CS2 and COS destruction. Second and third catalytic con-

verters are maintained at minimum sulfur dew point margin of at least 100C so that no liquid 

sulfur will not deposit on the catalyst surface.  Deposition of liquid sulfur on the catalyst surface 

decreases the overall recovery percent of sulfur. 

 
Figure 5. Variation of cumulative sulfur recovery percent 
with H2S/SO2 

H2S/SO2 ratios (air demand %) 

and their effect on sulfur recovery 

are shown in Figure 5. Based on Claus 

reaction i.e. reaction (3) more close-

ness of the H2S/SO2 ratio to number 

2 leads to better performance and 

more sulfur recovery efficiency for 

the catalytic section. At low zero per-

cent air demand (i.e. the ratio be-

tween H2S to CO2 is 2:1) the cumu-

lative percent recovery of sulfur is 

maximum and the value is from the 

98.6%.  (Table 3) 

Table 3. Sulfur recovery unit performance summary for optimized process 

Stage Thermal reaction 

furnace 

Catalytic 

converter 1 

Catalytic  

converter 2 

Catalytic  

converter 3 

Conversion percent 68.56 48.61 80.79 62.73 

Cumulative conversion 
percent 

68.56 83.83 96.86 98.80 

Sulfur recovery percent 99.75 98.84 98.58 90.61 
Cumulative sulfur recovery 
percent 

68.39 83.65 96.67 98.60 

COS hydrolysis percent N/A 97.19 36.05 12.31 
CS2 hydrolysis percent N/A 94.33 9.974 2.213 

Overall recovery efficiency 
percent 

--- --- --- 98.60 

4.2. Effect of outlet sulfur dew point margin 

To know the effect of outlet dew point temperature adjust block is added at the second 

catalytic converter. Outlet sulfur dew point temperature is varied by adjusting the target variable 

values and the corresponding variations in sulfur recovery are shown in Figure 6. It is observed 

that at lower sulfur dew point temperature margin, percent sulfur recovery is more. Very low 

temperatures are also not favorable for catalysts. The temperatures between 5oC and 10oC 

are identified as favorable dew point temperature margins. 

4.3. Effect of temperature 

At reaction furnace, because of side reactions, by-products like COS and CS2 are formed. 

Presence of these compounds reduces the efficiency of sulfur recovery. To destruct these 

compounds increased temperatures at first catalytic converter are required. From Figure 7 it 
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is evident that the temperature increasing from 250oC to 340oC cumulative percent recovery 

of sulfur increased from 98.35 to 98.6%. This is because of additional decomposition of COS 

and CS2 at first catalytic converter. At very high temperatures percent sulfur recovery is too 

low this may be due to decreasing activity of catalyst because of deposition of sulfur on the 

catalyst surface.   

 

 
Figure 6. Variation of cumulative percent re-
covery of sulfur with outlet dew point temper-
ature margin at catalytic converter two 

Figure 7. Variation of cumulative percent recovery of 
sulfur with varying temperature of first catalytic con-
verter (for additional destruction of COS and CS2) 

4.4. Process for challenged feed 

In the base case, the sulfur recovery percent obtained is 98.61% corresponding to a flow 

rate of about 4.2774 kmol/hr of sulfur-containing compounds in the tail gas. However, the 

refinery is looking to increase the amount of low-cost heavy sour crude in the crude slate, 

which contains a greater concentration of sulfur. The composition of the new feed in mole 

fraction is H2S 0.8, CO2 0.05 and it is given in Table 4. When the new feed simulated to the 

SRU in HYSYS, the feed change increased the amount of sulfur -containing compounds in tail 

gas to 43.377 kmole/hr, which is above the 4.2774 kmol/hr target. To meet the target specifi-

cations we need to investigate the options.   

The first option is installing a bypass around the WHE at next turnaround. Single-pass 

option is changed to double pass for the WHE.  By-pass split fraction is varied from 0 to 0.15. 

Zero bypass fraction means we are not bypassing any gas from the WHE to the first stage. 

Then we are not saving any operational expenses on heater 1 duty.  Outlet temperature adjust 

target value is from 335oC to 355oC.  To see the effect of both parameters i.e. bypass fraction 

and catalytic converter 1 temperature on cumulative sulfur recovery sensitivity analysis is 

done. With an increase in bypass fraction, the amount of sulfur in tail gas increased. It is 

shown in Figure 8.  

Table 4. Feed Gas Composition of acid gas for challenging case 

Component Mole 
fractions 

Component Mole 
fractions 

CO2 0.05 C2H6 0.02 

H2S 0.80 C3H8 0.01 
SO2 0.05 n-C4H10 0.005 
CH4 0.06 i-C5H12 0.005 

The increase is very small i.e in the order of about 0.02 kmol/hr for a bypass up to 15%.  

This can be reduced with the additional efficiency of the selective oxidation converter. If we 

completely bypass the preheater of the first catalytic converter saved reheater duty costs (up 

to 29,000 kJ/h) with a minimal impact on increasing sulfur in the tail gas. The second option  
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Figure 8. Effect of bypass split fraction on tail gas sul-

fur compounds 

is adding an additional catalytic stage 

with a selective oxidation converter at next 

turnaround. This will help to improve the 

overall recovery efficiency. The optimal 

operating temperature at the first cata-

lytic converter inlet is around 340oC for a 

bypass fraction of zero. This is due to 

higher destructions of COS and CS2 in the 

first catalytic stage at higher tempera-

tures. 

To know the effect of the selective cat-

alytic converter on cumulative sulfur re-

covery sensitivity analysis was done by 

varying the inlet temperature of the fourth 

selective catalytic converter. Temperature 

range is from 160oC to 340oC. The new re-

covery efficiency is 99.14% (Table 5). 

This corresponds to 0.5548 kmol/hr of sulfur-containing compounds in the tail gas, which 

should enable us to meet the flare specifications. 

Table 5. Sulfur recovery unit performance for three stage Claus process with selective catalytic converter 

Stage Thermal reac-
tion furnace 

Catalytic  
converter 1 

Catalytic  
converter 2 

Catalytic  
converter 3 

Selective catalytic 
oxidation converter 

Conversion percent 71.32 34.66 81.12 63.12 59.64 
Cumulative conversion percent 71.32 81.25 96.44 98.67 99.45 
Sulfur recovery percent 70.76 99.20 98.33 88.88 71.12 
Cumulative sulfur recovery 
percent 

50.47 81.01 96.18 98.39 99.14 

COS hydrolysis percent --- 96.48 33.51 11.34 ---- 
CS2 hydrolysis percent ---- 90.65 8.66 1.96 ---- 
Overall recovery efficiency 
percent 

--- --- --- --- 99.14 

4.5. Tail gas treating  

The tail gas section further reduces the sulfur content to meet the flare specifications. Re-

cycle stream redirected from the tail gas regenerator to the SRU furnace inlet for further 

cleaning of the tail gas, this step decreases the overall sulfur recovery. An incinerator is added 

to investigate the value of installing a checker wall. Benefits of installing checker wall on 

eliminating breakthrough of COS+CS2+H2S+SO2 to the flare is to be evaluated. Simulation 

goal is to maintain the target of < 0.8 kmol/hr of sulfur-containing compounds to the tail gas 

section, including the recycle, and to evaluate the impact of the incinerator upgrade will have 

on stack composition. Recycle stream arrangement effect can be observed in condenser 5 

vapour outlet.  In condenser 5 vapor outlet, sulfur compound flow increased from 0.45 kmol/hr 

to 0.58 kgmol/hr.  This is due to additional sulfur is recycled to the furnace. It is still below 

the 0.8 kmol/hr target from the base case.  Incinerator parameters kinetic value 4(a factor of 

incinerator geometry and it implies good mixing in the existing system), residence time 1.5 

seconds, stack value 1 second. Corresponding COS + CS2 + H2S at Exit is 3.94 ppm total, 

which is fairly low compared to a typical flare spec of 50 ppm. 

Effect of installing a checker wall (better mixing in the incinerator) is checked by changing 

its kinetic value from 4 to 8. Corresponding COS+CS2+H2S concentration is 1.973 ppmmol, 

this value is exactly half the original value. 
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Figure 9. Variation of concentration of sulfur con-

taining compounds (ppmmol) at incinerator exit 

with incinerator exit temperature 

Effect of incinerator temperature on sulfur 

compounds at the exit of incinerator is 

shown in Figure 9.  For increasing tempera-

tures, sulfur compounds concentrations are 

decreasing at the exit of the incinerator.  The 

optimum temperature observed is 4100C and 

the corresponding concentration is 49 ppm 

mol. These results are useful whether or not 

to invest the additional capital to install a 

checker wall at the next turnaround. 

4.6. COS and CS2 hydrolysis percentage at each unit operation 

When acid gas is burned in the reaction furnace, some undesirable reactants like COS and 

CS2 are created due to the side reaction between CO2, hydrocarbon and H2S. These sulfur 

compounds reduce the percent sulfur recovery. Their concentrations should be minimized. COS 

and CS2 can be reduced by hydrolysis reaction take place at catalytic converters especially at 

the first catalytic converter. Hydrolysis is the reaction between COS and H2O or CS2 and H2O 

which is turning back that reactant to H2S.  H2S is then can participate in Claus reaction which 

is a desired main reaction in the sulfur reactor. In Figure 10 CS2 hydrolysis percentages at each 

unit operation are given. CS2 hydrolysis conversion at converter 1 is 92%, at converter 2 is 

5.32% and at converter 3 is 1.24%. These results show that CS2 hydrolysis conversion is more 

at converter 1. Similarly, COS hydrolysis conversion at each converter is given in Figure 11.  

It is observed that at converter 1 hydrolysis conversion is 97% and the conversion values 

decrease from converter 1 to converter 3. These observations are useful in taking the better 

process design decisions. 

  
Figure 10. Variation of CS2 hydrolysis conver-
sion for catalytic converters 

Figure 11. Variation of COS hydrolysis percentage 
with unit operations 

4.7. Percent sulfur conversion and cumulative percent sulfur recovery at each unit 

operation 

Optimizing the entire Claus process is possible by knowing the percent conversion and 

percent recovery of sulfur at each stage of the process. To know these effects variation of 
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percent sulfur conversion at each unit operation and variation of cumulative percent sulfur 

recovery at each unit operation are shown in Figure 12 and in Figure 13 respectively. From 

Figure 12 it is evident that percent conversion of sulfur is more at converter two (It is well 

matched with the statement that 1/3rd of the H2S is converted into elemental sulfur at the 

reaction furnace and the remaining 2/3rd of H2S is converted at the remaining stages of the 

process). In Figure 14 outlet concentrations of sulfur compounds at each unit operation is 

shown. From Figure 13 cumulative percent recovery of sulfur is increasing progressively.  From 

Figure 14 it is known that the concentration of sulfur compounds are decreasing at the unit 

operations in the order of furnace to the incinerator.   

 
 

Figure 12.  Stage wise sulfur conversion Figure 13. Cumulative percent recovery of sulfur 
for unit operations 

 

Figure 14. Variation of outlet concentrations of sulfur components (ppmmol) with unit operations 

4.8. Catalyst selection  

For alumina catalyst case the overall performance is 99.92% (Table 6). Sulfur recovery 

percentage for Titania catalyst is given 99.93%. By the selection of titania catalyst for the first 

stage catalytic converter hydrolysis reaction performance is improved. Catalyst change option 

improved the performance slightly.  Space velocity and catalyst bed volumes are necessary 

for Titania catalyst. Space velocity is 1000 hr-1 and catalyst bed volume is 10.42 m3. The 

reason for higher performances of Titania catalyst may be its high hydrolysis reaction while 

keeping Claus reaction. 
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Table 6. Sulfur recovery performance summary for sulfur recovery unit attached with tail gas section 

and incinerator 

Stage Thermal Reac-
tion furnace 

Catalytic 
converter 1 

Catalytic 
converter 2 

Catalytic 
converter 3 

Selective catalytic 
oxidation converter 

Conversion percent 70.50 36.71 82.96 62.53 56.69 
Cumulative conversion percent 70.50 81.32 96.80 98.79 99.47 
Sulfur recovery percent 99.44 96.14 96.98 77.52 45.74 
Cumulative sulfur recovery 
percent 

70.11 80.89 96.32 98.24 98.80 

COS hydrolysis percent --- 97.04 24.19 7.836 --- 
CS2 hydrolysis percent --- 92.04 5.33 1.243 ---- 
Overall recovery efficiency 
percent 

--- --- --- --- 99.92 
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Abstract 

In this research, the effects of cylindrical catalyst shape on hydrodynamic and heat transfer 
characteristics of fixed bed reactors have been investigated by means of CFD analysis. In the developed 
model, the catalyst particles have been considered as porous media whose thermal conductivity are 
associated with the heat transfer from the reactor wall to bed. The computational model was validated 
using corresponding experimental data to predict the spherical catalyst heat transfer rate to the bed 
center. Comparison between the CFD model results with experimental radial temperature profile 
reveals that the computational model is able to predict the rate of the heat transfer with acceptable 

accuracy. The validated computational model has then been used to investigate the effects of ten types 
of cylindrical catalyst shapes on hydrodynamic and heat transfer characteristics of a fixed bed reactor 
with bed-to-particle diameter ratio (N) of 2 and 4. The results obtained from the CFD model indicate 
that due to the catalysts configuration and their contact points, there would be a complicated flow field 
around the catalysts. Comparing the bed heat transfer and pressure drop amounts for two cases (N=2 
and 4) indicates that the optimum catalyst shape for increasing the heat transfer ratio to the bed center 

and lowering the pressure drop along the bed for the two cases (N= 2 and 4) is the same. On the other 
hand, CFD simulation results show that increase of the number of the holes in catalysts considerably 
decreases the bed pressure drop, while it has a minor effect on decreasing the heat transfer rate to 

the bed center. 

Keywords: Fixed Bed Reactor; Hydrodynamic; Heat Transfer; Catalyst Shape; CFD Simulation. 

 

1. Introduction  

Catalysts with complex shapes such as punching tablets are widely used in industrial steam 

reforming processes. Formed catalysts are used to increase the effective mass transfer, in-

crease the heat transfer and decrease the pressure drop. Although simulation of the steam 

reforming process by means of one-dimensional and two-dimensional models have been widely 

reported in the literature but optimization of the catalysts dimensions and shapes, as well as 

development of certain relations for prediction of heat transfer characteristics, have been little 

cited. Researches on CFD simulation of fixed bed reactors have been generally done by limited 

research groups, mainly focusing on the rate of heat transfer in these beds. 

Dixon and his colleagues in their first research activities in this field determined the turbu-

lence model as well as the required parameters for CFD simulation of fixed bed reactors by 

means of some simple experiments. Their experiment was an investigation of the heat transfer 

amount to a column having a diameter of 2 inches and a length of 18 inches with boundary 

condition of a steady temperature at the walls. In this bed, spherical catalysts with a diameter 

of 1 inch had been used [1]. 

Some other researchers simulated the system with different shape of catalysts to study the 

effects of catalyst shapes on the hydrodynamic and heat transfer characteristics of the bed. 

The main goal of these simulations was to investigate the effects of the catalyst shape on the 
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heat transfer characteristics near the walls and also study the influence of the catalyst holes 

and empty spaces on the heat transfer. The results of these simulations showed that the shape 

of the catalyst has a minor impact on the heat transfer near the walls, but in the bed center 

it has a major influence. The reported results showed that under a steady pressure drop the 

temperature of the reactor and walls increases if non-porous catalysts are applied [2]. 

Dixon and his colleagues in the second stage of their researches simulated the effects of 

the catalyst shape on the reaction inside the bed. This study was done with a spherical cata-

lyst. The results indicated that the assumption of steady temperature and steady catalyst 

particle concentration will remain satisfied for catalyst particles far from the walls, but for 

those near the walls, it will be violated. With no more simulations, they concluded that the 

same results will be maintained for non-spherical catalysts [3]. 

In their third research activities, Dixon and his colleagues investigated the effects of cata-

lysts shape on the pressure drop and heat transfer in fixed bed reactors. In this research 5 

different catalyst shapes were simulated with the bed by means of CFD. The results showed 

that the cylindrical catalyst with 4 holes yields the minimum pressure drop and heat transfer 

ratio. The filled catalyst (without holes) particles resulted in maximum pressure drop and heat 

transfer ratio. In this study, the effects of the catalyst thermal conductivity have not been 

investigated [4]. 

Guardo and his colleagues investigated the effects of the turbulence model in CFD analysis 

of the fixed beds in their first research work. In this study turbulence models with one and 

two equations models have been applied and the pressure drop value deducted from the simu-

lation has been compared with experimental and semi-experimental data. In all simulated 

cases, canalization has occurred near the walls and in the empty spaces of the catalyst parti-

cles. All the results of these simulations have been compatible with those of the magnetic 

photography experiments [5]. In their second research works, Guardo and his colleagues have 

investigated the effects of the heat transfer from the fluid to the catalyst particles. In this 

work, the heat transfer coefficient between the gas and the catalyst particles inside the bed 

has been computed. It is observed that adequate mesh has not been considered in the contact 

points of the catalysts which have resulted in a considerable error in the numerical solution of the 

equations [6]. 

Heat transfer of single cylindrical particle affected by wall has been investigated numerically 

and experimentally for limited Reynolds number. The heat transfer in two different orientations 

(axial and cross flow over the particle) considered by Hashemabadi et al. Influence of wall on 

heat transfer of particle in different bed-to-cylinder diameter ratio discussed [7]. Hashemabadi 

et al. studied experimentally and computationally the flow and heat transfer characteristics of 

regularly arranged cylindrical particles in a bed with a bed-to-particle diameter ratio of 2.65 

in two different arrangements of particles [8]. Hashemabadi et al. in the other research inves-

tigated numerically and experimentally the heat transfer of a multi-lobe particle (tri-lobe, 

tetra-lobe, and penta-lobe) affected by the wall in cross and axial-flow was. The heat and 

mass transfer analogy was applied for gaining the Nusselt number for each particle in axial 

and cross flow [9]. 

In literature, minor attention has been paid to the shape of catalysts, and they have usually 

been considered to be spherical in simulations. Also, the effects of catalyst shapes on hydro-

dynamic and heat transfer characteristics have not yet been studied comprehensively with 

precise optimum computational grids. In this research, the effects of catalyst shapes on hy-

drodynamic and heat transfer characteristics for a fixed bed reactor with bed-to-catalyst par-

ticle ratio of 2 has been studied. In addition to the spherical catalyst, 10 different cylindrical 

catalyst shapes with bed-to-catalyst particle ratio of 2 and 4 have been also incorporated in 

CFD simulations to be studied for their effects on the hydrodynamic and temperature profile 

inside the bed.  
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2. Governing equations and modeling 

The general form of the equation used for mass conservation law (continuity equation) is 

as follows [2,10,11]: 
𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌 𝑣→) = 0 

(1) 

Momentum and energy conservation equations are as followings: 
𝜕

𝜕𝑡
𝜌 𝑣→ + 𝛻. (𝜌 𝑣→ 𝑣→) = −𝛻𝑃 + 𝜌𝑔 + 𝛻. 𝑆 + 𝑆𝑖 

(2) 

𝜌𝐶𝑃 (
𝜕

𝜕𝑡
𝑇 + 𝑣→ . 𝛻𝑇) = −𝛻. (𝑘𝑒𝑓𝑓𝛻𝑇) 

(3) 

Turbulence equations are also incorporated in the computational model as the velocity of 

the gas phase in industrial steam reforming process is very high (Reynolds number = 25000). 

RNG k-ε turbulence model has been incorporated as it can be used to analyze swirl flows as 

well as the flows on high curvature surfaces because of the additional terms it has got in ε 

equation. Also for modeling of the turbulence near the reactor walls, the standard wall function 

model has been used [12-13]. 

𝜌
𝜕𝑘

𝜕𝑡
+ 𝜌𝑣𝑘 = (𝜇 +

𝜇𝑡

𝜎𝑘
𝑘𝑗) + 𝐺 − 𝜌𝜀 

(4) 

𝜌
𝜕𝜀

𝜕𝑡
+ 𝜌𝑣𝜀𝑗 = (𝜇 +

𝜇𝑡

𝜎𝜀
𝜀𝑗) + 𝐶1

𝜀

𝑘
𝐺 − 𝐶2𝜌

𝜀2

𝑘
−

𝐶𝜇𝜂3(1 −
𝜂

𝜂0
⁄ )

1 + 𝛽𝜂3

𝜀2

𝑘
 

(5) 

In this research, the heat transfer phenomena inside catalyst particles have been simulated 

considering each catalyst particle as porous media. Porous media modeling includes experi-

mental determination of flow resistance. Porous media is simulated by adding a momentum 

well to the standard flow field equation. This momentum includes viscous and inertial re-

sistance as indicated in the following equation [10]. 

Si = − (∑ Dijμ

3

j=1

υj + ∑ Cij

3

j=1

1

2
ρ|υ|υj) 

(6) 

Si is the cumulative momentum for part i (x,y) of momentum equation, |υ| is the velocity 

order and C and D are some defined matrixes. This momentum well is the cause of pressure 

gradient and accordingly a pressure drop proportional to fluid velocity (velocity into power 4) 

in a porous cell. For a homogenous porous medium we have: 

Si = − (
μ

α
υi + β

1

2
ρ|υ|υi) 

(7) 

where α is the permeability and β is the inertial resistance coefficient. For a slow flow in a 

porous medium, the pressure drop is usually proportional to velocity. Pressure drop in all 

directions (x,y,z) derived using the following relation: 

∆pi = ∑
μ

αij
υj∆

3

j=1

ni 
(8) 

Permeability and inertial resistance in relation (7) can be computed using the following 

equations: 

α =
d2

m

150

ϕ3

(1 − ϕ)2
 

(9) 

β =
3.5

dm

(1 − ϕ)

ϕ3
 

(10) 

Pore size distribution (dm) in the catalyst particles whose mean value has been considered 

3792 Angstrom has been adopted from experimental data. Considering the pore size and the 

volume fraction of the catalyst particles because of the porous medium, β and 1 𝛼⁄  are com-

puted as 𝛽 = 40562086.37 and 
1

𝛼
= 2.34572 × 1015 respectively. 
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3. CFD simulation 

To generate an adequate geometry for the simulations, different shapes of the catalyst 

have to be randomly placed in the reactor. The main issue is to place the catalyst in the reactor 

in a manner to firstly avoid flow canalization and secondly produce a high quality mesh in the 

contact point of catalyst particles with each other and with the reactor wall. If the catalysts 

are tangent, it would be impossible to generate an adequate computational grid in contact 

points, and so the following approaches have been proposed for generating the required ge-

ometry. 

 The catalyst particles volumes become greater up to the point that the contact point between 

them becomes a circle with a very small radius. 

 The catalyst particles volumes become smaller up to the point that the contact point be-

tween them makes a small space in which suitable grids can be generated. It shall be noted 

that the catalyst sizes shall not be so much small to let the fluid flow between their contact 

points. 

Considering that in this research the heat transfer is modeled as the thermal conductivity 

of the catalyst particles, an increase of particles volumes will cause the formation of an inte-

grated catalyst volume inside the bed and hence increases the error. The increase of catalyst 

volume is not an adequate approach for generating a proper geometry. Accordingly, it was 

found better to reduce the catalyst volumes whose main challenging issue is the selection of 

the proper amount of this reduction. The decrease of catalyst volumes shall be up to a point 

to firstly avoid the flow of the fluid between the contact points and secondly increase consid-

erably the amount of computation volume. It was found that a reduction of more than 1% in 

catalyst particles radiuses will cause a flow of the fluid between the contact points. The parti-

cles radiuses were decreased by 0.5%, and the simulations were carried out. The results 

showed that with this amount of catalyst volume reduction, no fluid will flow between the 

contact points of catalyst particles even up to Reynolds number of 70000.  

To validate the computational model, an experimental bed with spherical catalyst was im-

plemented using available experimental geometry and computational mesh data [1].  In this 

stage, the complete 360 degrees of the bed geometry was implemented, and the optimum 

computational grid was achieved for catalyst particles inner parts and surrounding fluid flow. 

The implemented bed contained 44 catalyst particles in 22 layers. The diameter of the bed 

was 2 inches while that of the catalyst particles was 1 inch. The center to center distance 

between two adjacent catalysts along the bed axis was√2𝑅. So for placing the catalysts inside 

the bed, the catalysts of each layer are placed at a distance of√2𝑅 long the bed axis from the 

previous layer and each layer is rotated 90 degree about the bed axis. The computational grid 

in this simulation is tetragonal which has been selected because of its geometry complexity. 

At least two computation cells have been considered in contact points of the catalysts with 

each other and with the reactor walls. Figure (1) illustrates the achieved computational grid 

of this bed with spherical catalysts. Figure (2) depicts 10 different cylindrical catalysts which 

have been simulated in this study. 

Because of the catalysts random arrangement in the bed and hence the implementation of 

complex geometry, development of a proper computational cell in contact points of the cata-

lyst particles is very difficult and time-consuming. Table (1) shows the boundary conditions of 

the achieved simulation. 

Table 1. Boundary conditions of the simulated bed 

Velocity=14.3m/s, Temperature=600K, Turbulence=10% Input, Velocity Constant 

No Fluid Slip, Temperature=1000K Wall 

Constant Pressure Output 
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Figure 1. Schematic of the computational grid used for a bed with spherical catalysts 

    

No. 4 No. 3 No. 2 No. 1 

    

No. 8 No. 7 No. 6 No. 5 

 

No. 10 

 

No. 9 

Figure 2. Ten different shapes of simulate cylindrical catalysts 

Considering that the arrangement of the cylindrical catalysts inside the bed cannot be easily 

predicted and taking into account that this arrangement can extremely influence the results, 

it was decided to use two glass cylinders with internal diameters of 2 and 4 inches and cylin-

drical catalysts with diameter and height of 1 inch. For the bed with a bed to catalyst diameter 

ratio of 2, 10 pieces of catalysts were randomly placed in the glass cylinder of 2 inch diameter. 

Then geometry similar to the implemented bed was developed, and the meshing of the inner 
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parts of the catalysts, as well as the catalyst particle surrounding fluid flow, was achieved. 

Figure (3) illustrates the real bed, implemented bed geometry and developed computational 

grids for three types of catalysts (No. 3, No. 4, No. 9) for a bed with a bed to catalyst diameter 

ratio of 2 (N=2). 

   
  

Figure 3. Real bed, catalysts geometry and developed grids for some catalysts 

In next step, catalysts geometry was developed for a bed with a bed-to-catalyst diameter 

ratio of 4 (N=4) and random arrangement of 48 pieces of catalysts in 6 layers (8 pieces of 

catalyst in each layer). Because of the random arrangement of these catalysts and develop-

ment of complex geometry, implementation of suitable computational cells for contact points 

of catalysts particles was very difficult and time-consuming. In figures (4) and (5) a sample 

of the developed grids and catalysts arrangements for layers two and three and for two dif-

ferent types of catalysts (No. 3, No. 4) has been shown. Figure (6) showed a schematic of the 

catalysts arrangement and implemented meshing in some layers for two different shapes of 

cylindrical catalysts in a bed having a bed-to-catalyst diameter ratio of 4 (N=4). 

 
 

 

Figures 4. Arrangement of No. 3 catalyst in N=4 bed 
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Figure 5. Arrangement of No. 4 catalyst in N=4 bed 

  

Figure 6. Schematic of catalyst arrangement for 2 catalyst types in N=4 bed 

4. Results and discussions 

4.1. Validation of the developed computational model  

For validation of the developed computational model, experimental data in literature has 

been used to estimate the heat transfer rate from the walls to the center of the bed. In figure 

(7) the CFD simulation results have been compared with experimental results [1] adopted from 

the measurement of the bed temperature radial distributions at two different bed heights. As 

illustrated in this figure, the results taken from the developed model has got a little deviation 

from those of the experimental ones. The amount of the error at a bed height of Z = 0.42 m 

is shown to be 8.52% which is quite acceptable. 

4.2. Study of the hydrodynamic parameters and spherical catalysts heat transfer 

Figure (8) illustrates the gas flow around the catalyst particles for experimental and indus-

trial conditions with Reynolds numbers of 986 and 25000 respectively. It is shown that there 

is a complex hydrodynamic around the catalyst particles. It is observed in this figure that the 

nature of the gas flows for these two Reynolds numbers are diversely different. In high Reyn-

olds number, the separation occurs around the catalyst center while for the low Reynolds 

number, the phenomenon occurs in last one third of the catalyst. It is also shown in this figure 
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that the radial mixing of the flows occurs more in low Reynolds number and as the Reynolds 

number increases, the radial flow mixing decreases.  

 

  
Figure 7. Temperature radial distribution at two different bed heights 

 

Figure 8. Fluid flow path line around catalysts particles 

 

 
Figure 9. The thermal profile of spherical catalyst 
particles 

Figure (9) demonstrates the thermal pro-

file and the heat transferred from the bed 

walls to the inner parts of the catalyst parti-

cles. It is observed from this figure that the 

temperature is high near the bed walls and 

the contact points of the catalysts with the 

walls but in a little distance from the bed 

walls, the heat transfer to the bed decrease 

drastically. According to the thermal profile 

depicted in figure (9), it is noticed that the 

temperature penetration from the bed wall 

to its internal is very low which has a nega-

tive impact on reforming reactions and so to 

increase the efficiency of the reactor, the heat 

transfer to the bed internal shall get in-

creased. 
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4.3. CFD simulation of fixed bed reactors with cylindrical catalysts 

The main goal of this simulation is to determine the best catalyst geometry and shape that 

can result in an effective heat transfer and a decrease of pressure drop in beds with bed-to-

catalyst diameter ratios of 2 and 4. The governing equations of the gas phase and porous 

medium have been simultaneously discretized in the form of algebraic equations by applying 

finite volume numerical method and first and second order upwind discretization scheme. 

These discretized equations have been solved by means of an upgraded algorithm of SIMPLE 
[14-15]. 

    

No. 3 No. 1 

    

No. 9 No. 5 

Figure 10. Gas phase velocity vectors around catalyst particles for N=2. 

As discussed earlier, there is a complex hydrodynamic around catalysts because of their 

layout inside the bed and their contact points with the bed walls. Because of this complexity 

and interaction of the catalysts, the hydrodynamic of the flow and heat transfer is very com-

plex and needs special approaches and optimum computational networks to achieve conver-

gence in CFD simulation. Gas phase velocity vectors around catalyst particles for four different 

shapes (No. 1, No. 3, No. 5, No. 9) in a specific height of the bed in two cases of bed-to 
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catalyst ratios of 2 and 4 have been depicted in figures (10) and (11). It is observed from 

these figures that there is a complex hydrodynamic around catalyst particles which are de-

pendent on their shapes and layout. Also, the results of the CFD simulation show that the 

maximum gas velocity occurs near the bed walls and the gas near this area gets canalized 

because of the empty spaces a so leaves the bed without any catalytic reforming reaction. 

Because of the existence of pseudo plug flows in bed, an optimum layout and shape have to 

be selected for catalysts to increase radial flows in order to increase the heat transfer and 

reforming reactions rates and hence improve the efficiency of the synthesis gas conversion. 

    

No. 3 No. 1 

    

No. 9 No. 5 

Figure 11. Gas phase velocity vectors around catalyst particles for N=4 

The pressure drop amounts for each type of catalyst in bed for N=2 and N=4 at Reynolds 

number of 12500 and also the mean values of fluid temperatures at bed output have been 

shown in tables (2) and (3) respectively. 
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Table 2 Pressure drop and mean fluid temperature at bed outlet for N=2 

Catalyst number Temperature at bed 
outlet 

Pressure drop across 
bed (Pa) 

No. 1 651.4 1285.5 
No. 2 660.9 1343.9 
No. 3 651.5 1297.6 
No. 4 656.1 294.6 

No. 5 654.9 292.1 
No. 6 659.5 318.71 
No. 7 658.2 308.2 
No. 8 659.52 300.5 
No. 9 656.42 317.5 
No. 10 655.4 286.3 

Table 3. Pressure drop and mean fluid temperature at bed outlet for N=4 

Catalyst number Temperature at bed 
outlet 

Pressure drop across 
bed (Pa) 

No. 1 628.36 2932.9 
No. 2 629.56 3320.1 
No. 3 628.66 2871.3 
No. 4 627.5 2684.6 
No. 5 627.33 2374.9 

No. 6 628.83 2999.8 
No. 7 629.41 2586.6 
No. 8 628.79 2946.1 
No. 9 629.55 3068.2 
No. 10 626.45 2048.9 

It is observed from these tables that the maximum pressure drop and maximum heat 

transfer to the bed are occurred for catalyst No. (2). It is also noticed from these tables that 

the rate of pressure drop is coincident with that of the temperature increase of the bed. This 

happens because in all simulation cases the main reason for pressure drop is the deviation of 

the fluid from its direct trajectory resulting in radial flows. Radial flows cause an increase of 

the heat transfer to the bed center. On the other hand, the results given in tables (2) and (3) 

show that the minimum pressure drop and heat transfer occurs for catalyst No. (10). Also 

comparing the results of pressure drop and heat transfer rate for two beds (N=2 and 4) reveals 

that the bed-to-catalyst ratio hasn’t got a considerable effect on hydrodynamic and heat trans-

fer characteristics. So it can be deducted that catalyst No. (2) which resulted in the maximum 

heat transfer can be also suitable for industrial reactors (N=8). Also considering the results 

taken from CFD simulations and hydrodynamic and heat transfer characteristics, it can be 

concluded that increase of the catalyst holes and their sizes (an increase of the porosity) has 

a major impact on system pressure drop and minimum effect on the heat transfer rate to the 

bed center. It shall be noted that the selection of the best catalyst geometry is dependent on 

simultaneous simulation of the reforming reactions with flow fields and heat transfer.  

5. Conclusion 

Although there has been a wide range of researches carried out on steam reforming pro-

cesses in literature, little studies have been done on catalyst shape and their effects on heat 

transfer characteristics. In this research, the effects of catalyst shapes on hydrodynamic and 

heat transfer characteristics were studied using CFD technique. Considering the catalyst par-

ticles as porous media, the effect of their thermal conductivity on the heat transfer from the 

walls to the bed center was investigated. To validate the computational model, experimental 

data for prediction of heat transfer rate from spherical catalysts to bed centers cited in litera-

ture were used. Comparing the results taken from simulation with those of the experimental 

data on temperature radial profile at different heights of the bed, it was observed that the 
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mean relative error resulted from the computational model at the height of Z=0.42 m was 

8.52%. Regard to the obtained error, it was concluded that the developed computational 

model could well predict with an acceptable error the hydrodynamic and heat transfer char-

acteristics of a bed with spherical catalysts. In next stage of this study, the validated model 

was used to investigate the effects of 10 different shape of cylindrical catalysts on hydrody-

namic and heat transfer characteristics of a fixed bed reactor with bed-to-catalyst diameter 

ratios of 2 and 4 (N=2 and 4). The results taken from CFD simulations showed that there is a 

complex hydrodynamic around catalyst particles because of their layout and the contact points 

between them and the bed walls. The results showed that the trend of the pressure drop 

increase was coincident with that of the bed temperature increase and this occurred because 

the main reason of pressure drop increase was actually deviation of the fluid flow from direct 

trajectory forming radial flows. On the other hand, the existence of radial flows in bed caused 

an increase of the heat transferred to the bed center. Comparing the amounts of the heat 

transfer and pressure drop for two beds of N=2 and 4 showed that increase of the bed-to-

catalyst diameter ratio didn’t have much impact on the hydrodynamic and heat transfer char-

acteristics. So catalyst No. 2 which had the highest amount of heat transfer to the bed center 

was concluded to be also suitable for the industrial case (N=8). The results of the CFD simu-

lations as well as hydrodynamic and heat transfer characteristics indicated that increase of 

the hole numbers as dimensions on the catalyst particles (an increase of the catalyst particles 

porosity) has a major effect on pressure drop reduction while it plays a minor role in the 

decrease of the heat transfer to the bed center. Considering the results adopted from the 

developed model, it was observed that the maximum pressure drop across the bed and the 

maximum heat transfer to the bed center were obtained from the cylindrical catalyst having 

a single hole with a small diameter. 

Nomenclature 

Cij: Prescribed matrices in porous media CP: Specific heat 
C1,2, µ: RNG k- ε constant dm: Pore size 
Dij: Prescribed matrices in porous media G: Production of turbulent kinetic energy 
k: Turbulent kinetic energy keff: Effective conductivity  
N: bed-to-particle diameter ratio No: Catalyst shape number 

S: Stress tensor P: Pressure: 

Re: Reynolds number Si: Cumulative momentum 
T: Thermodynamic temperature t: Time 
v: Velocity  
Greek symbols  

α: Permeability  𝛽: Inertial resistance coefficient 

σ: Turbulent Prandtl number ϕ: Void fraction in porous media 

µ: Viscosity  Δn: Thickness of porous media in each direction 
ρ: Density ε: Turbulent dissipation rate 
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Abstract 

The results of studies of used lubricating oils, various functional purposes and greases obtained on 

their use as a thickener 5 wt % of secondary low-pressure polyethylene have been presented. 
Depending on the operating conditions in the samples of waste oils, the content of water and mecha-
nical impurities varies in the range of 0.03-0.3 wt %, 0.08-1.30 wt %. Heating the oils to a temperature 
of 230°C showed that in the area of heating to a temperature of 200°C, the mass loss and decrease 
in viscosity are not significant, however, if this temperature is exceeded, an intensive process of 
destruction of oil hydrocarbons begins, and it will negatively affect the quantitative yield and perfor-
mance properties of the lubricant. The obtained results showed that the lower the viscosity of the base 

oil from which the grease is made, the less stable it is during storage and operation, the worse its 
adhesive properties. Waste motor and transmission gear oils are advisable to use in the production of 
antifriction greases while hydraulic and industrial plastic lubricants are better to use in the production 
of protective greases. 

Keywords: Plastic grease; thickener; polyethylene products; base oil; quality indicators. 

 

1. Introduction  

Plastic lubricants (greases) today are one of the most popular petroleum products, which, 

due to their operational properties, are widely used in various industries. 

Current trends that have emerged in the global oil refining and petrochemical industries 

are such that most of the manufacturers of plastic lubricants, to ensure competitiveness, are 

forced to go the way of reducing the final cost of their products while maintaining their quality. 

The main directions in choosing such a path are the improvement (optimization) of the 

technological process of production and the expansion of the raw material base due to the 

involvement of new, cheaper materials in the technological process. 

2. The purpose and objectives of the research 

In general, the composition of any grease can be represented in the form of a structural 

block diagram shown in Fig.1. 

The main component in the composition of greases is base oils (not less than 70 wt %) of 

mineral or synthetic nature [1-2]. 

Mineral oils, distillate or residual, are high-boiling fractions (boiling point > 350°C) obtained 

in primary oil refining plants by distilling fuel oil or tar under vacuum. Further, these fractions 

are cleaned using selective solvents from high-boiling paraffin hydrocarbons and tar-asphal-

tene substances. 

Synthetic oils have better viscosity-temperature properties and higher stability against oxi-

dation, compared to mineral oils. They are obtained by special directed synthesis in the prese-

nce of catalysts, which makes them more expensive than mineral oils. In view of what, they 
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are used in the manufacture of special types of lubricants for use in harsh environments. 

Synthetic oils include polyolefins, esters of carboxylic, phosphoric and silicic acids, polyglycolic 

esters and siloxane oils. 

 

Fig. 1. The composition of the grease 

The main property of base oil, both mineral and synthetic, on which many physical proper-

ties and tribological characteristics of plastic lubricants depend, is considered to be viscosity [3-4]. 

Thus, choosing cheaper basic components of grease – base oil and a thickener, you can 

significantly reduce the cost of the final product. In this regard, recently a number of works 

have appeared in the technical literature in which it is proposed to use waste oil as base oil - 

lubricating oils of various functional purposes. Under this approach, on the one hand, the 

expansion of the resource base of the technological process is gained and, on the other hand, 

the reduction of the harmful environmental impact of toxic industrial waste is achieved [5]. 

In the works [6-7], on the basis of waste oil, from which mechanical impurities, oxidation 

products of hydrocarbon oil and decomposition of additives, and a thickener – sodium and 

calcium soaps, obtained on the basis of bottom synthetic fatty acid residues were extracted, 

and the general-purpose antifriction lubricant was obtained. Also, as a base for the production 

of greases, besides used motor oils, purified waste vegetable oils can also be used [8]. 

A common drawback of the works cited above is the need for deep cleaning of the base oil, 

which is a very time-consuming, a multi-stage process that requires significant material costs 

for its implementation. This is mainly due to the softening effect of the detergent-dispersant 

additives found in the waste oil on the formation of the structure of lubricants thickened with 

metal soaps. Also, the oxidation products of hydrocarbons in the base oil have a negative 

effect on the process of structure formation of the grease during its production, and, as a result, 

the surface properties of commercial grease [6-7, 9]. 

At the same time, the additives found in the waste oil possess anticorrosive properties, and 

the oxidation products of hydrocarbons are surface-active substances, which ultimately will 

help to improve the tribological characteristics of plastic lubricants based on them. 

The most rational approach in the development of technology for the production of greases 

based on used oils may be the search for a new type of a thickener, for the application of 

which it is not necessary to carry out a deep cleaning of the base oil. 

Taking into account that temperature properties of the use of greases depend on the prop-

erties of the thickener, we will propose to use secondary high-density or low-pressure poly-

ethylene for this purpose. The use of polyethylene as a thickener has a number of positive 

aspects: lubricants containing polyethylene have high rheological properties [10], polyethylene 

has a rather high melting point (more than 100°C) and, finally, recycled polyethylene is a 

harmful household waste, and its recycling allows to significantly improve the global environ-

mental situation. 

Therefore, in the future, we will consider the possibility of using various used lubricating 

oils, without their deep purification, for the production of plastic lubricants, in which the thickening 

agent is the secondary polyethylene. 
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3. Results and discussion 

At the first stage of the laboratory study, the following used lubricating oils were taken: 

engine oil SAE5W-40 (sample No. 1), engine oil SAE10W-40 (sample No. 2), transmission oil 

SAE90W-140 (sample No. 3), hydraulic oil HLP 46 (sample No. 4), industrial oil I-40 (sample 

No. 5). In all the samples, the kinematic viscosity at 100 °C, the content of water and me-

chanical impurities, and the corrosive effect on metals: copper and steel plates were deter-

mined (Table 1). 

Table 1. Results of laboratory research waste oils 

Indicator name 
Sample number 

1 2 3 4 5 

Kinematic viscosity at 100oС, mm2/s 14.75 12.31 29.92 6.74 7.74 

Water content, wt % 0.3 0.2 0.1 0.05 0.03 

The content of mechanical impurities, wt % 0.11 0.09 1.3 0.10 0.08 

Corrosive effect on the copper plate in the liq-
uid phase, points 

2 2 1 Not available 

Corrosive effect on the copper plate in the va-
por phase, points 

1 1 2 Not available 

Corrosive effect on the steel plate in the liquid 
phase, points 

Not available 

Corrosive effect on the steel plate in the vapor 
phase, points 

Not available 

Taking into account the data obtained, we note that the corrosive effect on metals in some 

samples is absent or varies in the margin from weak (1 point) to moderate impact (2 points), 

and the oils themselves do not need additional anti-corrosion treatment. The content of water 

and mechanical impurities, practically in all samples, also fluctuate in a rather narrow range 

of values and can be removed to the required level without the use of any special equipment, 

but only due to the sedimentation of oils when heated, on average, to 100-110 °C. 

The exception, from the considered samples, is transmission oil with the content of mecha-

nical impurities of more than 1 wt %, which is quite explicable by the conditions of its opera-

tion. In this case, it will be possible to apply centrifugation to the oil purification, or taking into 

account the nature of mechanical impurities and magnetic cleaning. 

Further, the behavior of the oils under investigation was studied when they were heated in 

the temperature range up to 230 °C, with exposure at each fixed sample temperature for 30 

minutes (Fig. 2). 

 
 

Fig. 2. The change in the mass of oil samples when 
heated: 1, 2, 3, 4 and 5 – sample numbers 

 

Fig. 3. The change in kinematic viscosity of oil 
samples when heated at 100°C: 1, 2, 3, 4 and 
5 – sample numbers 
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When samples of waste oil are heated to a temperature of 200°C (Fig. 1), which corres-

ponds to the area I, there is a gradual loss of sample mass, which is associated with evapo-

ration of water and light hydrocarbon fractions, which can be formed during the operation of 

oil. After 200ºС, area II, there is a more significant loss of mass of the samples, which indi-

cates the beginning of the destructive processes of oil occurring with hydrocarbons, which will 

deepen with increasing temperature. In this regard, the temperature of about 200ºC can be 

recommended as the final one during the heat treatment stage of the grease. 

It is possible to judge the destructive processes occurring during the heating of oil samples 

by the rate of change of the kinematic viscosity, which is determined at 100°C (Fig. 3). 

Thus, in the area I for all oil samples there is a slight decrease in the kinematic viscosity 

relative to the initial value. This change can be quantitatively characterized by the rate of 

viscosity change from temperature (by 1ºC): sample No. 1 ν100/t = 0.0020 (mm2/s); sample 

No. 2 ν100/t = 0.0051 (mm2/s); sample No. 3 ν100/t = 0.0180 (mm2/s); sample No. 4 ν100/t = 

0.0070 (mm2/s); sample No. 5 ν100/t = 0.0044 (mm2/s).  

In area II, destructive processes of hydrocarbon raw materials occur and the same rates 

for each oil sample take higher values (by 1ºC): sample No. 1 ν100/t = 0.0037 (mm2/s); 

sample No. 2 ν100/t = 0.041 (mm2/s); sample No. 3 ν100/t = 0.122 (mm2/s); sample No. 4 

ν100/t = 0.0080 (mm2/s); sample No. 5 ν100/t = 0.0413 (mm2/s).  

The next stage of the laboratory study involved obtaining, on the basis of the studied sam-

ples of used lubricating oils, plastic greases containing up to 5 % of a complex additive, in 

which thickened secondary low-pressure polyethylene acted as a thickener, in an amount of 

5 wt % for raw materials. 

In the resulting grease samples, some quality indicators (Table 2) were determined that 

were directly related to the viscosity of the base oil. 

Table 2. Indicators of the quality of the resulting greases 

Indicator name 
Grease on the base oil 

No. 1 No. 2 No. 3 No. 4 No. 5 

Evaporation, wt % 0.16 0.22 0.12 0.25 0.34 

Colloidal stability, wt % 7.10 8.23 5.90 9.65 11.96 

Penetration at 25ºС, mm·0.1 224 237 219 324 308 

Adhesive properties, discharge in a centri-
fuge, rpm 

3000 3000 3500 2000 2000 

Corrosive effects on metals (copper, steel) Not available 

The obtained results showed that the lower the viscosity of the base oil from which the 

grease is made, the less stable it is during storage and operation, and the worse its adhesive 

properties are. 

4. Conclusion 

Used lubricating oils of various functional purposes, today, can be used as a raw material 

in the production of plastic lubricants. The use of such raw materials has a number of positive 

aspects: low cost, the presence of residual potential of additives and disposal of hazardous 

industrial waste. 

However, it should be noted that when using metal soaps as a thickener, it is necessary to 

perform a deep cleaning of the oil from additives and products of aging, and this, in turn, 

affects the increase in the cost of the final product. In this case, effective thickeners, which 

allow obtaining high-quality greases with minimal cleaning costs while preserving the residual 

potential of the additives in the oil, are secondary polymers, in particular, low-pressure polyethy-

lene. 

The best raw materials for the production of anti-friction grease are engine and gear oils. 

The lubricant obtained on the basis of the oils has high stability and good adhesive properties 

during storage and operation. It makes most senses to use hydraulic and industrial oils in the 
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production of lubricants used in assemblies at relatively low rotational speeds or protective 

lubricants. 
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Abstract 

Problems associated with asphaltene deposition are key challenges for the upstream industry. In this 

research work, systematic experimental studies of asphaltene precipitation were conducted for two 

different Iranian crude reservoirs. Though gas injection in the reservoir enhances the crude 
productivity, it leads to higher precipitation of asphaltene compared to the natural depletion conditions. 

State of the art software tool namely CMG was utilized to predict the performance of the reservoirs for 

natural depletion condition as well as at high gas injection conditions. The CMG based predictions 
matched well with the experimental observations for both the reservoirs with reasonable accuracy. 

Keywords: Asphaltene precipitation; Gas injection; CMG; Simulation; Enhanced oil recovery. 

 

1. Introduction  

Crude oil trapped in reservoir rock matrix is a complex mixture of hydrocarbons of various 
molecular weights, though sometimes other organic compounds containing small quantities of 

hetero atoms like nitrogen, oxygen, and sulfur are also present. The composition of crude 
varies based on its location as well as its maturity. Main constituents of crude oil are saturated 
hydrocarbons, aromatics, resins and asphaltenes (SARA).  Asphaltenes are heterocyclic unsa-
turated macromolecules consisting primarily of carbon, hydrogen, and a minor proportion of 
hetero elements such as oxygen, sulfur, and nitrogen. It is really difficult to measure the mole-

cular weight of asphaltene accurately due to its complex composition and the chemical asso-
ciation behavior [1]. Apart from causing the reservoir formation damage, asphaltene deposits 
could also result in reversal of the rock wettability to oil-wet, which leads to a lower recovery 
factor [2].Deposition of asphaltenes in oil wells, pumps, flow lines, pipelines, and production 
facilities can reduce well productivity, damage pumps, restrict or plug flow line and pipelines 

and foul production handling facilities [3-4].The precipitation phenomena can change the weta-
bility of the formation of rock from water wet to oil wet which hinders the oil recovery efficiency 
[5]. Precipitated asphaltenes may also build-up in the near wellbore, reservoir rock and clog 
the porous matrix of the reservoir during drilling and chemical treatment  [6].Injection of mis-
cible or partially miscible gases is a promising enhanced oil recovery technique for many reser-
voirs. However,earlier studies indicated that the injection of gases namely carbon-dioxide 

(CO2), nitrogen (N2) and hydrocarbons like methane (CH4), etc. changes the solubility of heavy 
components in the reservoir oil and causes asphaltene instability [7-9].Knowledge of asphaltene 
thermodynamic behavior is essential to understand the deposition characteristics. For the 
effective performance of a producing reservoir and to optimize the production, it is necessary 
to have accurate predictions of the amount of asphaltene precipitation as a function of the 

amount of solvent, temperature, and pressure, etc. [10]. The paper deals with a systematic 
investigation of asphaltene deposition for two reservoirs in Iran. A simulation study based on 
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Computer Modeling Group (CMG) WinProp module is also conducted in order to predict the 
asphaltene deposition at various operating conditions. 

2. Experimental  

Crude samples were taken from two south Iranian oil reservoirs Rag Sefid and Aghajari 
field, their properties are reported in Table 1. Reservoir fluid compositions and other basic 

properties were determined by means of the GC-MS (Gas-Chromatography Mass-Spectros-
copy) technique and differential liberation tests. The samples were also determined for weight 
percent’s of saturates, aromatics, resins, and asphaltenes. The compositions of the crude 
samples and the SARA analysis are presented in Tables 2 and 3 respectively.  

Table 1. Properties of crude oil samples 

Sample Unit Aghajari Rag Sefid 

Reservoir temperature °F 158 212 

Saturation pressure  PSIA 2715 2853 

Solution GOR SCF/STB 560 479 
API gravity of residual oil  °API 25 22 

Reservoir pressure PSIA 4890 4158 

Table 2. Composition of oil samples 

Component 
Mole percent 

Component 
Mole percent 

Aghajari Rag Sefid Aghajari Rag Sefid 

H2S 0.47 2.4 C6 4.55 5.4 
N2 0.12 0.11 C7 4.46 3.7 

CO2 2.33 4.94 C8 3.85 4.28 

C1 38.83 24.01 C9 2.27 2.87 
C2 6.06 6.89 C10 2.41 2.73 

C3 5.9 5.51 C11 2.56 2.68 

i-C4 1.04 0.9 C12+ 19.36 28.18 
n-C4 2.83 2.87 MW of C12 fraction 498 432 

i-C5 1.33 1.22 MW of reservoir oil 115 152 

n-C5 
1.63 1.31 

SG. of C12+ fraction 
@60/60°F 

0.961 0.981 

Table 3. SARA analysis 

Sample Unit Aghajari Rag Sefid 

Saturated wt% 59.58 32.90 

Aromatic wt% 26.12 39.85 
Resin wt% 6.3 12.02 

Asphaltene wt% 8.9 14.4 

2.1. High Pressure High Temperature System (HPHT) 

Asphaltene weight precipitation change by pressure is detected by High Pressure High Tem-
perature (HPHT) Filtration device and associated IP143 tests [11]. An HPHT filtration system 

was available to perform natural depletion and with an injection of various gases namely ni-
trogen (N2), carbon dioxide (CO2), and methane (CH4) injection tests under reservoir temper-
ature. The system can provide reliable result until the pressure range of 10000 psi and tem-
perature up to 482°F. The experimental set up, as represented by Fig.1, comprises of a Pres-
sure-Volume-Temperature (PVT) cell, shaker, hydraulic pump, high pressure metal filter, 

oven, pressure transducer, high pressure sampler, pressure gauges, and recombination cell 
system, micron metal filter for the separation of asphaltene particle from original fluid sample 
in PVT cell. 

In these sets of experiments, a conventional pressure depletion process was performed at 
the reservoir temperature for natural depletion. The experimental procedure in this step is 
described as follows: 
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Figure 1. Schematic of the experimental setup 

The equilibrium cell was carefully 
and properly cleaned and set at reser-
voir temperature. For RagSefid reser-
voir, the temperature is 212°F, and for 
the Aghajari reservoir, the tempera-

ture is 158°F. The intended oil was first 
filtered through a proper filter paper to 
separate any solids present in the oil 
and then inject into the cell under sin-
gle phase conditions at reservoir pres-

sure. A magnetic stirrer was used to 
shake the oil sample for 24 hr and 
speed up the equilibrium process. The 
cell pressure was lowered in subse-
quent predefined steps; at each stage, 

a high pressure filtration process was performed with a 0.5 filter paper. A limited volume of 

the sample around 10 ml for each pressure step was allowed to flow into the filter manifold at 
constant pressure and temperature. In order to avoid alteration of the asphaltene solubility, 
only a small dropping pressure should be applied around the filter. High pressure helium was 
applied to sustain a back-pressure on the downstream of the filter so that the fluid sample 
can flow gently through the filter with only a small pressure drop. 

The oil which filtered injected in a separator and the asphaltene amount of the remaining 
oil is measured by standard IP143 procedure. The difference between the amount of asphal-
tene of the original sample and the filtered oil at each pressure determines the weight percent 
of precipitated asphaltene. The weight of precipitated asphaltene is then divided by the weight 
of the oil sample that is used in the IP143 procedure to give the weight percent of precipitated 

asphaltene. Since the experimental procedure is set to determine the amount of asphaltene 
of the filtered fluid, the asphaltene deposition problems in the equilibrium cell and the con-
nection flow lines do not affect the precision of the experiments, and trustworthy data could 
be collected. Result for natural depletion is represented in Figures 2 and 3 for the crude sample 
from Rag Sefid and Aghajari oil fields respectively. 

  

Figure 2. Natural depletion in Rag Sefid sample 
at its reservoir temperature, 212°F 

Figure 3. Natural depletion in Aghajari Sample at 
its reservoir temperature, 158°F 

2.2. Gas injection 

In this stage, a set of experiments were carried out to study the effect of different agents 
on the asphaltene precipitation behaviour of oil samples through the gas injection process. In 
these experiments, N2, CO2, and CH4 gases were used systematically for infusion in miscible 

conditions. A known volume of new oil was injected into the equilibrium cell at the reservoir 
temperature while the cell pressure is set above the mixture saturation pressure to avoid 
phase separation during fluid transfer and recombination of oil and gas samples. In the present 
investigation, a small amount of gases (N2, CO2, or CH4) was injected separately into the cell 
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under isothermal conditions. The mixture was permissible to equilibrate and settle down for 
24 h to ensure full asphaltene precipitation. A high pressure filtration was presented to quantify 
asphaltene precipitation as a function of pressure. The sampling, filtration, and estimation 
processes were similar to natural depletion experiments.  

3. Results and discussion 

To test the effect of nitrogen injection on asphaltene instability, 10 mole percent of N2 was 
recombined with Rag Sefid reservoir oil sample at a reservoir temperature of 212ºF. N2 injec-
tion was repeated for the same sample with 15 and 20 mole percent of N2 at the reservoir 
temperature of 212ºF. In the similar lines, to understand effects of nature of gas on asphaltene 
precipitation, other gases namely CO2 and CH4 injection were carried out at 10 mol %, 15 mol %, 

and 20 mol % concentrations. The observations are reported in Figures 4, 5 and 6. It has been 
observed that with an increase in gas injection, asphaltene precipitation increased. The same 
procedure was performed with the Aghajari field oil sample with the injection of 10, 15, 20 
mole percent at the reservoir temperature of 158ºF. The respective results are reported in 
Figures 7, 8 and 9 respectively. As evident from these figures, increased gas injection en-
hances asphaltene precipitation, and it has also been observed that the precipitation is maxi-
mum with CO2 injection and least with methane (CH4) gas injection (please refer to Figures 4 – 9). 

  

Figure 4. Effect of N2 injection on asphaltene pre-
cipitation for Rag Sefid sample 

Figure 5. Effect of CO2 injection on asphaltene 
precipitation for Rag Sefid sample 

 

  

Figure 6. Effect of CH4 injection on asphaltene 

precipitation for Rag Sefid sample 

Figure 7. Effect of N2 injection on asphaltene pre-

cipitation for Aghajari sample 

Results of Figures 4, 5, 6 indicates that at lower pressures than bubble point pressure, the 

asphaltene re-dissolution decreases with increasing concentrations of gases and this is due to 
the formation of complex cluster structures of asphaltene molecules. With increasing pressure, 

at a pressure below the critical point pressure, the amount of precipitate in the constant con-
centration of gas increases, and with increasing concentrations of injected gas, this amount 
of precipitate will be increased. When the injection pressure reaches the point of the bubble 
point, the maximum amount of asphaltene precipitation will take place, and this precipitation 
will increase with the increased mole percentage of the gases as evident from Figures 4 for N2 
injection for the Rag Sefid reservoir sample. The identical trend is observed for CO2 and CH4 
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injections as evident from Figures 5 and 6. At higher pressures than that of the bubble point 
pressure, the amount of deposition is reduced, as the solubility of asphaltene is increased and 
hence the amount of precipitation will be reduced [5]. 

But it should be kept in mind that the total precipitate generated will not be disolved again, 
and this amount of precipitate will be greater than the amount of precipitate produced at the 

lowest pressure from the bubble pressure. With increasing pressure below the bubble point, 
the number of precipitate increases, since under these pressures, cluster deposits with com-
plex compounds are created and increase with increasing pressure, preventing the dissolution 
of precipitates in oil. At the bubble point pressure, the highest precipitate concentration is 
generated for all the gas concentrations of 10, 15, 20 mole percent injections. It needs to be 

mentioned that with the increased amount of injected gas to the initial crude sample, the 
composition will be changed causing an increase in bubble point pressure (Pb). Therefore, with 
enhanced gas injection, the composition changes leading to the greater amount of asphaltene 
precipitation. But at higher pressures above the bubble point, the amount of dissolution of the 
precipitates increased due to the breakdown of the complex cluster structure formed at lower 
pressures [9].   

With the lowering of the reservoir temperature, the mobility of asphaltene molecules in the 
system will be reduced, and therefore there will be less likelihood of the collision of the as-
phaltene molecules in the solution. Hence, the rate of clustering of the asphaltene molecules 
and, consequently, their precipitation will be decreased; it is evident from Figures 2 and 3 as 
the temperature is reduced, asphaltene precipitation is reduced from 1.3% to 0.8% for normal 

depletion conditions. The same trend is observed for gas injection conditions also, as evident 
from comparison of Figures 6 and 9, both with methane (CH4) injection, while for Rag Sefied 
field asphaltene precipitation is almost 6% with 20 mol% gas injection vis-à-vis only 1.5% 
precipitation for Aghajari reservoir which operates at much lower temperature.  

4. Simulation study 

It will always be beneficial for operational purpose if a mathematical model is available 
which can predict the asphaltene precipitation with sensible precision. The WinProp module of 
CMG software was utilized to model and predict the asphaltene precipitation based on exper-
imentally obtained data. CMG group has employed a pure solid model [12], and it can predict 
the asphaltene precipitation for the natural depletion condition and that for different gas in-

jection conditions. The CMG WinProp package computes fugacity of asphaltene – expressed 
as pure, dense solid phase represented by Eqn. 1:  

ln𝑓𝑠 = In 𝑓𝑠
∗ + 

𝑣𝑠(𝑃 − 𝑃∗ )

𝑅𝑇
 (1) 

The prediction is valid for isothermal reservoir conditions of normally depleting reservoirs 

as well as for the enhanced oil recovery mechanisms via gas injections. As per guidelines [13], 
the heaviest oil fraction is to be spitted into two components one will be precipitating while 
the other one is a non-precipitating component. Though they have identical properties but 
these sub-fractions behave differently with light components, the precipitating fraction has 
higher interaction coefficient with light hydrocarbons. At the onset pressure for a given tem-

perature as noticed experimentally, fugacity of the precipitated fraction is obtained utilizing 
equation of state (EOS). This fugacity is considered to be the reference fugacity of precipitation 
in Eqn. 1. Subsequently, the mole fraction of the precipitating fraction is obtained using Eqn. 2: 

𝑥𝐴𝑠𝑝ℎ =
𝑤𝐴𝑠𝑝ℎ  × 𝑀𝑊𝐶𝑟𝑢𝑑𝑒  

𝑀𝑊𝐴𝑠𝑝ℎ
 (2) 

where wAsph denotes weight fraction of asphaltene present in the crude sample having molecu-
lar weight MWCrude, the molecular weight of asphaltene is represented by MWAsph and xAsph is 
the mole fraction of asphaltene precipitated. 

For modeling, the used matching parameters are solid molar volume and interaction coef-
ficients between precipitating component and light end components of crude oil. Solid molar 

328



Petroleum and Coal 

                         Pet Coal (2019); 61(2): 324-331 
ISSN 1337-7027 an open access journal 

volume affects the amount of precipitation at bubble point; higher molar volumes result in 
higher precipitation values. Interaction coefficients between precipitating and light end hydro-
carbons control the precipitation and re-dissolution of asphaltene at pressures below the sat-
uration pressure. Modeling results for natural pressure depletion experiments for both the 
reservoirs are represented in Figures 10 and 14 respectively. Results of asphaltene precipita-

tion modeling for 20% nitrogen, 20% carbon dioxide, and 20% methane for the Rag Sefid 
reservoir are provided in Figures 11, 12 and 13. In all these plots, experimental values are 
provided for effective comparison; it is evident that almost all cased CMG simulation able to 
pick up the trend well. Similarly, CMG simulations for Aghajari oil samples were performed, 
and the trend obtained are represented along with the experimental observations in Figures 

15, 16 and 17, though there are some deviations, the overall trend is picked up. The significant 
observation is that the CMG simulation can able to correctly predict the trend of the highest 
amount of asphaltene precipitation for CO2 gas injection and the least one for methane injec-
tion as observed experimentally (kindly refer to Figures 16 and 17). 

  

Figure 8. Effect of CO2 injection on asphaltene pre-
cipitation for Aghajari sample 

Figure 9. Effect of CH4 injection on asphaltene 
precipitation for Aghajari sample 

 

  

Figure 10. CMG WinProp predictions for natural 

depletion process in Rag Sefid sample 

Figure 11. CMG WinProp predictions for 20% N2 

gas injection process in Rag Sefid sample 
 

  

Figure 12. CMG WinProp predictions for 20% CO2 

gas injection in Rag Sefid sample 

Figure 13. CMG WinProp predictions for 20% CH4 

gas injection in Rag Sefid sample 
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Figure 14. CMG WinProp predictions for natural 

depletion process in Aghajari sample 

Figure 15. CMG WinProp predictions for 20% N2 

gas injection in Aghajari sample 

 

  

Figure 16. CMG WinProp predictions for 20% CO2 

gas injection in Aghajari sample   

Figure 17. CMG WinProp predictions for 20% CH4 

gas injection in Aghajari sample 

5. Conclusion  

While the crude reservoirs are injected with CO2, N2 and CH4 gases for enhanced oil recov-

ery, the maximum amount of asphaltene precipitation is reported with CO2 injection, and 
minimum amount of asphaltene precipitation is noticed with CH4 gas injection. Increase in the 
concentration (mole percent) of gas injection caused an increased amount of asphaltene pre-
cipitation for both the crude samples. The experimental observation was well supported by 
CMG simulations. Below the bubble point pressures, the amount of asphaltene precipitation 

increased with the increasing pressure. Whereas, above the bubble point pressure the amount 
of asphaltene precipitation decreases with increasing pressure. A detailed and systematic 
study of Rag Sefid reservoir and Aghajari reservoir oil samples were conducted in the presence 
of gas injection. The study will be beneficial in designing the enhanced oil recovery mechanism 
of the fields using gas injection techniques.  

Symbols 

API Crude specific gravity (API) 

fs  fugacity  kPa 

fs*  Reference fugacity kPa 
MW  Molecular weight  g/mol 

P Pressure  psi 

Pb  Bubble point pressure psi 
R  Gas constant  8.314 J/mol. K 

T Absolute temperature K 

v  Molar volume  m3/mole 
w  Weight fraction of asphaltene precipitated (-) 

x   Mole fraction  (-) 

Subscripts 

Asph Asphaltenes   Crude  Crude sample 
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Abstract 

The presence of extensive Aptian salt basin underlying the south Atlantic passive margin has in so 
many ways influenced the pattern of tectonics and its sedimentary response during the Cretaceous. 

Aptian salt in the Kwanza Basin was deposited in two sub-basins separated by a margin-parallel chain 

of platforms on which salt is either small or absent. Salt withdrawal and dissolution during the mid-
Cretaceous led to the formation of a series of north-south trending salt ridges and associated depo-

centres that provided, and controlled the accommodation space for the deposition of marine sediments. 

The post-salt marine deposition was controlled by the subsidence of sediment packages into synforms 
between salt walls initiated by extension of the underlying Aptian salt. Thermal subsidence was locally 

enhanced by halokinesis in the vicinity of the salt horizon, creating sediment down-building which led 

to the initiation of prominent salt domes. These thick salt-bearing successions in the basin form sealing 
hydrocarbon traps with abnormally high fluid pressures (AHFP). Forecasting of AHFP in evaporates is 

difficult due to the absence of transition zones in salts. Such poor pressure forecast and risk evaluation 

in an oil field can result in well kicks and subsequent blow-outs. Better seismic imaging and interpre-
tation of the subsurface reduces the risk of possible blow-out hazard in such hydrocarbon field. 

Keywords: Salt-related tectonics; sedimentary response; abnormal fluid pressure; blow-out 

 

1. Introduction  

The Kwanza Basin (south Atlantic passive margin) is characterized by predominantly Cre-
taceous sedimentary section with both pre-salt lacustrine and post-salt marine sediments. A 

thick section of Aptian salt divides the lacustrine section from the overlying marine section. 
The good seismic image of the Kwanza Basin allows a completely chaotic and bumpy horizon 
to be displayed. Careful seismic interpretation revealed a series of salt ridges and their asso-
ciated depo-centres that provided the accommodation space for marine sediments. The basin 
is more than 300 km wide, from the onshore exposures of the Precambrian Congo craton to 

the Angola abyssal plain [1]. 
This paper focuses on the sedimentary response to the Aptian salt- related tectonics in the 

Kwanza Basin (Fig. 1) and the abnormally high fluid pressure associated with thick salt se-
quences that form sealing complexes in many oil regions. A better understanding of these salt 
related seals in a basin helps to reduce the risk of well-bore kicks and eventual blow-outs in 

the oil field. 

2. Regional geological settings 

The Kwanza Basin was formed during the Early Cretaceous opening of the South Atlantic 
Ocean [1-3]. The basin’s fill started with a continental regime in the early Cretaceous (Neo-
comian) and ended in Tertiary with the marine regime (Fig. 2). 
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Fig.1. Map of Africa showing the location of Kwanza 
Basin in the south Atlantic passive margin [11] 

Early Cretaceous time witnessed the 
splitting of the huge continent named 
Pangea, which gave rise to two conti-
nents known as South America and Af-
rica. This break up process corresponds 

to the rifting phase. Huc [4] stated that 
this separation was initiated by the thin-
ning and dislocation of mainly granitic 
crust. The crustal thinning was caused 
by the local uprise of partially melted ig-

neous rocks from underlying astheno-
sphere. The resulting rifts were then oc-
cupied by large lakes such as the East 
Lakes of the East African Rift, and thick 
lacustrine sediments were deposited in 
those lakes. 

The next process was an ocean open-
ing in which the asthenospheric magma 
began to be emplaced at the mid-oce-
anic ridge, where basaltic oceanic 
magma was generated to make up the 
floor of the ocean that is being formed [5]. 

 

Fig.2.a-e. Schematic evolution of coastal basin in areas around south Atlantic passive margin (modified 

from [4]) 
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This is the drift phase. As the ocean basin continues to open, the oldest oceanic crust, close 

to the continental margins, become progressively colder with increasing density which led to 
warping under the effect of their weight. During the opening process, in Aptian, the pathway 
gave way to oceanic basin of irregular depth and moderate width. The basin underwent peri-
odic isolation from the ocean circulation which then started evaporation process resulting in 

the accumulation of large quantities of salt. These salt layers covered the pre-salt lacustrine 
sediments. The confinement of the differ-rent sub-basins at that time led to the regional dep-
osition of organic rich sediments. The ope-ning of the ocean still continued in the late Creta-
ceous. So the ocean became ventilated, thus interrupting the conditions favourable for the 
accumulation of organic rich source rocks [5]. In the Tertiary, thick layers of terrigenous sed-

iments were accumulated as deltas, to fill the available space produced by the down warping 
of the margin. 

3. Methodology 

The study of the “chaotic bump” seismic volume involves the review of the geological set-
tings of the Kwanza Basin from some related published studies. The 3-D seismic volume (Ver-
tical range: - 594 ms to -2488 ms) was then loaded on Petrel software for 3D geological 

interpretation (Fig.3). It is a methodology-based approach, which specifically involves data 
management, seismic data viewing and structural interpretation. These specific actions were 
achieved using the imaging and interpretations of terminations and horizons, faults, facies, 
geobodies (salt, channels, mud diapirs) etc. The top and bottom horizons of the volume were 
picked and gridded to observe the topographic lows and highs. Then, the seismic volume was 

realized and most of the attributes (chaos, variance with smoothing, phase shift, RMS ampli-
tude, instantaneous frequency, local structural dip and rendered volume) and surface picks 
were done on a cropped volume with a vertical range of -756 ms to -1424 ms. An analogue 
basin with similar sedimentary response to salt -related tectonics was used to analyze and 
interpret the data from Kwanza Basin. The seismic reflections are dull and discontinuous (cha-

otic) in some places, thereby making it difficult to pick the horizons as continuous reflectors. 
As a result, horizon misties were encountered which necessitated the imposition of geologic 
interpretations on the seismic using manual tracking method. 

 

Fig.3. The raw-data (3D-Seismic Volume – Inline and Xline with a cropped volume of the study area) 
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4. Results and discussions 

The result of the seismic volume shows a series of sediment packages ‘pods’ that have 

subsided into synforms (furrows) between salt walls (Figs. 4 & 5), initiated by the extension 
of the underlying Aptian salt.  

 

Fig.4. In-Line 918 showing the structural styles in the “Chaotic_Bumps” seismic volume 

 

Fig.5. Rendered crop volume and structural smoothing Inline/Xline, showing the synform and antiform 
structural style and the salt dome withdrawal 
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Salt Wall 

Sediment 

package (pod) 
synform 

Antiform 

 

Fig.6. Rendered crop volume with Inline/Xline, showing sediment packages (pods) between chaotic salt walls 

This observed sediment synforms and salt walls (antiforms) confirm the model for the evo-

lution of salt walls and sediments by Hodgson et al. [6]. Such salt tectonics is strictly tied to 
regional extensional deformation because salt is weak and does not undergo compaction. In 
this kind of setting, salts can rapidly rise to the surface through the space created by thinning 
and separation of the fault blocks by passive diapirism and spread over the sediments as 
allochthonous salts. The salt observed in this study did not form sheets, but formed salt walls 

that separated the sediment pods. The topographic lows are infilled with post - salt marine 
sediments which progressively displaced the salt under the pods (Fig. 5). The pod subsidence 
ceased when the salt has been completely displaced (salt welds) and the pods no longer pro-
vide accommodation at the surface. This observation agrees with those of Jackson and Talbot 
[8], in their work in the Gulf of Mexico, where these grounding surfaces were also observed. 

The displacement of these salts was as a result of salt withdrawal downdip; to build other salt 
walls as crustal extension continues. Salt dissolution could also cause salt withdrawal in this 
type of basin [9]. As the salt continued to withdraw downdip, the old pods became relative 
highs as synforms form over collapsing salt walls. Series of these sediments as seen in Figures 
4-6 form bumpy horizons, with the antiforms having the usual trapping attributes of anticlines. 

4.1. Hazards associated with salt-bearing sequences 

Thick salt-bearing sequences like those encountered in the study area form sealing com-
plexes in many oil and gas regions of the world. Such sedimentary basins have accumulations 
of hydrocarbons and brine with abnormally high fluid pressure (AHFP) [6-7]. Mapping of these 
evaporate sequences and prediction of their over-pressured intervals are indeed a challenging 

problem. This is because of the absence of transition zones in evaporates, unlike what is 
obtained in typical clastic seals. As a result, there are no indications of approaching over-
pressured intervals, as can be observed in clastics. So, reservoir pressure within these for-
mations changes abruptly, with no gradual transition [10]). Another complicating factor in such 
evaporate seals is their non-uniform gas saturation, which gives an erroneous information on 
the amount of gas build up within the salt interval [10]. 

Over-pressured fluid accumulations are usually encountered immediately underneath the 
salt section, which is drilled easily and at a high rate. It is rather very difficult in such an 
environment to observe an increase in drilling rate caused by a decrease in the rock strength 
or by a decrease in differential pressure between the borehole and the reservoir.  
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Because of the peculiar physical and chemical nature of salts relative to the surrounding 
sediments, all indirect techniques should be utilized in the abnormal pressure forecast. Such 
indirect methods must afford to establish patterns of the geologic evolution of regional or local 
structures and associated hydrocarbon accumulations. For reliable AHFP forecast, it is neces-
sary to delineate the salt plugs, walls, and sheets, with their corresponding depths using 3-D 

seismic interpretation software as applied in this study. This will enable the wellsite geologist 
to apply appropriate mud pressure within these delineated intervals to keep the formation 
fluid in check during drilling. The predictive precursors of the AHFP include the evidence of 
vertical gas migration along flanks of salt plugs and associated fracture zones (and faults); 
the appearance of “gas clay” in circulating mud (i.e., plastic greenish-grey and brown clay with 

gas bubbles). 
Currently, the available techniques for the identification of over-pressured zone are based 

on well logs obtained during drilling (MWD). This means that an abnormally high pressure 
zone is identified within the localized vertical wellbore; with an unknown areal extent. This 
prevents the undertaking of protective measures in the nearby wells drilled subsequently. As 
a result, unexpected abnormal high pressure can be encountered at different stages of hydro-

carbon exploration and development. However, we can mitigate this problem if a detailed 
seismic analysis has been undertaken to identify the salt bodies and their geometries. For 
instance, where the salt forms large canopies – there is a higher tendency for anomalously 
high fluid pressure beneath; and if it is more of salt walls – the impact may be less than that 
of canopy although that could lead to compartmentalization of pressure. In essence, by accu-

rately analysing the architecture and geometry of the salt bodies, in addition to delineating 
their depth of occurrence as we have done in this study; can serve as the first step in predicting 
the potential hazards. 

5. Conclusion 

The salt- related tectonics in the Kwanza Basin is principally influenced by crustal extension, 

which allows salt to flow laterally from areas of high load to areas of lower load, restricted 
only by friction on the edges of the salt and the weight of the overburden. This load gradient 
was as a result of the regional extension, lateral variations in the weight of overburden and 
temperature gradients in salts which cause dissolution and subsequent salt withdrawal. 

Aptian salt was progressively displaced from under the sediment pod to form salt walls and 

ridges, while the intervening topographic lows were filled up with marine sediments. Because 
these salt layers formed efficient regional decollements, they, therefore, controlled the style 
of sedimentation and deformation in the Kwanza Basin. On the other hand, thick salt-bearing 
sequences like that in the Kwanza Basin form hydrocarbon sealing complexes with abnormally 
high fluid pressure. Proper delineation of these salt intervals in a basin leads to better fore-

casting of the subsurface pressure build up, which invariably reduces the risk of well kicks and 
subsequent blow-out. This requires special seismic imaging techniques to enhance better high 
pressure forecast. 

References 

[1] Hudec MR, and Jackson MPA. 2004. Regional restoration across the Kwanza Basin, Angola: 
Salt tectonics triggered by repeated uplift of a metastable passive margin. AAPG Bulletin , 

2004; 88(7) 971-990. 

[2] Brink AH. Petroleum geology of Gabon basin: AAPG Bulletin, 1974; 58: 216-235. 
[3] Karner GD, Driscoll NW, McGinnis JP, Brumbaugh WD, and Cameron NR. Tectonic significance 

of syn-rift sediment packages across the Gabon–Cabinda continental margin. Marine and Pe-

troleum Geology, 1997; 14: 973-1000. 
[4] Huc AY. Petroleum in the South Atlantic. Oil and Gas Science Technol. Rev. IFP, 2004; 59(3): 

243-253. 

[5] Nombo-Makaya NL, and Han CH. 2009. Pre-Salt Petroleum System of Vandji-Conkouati 
Structure (Lower Congo Basin), Republic of Congo. Research Journal of Applied Sciences , 

2009; 4(3): 101-107. 

337



Petroleum and Coal 

                         Pet Coal (2019); 61(2): 332-338 
ISSN 1337-7027 an open access journal 

[6] Hodgson NA, Farnsworth J, and Fraser AJ. Salt-related tectonics, Sedimentation and hydro-
carbon plays in the Central Graben, North Sea, UKCS. In: R. F. P. Hardman (ed.) 1992. Ex-

ploration Britain: Geological insights for the next decade. Geological Society Special Publica-

tion, 69:31-63. 
[7] Zilberman VI, Serebryakov VA, Gorfunkel MV, Chilingar GV, and Robertson-JR JO. Prediction 

of Abnormally High Pressure in Petroliferous Salt-bearing Sections. Journal of Petroleum Sci-

ence & Engineering, 2001; 29(1):17-27. 
[8] Jackson MPA, and Cramez C. Seismic recognition of salt welds in salt tectonic regimes. Tenth 

Annual Research Conference, Gulf Coast Section, Society of Economic Paleontologists and 

Minerologists Foundation, Programs and Abstracts, 1989; 66-71. 
[9] Jackson MPA, and Talbot CJ. Salt Canopies. Tenth Annual Research Conferene, Gulf Coast 

Section, Society of Economic Paleontologists and Minerologists Foundation. Programs and Ab-

stracts, 1989;72-78. 
[10] Hudec MR, and Jackson MPA. 2007. Terra infirma: Understanding salt tectonics. Earth Sci-

ence reviews, 2007; 8 (1-2): 1-28. 

[11] www.rpsgroup.com/Angola.aspx  

 

 
To whom correspondence should be addressed: Dr. Okwudiri. A. Anyiam, Department of Geology, University of Nige-

ria, e-mail: okwudiri.anyiam@unn.edu.ng 
 

 

338

http://www.rpsgroup.com/Angola.aspx
mailto:okwudiri.anyiam@unn.edu.ng


Petroleum and Coal 
 

                         Pet Coal (2019); 61(2): 339-350 
ISSN 1337-7027 an open access journal 

Article                                                                Open Access 
 

 

DISTINCT METHODOLOGIES TO ASSESS THE CONDITIONS OF PETROLEUM 

RESERVOIRS WITH RESPECT TO ONSET OF SAND PRODUCTION 
 

Mohammad M. Ghiasi1*, Mohammad F. Ghasemi2, Vahid Heidaripour3, Amir H. Moham-
madi1* 
 
1 Discipline of Chemical Engineering, School of Engineering, University of KwaZulu-Natal, Howard 

College Campus, South Africa 
2 Schmidt Institute of Physics of the Earth, Russian Academy of Sciences, Bolshaya Gruzinskaya, 10-1 

Moscow 123242, Russia   

3 Department of Computer Science, Kharazmi University, Tehran, Iran 

 
Received December 27, 2018; Accepted February 18, 2019 

 

 

Abstract 

Handling such problem as sanding in the petroleum industry leads to safe and more economic access 
to the required energy for development. With the objective of making strategy in order to deal with 
sanding the results of assessing the conditions at which sand production takes place in petroleum 
reservoirs have been reported in this communication. In this work, CART-Decision Tree, Random Forest 

and Extremely Randomized Tree (Extra Tree) have been employed to conduct the classification for the 
first time. The dominating variables in sanding including total vertical depth, transmit time, cohesive 

strength of the formation, water and gas flow rates, bottom hole flowing pressure, drawdown pressure, 
effective overburden stress, shut per foot, and perforation interval have been introduced into the 
employed approaches for obtaining the best models. The modeling process was performed on the basis 
of the gathered field data from the literature. All the developed models classify the sanding conditions 
with 100% accuracy. The performance of the presented models proves their capability in determining 
the possible sand production in a real petroleum field. Hence, the presented methodologies will pave 
the way for effective sand control plan. 

Keywords: Sand production; classification; modeling; reservoir; decision tree. 
 

1. Introduction  

1.1. Energy security and Sand production phenomenon 

In view of growth in population and advancement in standards of living as well, the energy 

consumption is increased. According to the U.S. Information Administration (EIA) [1], the in-

crease in the world energy consumption is fully expected to happen for the upcoming decades. 

Hence, a lot of importance is attached to energy security and conservations.   

The growth in the world economy can be attributed to the advances in technologies since 

the 1750s. It is clear that development of new technologies/ methodologies, leading to effi-

cient utilization of energy resources, is crucial for sustainable development. Nowadays, large 

share of energy demand of the world is provided by petroleum fluids. Indeed, fossil fuels, 

especially crude oil and natural gas, play a significant role in supplying the energy demand [2]. 

Hence, solving/ handling the petroleum production, processing, and transportation problems 

provides safe and more economic access to the required energy for development.  

The sand production is a costly phenomenon that brings substantial damages and problems 

to the petroleum industry. In the petroleum industry, sand production is known to be the 

coexistence of solid particles with the produced reservoir fluid. It is believed that about 70% 

of the hydrocarbons exist in oil and gas reserves are in not well-consolidated reservoirs [3-4]. 

Because of initiation of drilling and starting hydrocarbon production from a well, leading to 
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redistributing the pore pressure and stresses around the production cavity, the hydro-me-

chanical equilibrium of the sandstone formation is disrupted. Consequently, the sand particles 

travel from the reservoir into the production well [5-7]. Based on the field observations, the 

sand volumetric concentration in systems of oil pipe ranges between 1% and 40% [8-9]. 

Various problems are associated with the sand production. Further to the damages of sand-

ing on production facilities, this phenomenon is responsible for the instability of the wellbore 

and production cavities [10-12]. As a result, production losses increase. Additional costs may 

also be imposed owing to depositional of waste sand [3,13]. This can be the reason for the 

increase in costs of maintenance and operation. Equipment erosion indicates another problem 

caused by sanding [14]. It should be noted that the limited sand production might noticeably 

increase the productivity of the well in conventional reservoirs [11]. In view of the aforemen-

tioned facts, implementation of strategies for sand control and management is highly crucial. 

To achieve this, the potential of the defined reservoir to sand production is extremely benefi-

cial. 

1.2. Literature review  

Great efforts have been made in the study of sand production by many researchers. Since 

the sand arches have been observed in the field around each hole in the casing of well, several 

researchers employed the phenomenon of sand arching for identifying the possibility of pro-

duction of sand [15-17]. In 2001, the sand arches behavior, stability, and morphology were 

evaluated by Bianco and Halleck [3]. In 1989, Morita et al. [18] studied the effects of different 

variables using an analytical approach. Based on the reported results, stress and pressure 

distribution of wellbore around well, drag forces induced by fluid flow, formation rock strength, 

perforation geometry and shot density, and history of cyclic loading are the main parameters that 

affect sanding. In 1991, analyses of five common sand problems in the field were provided by 

Morita and Boyd [19]. More works on the subject of sand production is reviewed by Ranjith et al. [7]. 

In 2014, the permeability evolution law within process of sand production of weak sand-

stone was investigated by Nie et al. [20]. In another work, a coupled numerical approach was 

presented on the basis of Lattice Boltzmann Method and Discrete Element Method by Ghassemi 

and Pak [21]. The proposed model was then employed for simulating the sand production. More 

recently, Jiang et al. [22] studied the ureolytic activities of purified urease enzyme and Bacillus 

megaterium in both oxic and anoxic conditions for their promising use in control of subsea 

floor production. 

Several models including numerical, empirical, and theoretical are available in the literature 

for sand prediction [5,17,23-24]. In 2000, Doan et al. [25] presented a numerical model for sand 

gravitational deposition in a horizontal well in heavy oil reservoirs. Similar to other fields of 

petroleum and natural gas engineering, the algorithms developed based on the artificial intel-

ligence (AI) have been employed in investigating the sand production. In 1999, a neural-

based method was proposed by Kanj and Abousleiman [26] for estimating the sanding onset 

for Northern Adriatic Basin gas wells. Further to the above, Azad et al. [27] presented another 

neural network model for predicting the critical bottom hole flowing pressure inhibiting sand-

ing. Recently, Khamehchi et al. [28] presented two models including back-propagation neural 

network and particle swarm optimization neural network to estimate the critical total draw-

down as an indicator of sanding in gas and oil wells. 

2. Objective of the study  

In 2016, Gharagheizi et al. [29] developed a model based on the least square version of 

support vector machine (LS-SVM) classification method for predicting the sand production 

onset in reservoirs. It was shown that the LS-SVM classification approach can successfully be 

employed for prediction of conditions under which sand production occurs. To the best of our 

knowledge, there is no other published work in this area.   

The high performance of the SVM methodology in classification problems has been ap-

proved [30]. However, direct understanding of the rules obtained by SVM approach is hard. 
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Furthermore, they are costly in computation [31]. In view of this, the aim of this study was 

applying CART-decision trees, Random Forest, and Extra Trees for the application of interest 

and exploring their performances in classification. Decision trees present several benefits. For 

example, the background is easy to understand and interpret; they are convertible to set of 

if-then rules, and there is no need to know about the nature of the data [32]. 

In this work, three classification methods including CART-Decision Tree, Random Forest 

and Extremely Randomized Trees (Extra Trees) are utilized to identify the sanding conditions. 

These algorithms are used for the first time for the application of interest.  

The used data in this study for classification include a databank of 31 wells of Northern 

Adriatic Basin [14]. Amongst the investigated wells, 23 wells are reported as problematic wells 

with respect to the production of sand; the other wells are considered to be sand free [14]. 

According to the work of Moricca et al. [14] the following parameters are main variables that 

affect the production of sand: effective overburden stress (EOVS), bottom hole flowing pres-

sure (BHFP), total vertical depth (TVD), transmit time (TT), drawdown pressure (DD), cohesive 

strength of the formation (COH), shut per foot (SPF), water and gas flow rates (Qw & Qg ), 

perforation interval (Hperf). Before introducing the collected data points into the aforemen-

tioned classification algorithms, the data points were tested for incomplete data. Conse-

quently, two sets of gathered databank were removed. Table 1 gives the finalized data points 

used for the modeling process. In the last column of Table 1, entitled field data, 1 means sand 

production is observed and 0 means sand production is not observed.  

To achieve the goal, the rest of the work is pursued as follows: first, the background of 

Decision Tree, Random Forest and Extremely Randomized Trees (Extra Trees) are introduced. 

Second, the development of models for predicting the possibility of the sand production is 

presented. Finally, the developed models and their results are investigated and discussed. 

3. Theory  

3.1. Decision tree   

As one of the most well-known algorithms for classification, decision trees can be utilized 

for extraction of classification rules from the data [33]. Decision trees have highly flexible hypothe-

sis space and their theory is easy to understand. Commonly, the obtained results by decision 

trees are comparable or higher than the outputs of the available methods of classification [34]. 

In the development of decision trees, there is no need to tune a large number of variables [35]. 

Decision trees are categorized as non-parametric methods of supervised learning that em-

ploy the strategy of divide and conquer. There is no need of assumptions regarding the distri-

butions of the input data. A decision tree is consisting of a root node, internal nodes and 

terminal (leaf) nodes. Classification in decision tree starts at the root node and each non-leaf 

node (non-terminal node) asks a question about some features and has N children, where N 

is the number of possible answers. According to the answer, this process continues to the sub-

tree of one child, while a leaf node is met. 

For example, if in a decision tree all features have binary values (in other words all question 

have “yes“ or “no” answer) the algorithm of prediction is like this: 

Algorithm DecisionTreePredict(tree, test point) 

if tree is of the form Leaf(guess) then 

    return guess 

else if tree is of the form Node(f, left, right) then 

    if f = yes in test point then 

        return DecisionTreePredict(left, test point) 

    else 

        return DecisionTreePredict(right, test point) 

    end if 

end if 
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Table 1 Gathered field data for investigating the sand production from petroleum reservoir 

No. TVD TT COH Qg Qw BHFP DD EOVS SPF Hperf Field 
ob-

served 

1 319 105 22 42.3 5672 133.2 27.8 651 4 14 1 
2 3182 105 21.9 51.2 68 140.4 16.6 642 4 16 1 
3 3366 100 24.7 66.9 157 156.2 18.9 601 4 6 1 

4 3647 100 29.6 80.6 85 153.8 57.8 670 8 20 1 
5 4548 85 53.2 48 886 209.1 58.9 823 4 18 1 
6 4088 85 39.5 72.7 116 147 44 781 2 17 1 
7 2100 115 10.8 28.5 724 160.1 8.9 300 4 15.5 1 
8 1930 132 9.7 27.5 695 175.5 11.2 245 4 11.5 1 

9 2139 112 11.1 36.8 280 185.5 6.1 283 4 10.5 1 
10 2380 110 13 23 42 113 47.4 413 6 11 1 

11 1122 150 5.7 108 0 107 8 115 12 10.5 1 
12 1340 130 6.6 51 52 126.6 14.4 140 12 6.5 1 
13 1070 170 5.5 82 70 103.8 0.7 111 4 9 1 
14 1920 130 9.6 111 0 248 82 153 4 9 1 
15 2530 100 14.3 58 68 302.2 97.8 242 4 4.5 1 
16 1640 145 8 94 1260 189 46.8 150 12 10 1 
17 2130 120 11 86 112 268.3 31.7 179 4 3.5 1 

18 3655 100 19.8 69.8 1780 287.6 9.1 553 4 21 1 
19 3668 100 30 75.8 150 272.3 9.2 571 4 21 1 
20 1503 125 7.3 139.5 35 152.3 2.2 177 4 11.5 1 
21 3170 100 21.7 48 2823 222.1 6.4 485 4 16 1 

22 3197 95 22.1 73 273 184.6 48.6 535 2 12 0 
23 3230 105 22.6 117 68 210 10 517 27 4 0 

24 3684 95 30.3 108.7 36 266.6 59.7 581 1 12 0 
25 3005 93 19.5 55 91 67 1 615 33 4 0 
26 3790 85 32.5 93.4 77 217.2 124.4 654 8.5 12 0 
27 2750 98 16.5 125.8 75 251.8 3 372 8.5 4 0 
28 2983 98 19.2 48 28 102 6.1 581 12 4 0 
29 3175 100 21.8 30.3 1.698 216.1 17.1 492 20 4 0 

The traditional decision trees can be classified into several methodologies as follows: 

• Decision trees: such algorithms as Iterative Dichotomiser 3 (ID3) [33] and C4.5 [36] are the 

examples. ID3 creates a multi-way tree, finding for each node (i.e. in a greedy manner) 

the categorical feature that will yield the largest information gain for categorical targets. 

Trees are grown to their maximum size and then a pruning step is usually applied to im-

prove the ability of the tree to generalize to unseen data. C4.5 is very similar to ID3 but 

features do not need to be categorical. It dynamically defines discrete intervals of continues 

values to achieve this. C4.5 converts the trained trees into sets of rules in the format of if-

then. This accuracy of each rule is then evaluated to determine the order in which they 

should be applied. Pruning is done by removing a rule’s precondition if the accuracy of the 

rule improves without it [36].  

•  Fuzzy decision trees: like fuzzy ID3. This algorithm is on the basis of a fuzzy implementa-

tion of the aforesaid ID3 method [37-38]. 

• Oblique decision trees: Classification and Regression Trees (CART) [39] is an example of 

oblique decision trees. It is similar to C4.5. CART uses a generalization of the binomial 

variance called the Gini index while C4.5 uses entropy for its impurity function. CART con-

structs binary trees using the feature and threshold for continue data. 

CART algorithm selects the most important and significant parameters and eliminates non-

significant parameters and is impervious to transformations that means if some parameters 

change to their logarithm or square root the structure of tree will not change.  CART isolates 

the outliers in a separate node and finally it can easily handle noisy data. With this advantages 

and scalable complexity and also ease of implementation, CART method seems a reasonable 
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to choose. Hence, in this work, among various algorithms for decision tree, the CART method 

was employed for the application of interest. 

3.2. Ensemble methodologies 

Ensemble methods of classification use multiple different classifiers and aggregate their 

result by voting instead of using a single classifier. The main principle behind ensemble meth-

ods is that a set of weak classifiers can form a strong classifier if they come together in a right 

way. Every error is possible to make by a minority of classifiers and aggregate theme can 

achieve the optimal classification. Random Forest and Extra trees (Extremely Randomized 

Trees) are both ensemble methods that are used in this work. The following sections introduce 

these types of ensemble approaches. 

3.2.1. Random forest  

Random Forest is an ensemble of trees grown using some form of randomization and have 

a structure like the decision tree. In test and prediction phase, an instance is classified by 

sending it down every tree and aggregating the results.  

In growing trees, training data are divided into some random subsets and each tree is 

grown using a different subset. Also, randomness can be injected in the selection of features 

at each node to determine the split. A well-known procedure namely Forest-RC is introduced 

for growing random forest [40]. There is also other algorithms for this purpose in the literature 
[39,41]. In Forest-RC, the split at each node is based on linear combinations of features rather 

than one single feature. This allows dealing with cases with only a few inputs supplied and a 

small set of train data, which is our main motivation to use it. And another advantage is that 

a Random forest does not over-fit [42] and we can run as many trees as we want. 

General training procedure of L trees is as follows: 

1. N Sample cases at random with replacement to create a subset of the data. The subset 

size is 2/3 of all samples. 

2. At each node: 

• m predictor variables are selected at random from all the predictor variables. 

• The predictor variable that provides the best split, according to some objective function, 

is used to do a binary split on that node. 

Different m values result in different systems for Random forest: m << number of predictor 

variables. More details about the theoretical background of random forest classifiers are doc-

umented elsewhere [42].  

3.2.2. Extra trees 

In 2006, Geurts et al. [43] introduced the extremely randomized trees. This method is sim-

ilar to the random forests algorithm in the sense that it is based on selecting at each node a 

random subset of K features to decide on the split and trees are built using complete samples 

without partitioning [44]. In other words, the same input training set is used to train all trees. 

In fact, the difference between random forest and an extra tree is where the randomness 

injected.  

In this method, each tree grows as follows: 

• At each node K of random splits including random choice of variable xi, and random choice 

of threshold t, will be selected and kept among these the one which maximizes the score 

to grow a tree. More details of score measure are available elsewhere [45].  

• Growing of trees continues until all subsamples at all leaves are pure in terms of outputs 

or there are less than nmin learning samples in them. 

• When a tree is grown, each leaf Lj is labeled with a prediction y ̂_j defined as the local 

sample average of the output variable, given by (|Lj| is the number of learning cases that 

reach leaf Lj). 
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Extra Tree also handles the probable outlier effect on the models induced and its computa-

tional complexity is N log N; where N is the size of training data set. There is a more formal 

description of the algorithm and a detailed discussion of its main features in the literature [43]. 

4. Development of models  

Every time we used decision tree in this work, training was done with CART algorithm 

described above. Here is CART pseudo-code for GUIDE classification tree construction [39]: 

1. Start at the root node. 

2. For each ordered variable X, convert it to an unordered variable X by grouping its values 

in the node into a small number of intervals. If X is unordered, set X = X. 

3. Perform a chi-squared test of independence of each X variable versus Y on the data in the 

node and compute its significance probability. 

4. Choose the variable X∗ associated with the X that has the smallest significance probabil-

ity. 

5. Find the split set {X∗ ∈ S∗} that minimizes the sum of Gini indices and uses it to split the 

node into two child nodes. 

6. If a stopping criterion is reached, exit. Otherwise, apply steps 2–5 to each child node. 

7. Prune the tree with the CART method.  

In Ensemble making, injection of randomness is in the classifier construction and the predic-

tion of the ensemble is given as the averaged prediction of the individual classifiers. This 

is applied for both Random Forest and Extra Tree classifiers.  

For developing the models including CART-decision tree, random forest, and extra tree 

models, the gathered databank was randomly separated into two sub data sets: training da-

taset (about 80%) and test dataset (about 20%). The allocated data points for training were 

employed in the development process. On the other hands, the assigned data points for the 

test were used for evaluation of the capability of the constructed model in predicting the 

unseen data. 

5. Results and discussion 

 

Figure 1. The presented CART model for assessing 
the conditions of petroleum reservoirs with respect 

to onset of sand production 

As mentioned earlier, 23 data points were 

used for training and 6 data points were em-

ployed as test examples. The obtained 

model for investigating the sand production 

status employing CART classifier is shown in 

Figure 1. Based on the obtained results, the 

presented CART model reproduces all 23 

training samples and 6 test examples same 

as corresponding field data points. Hence, 

the accuracy of the proposed CART algo-

rithm is 100%. 

The procedure of obtaining the output 

through the proposed CART model is illus-

trated using two examples as follows: for 

the first example, consider the case 22 from 

Table 1. 

According to Figure 1, we start with the root; the SPF of the selected data point is less than 

7.25, and this is true. Hence, we go to the left subtree. The SPF is again the criteria in the 

second stage; SPF of the data is equal to 2 and is less than 3.0 and again this is true. So we 
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go to the left leaf and the class is No. this means there is no sand production. With accordance 

to the real data, the result is correct. 

For the second example, the case 1 from Table 1 is chosen. Start with the root node, the 

SPF for this case is 4; compare it with the root node, and, in this case, it is less than 7.25. 

Hence, we go to the left subtree. Again, compare SPF with SPF in this node and is bigger than 

3.0; and we go to the right leaf and the class is Yes, i.e. the sand production is observed. 

According to the real data the predicted result is correct. 

As can be seen from Figure 1, among the main parameters including EOVS, BHFP, TVD, TT, 

DD, COH, SPF, Qw, Qg, and Hperf only SPF and TVD are considered in the CART model. Indeed, 

the built CART model is able to forecast the conditions at which sand production is occurred 

by introducing these two parameters. It may be concluded that these two parameters are the 

most important variables for investigation of the sand production using CART algorithm. 

 

Figure 2. The presented Extra Tree model for as-
sessing the conditions of petroleum reservoirs with re-

spect to onset of sand production 

The constructed Extra Tree model for 

studying the sand production is shown in 

Figure 2. The proposed Extra Tree model 

provides the accuracy of 100% for both 

training and test subdata. As aforesaid 

before, this type of classifier has ex-

tremely randomized behavior. As a re-

sult, multiple runs can generate various 

structures. Similar to the previous 

model, the procedure of the developed 

Extra Tree model is clarified using two 

examples. For the first case, the first 

data row from Table 1 is selected. The 

root says that if COH is less than 

32.4721, then go to the left subtree; the 

COH in the first row is 22. Consequently, 

we are in the left subtree. This stage 

says if EOVS is less than 351.2867, then 

go to the left, else go to the right; EOVS 

is 651. So, we go to the right subtree. In 

this level, the Hperf must be considered. 

Hperf is 14 and is greater than 7.2565; 

hence, the next node is the root of the 

right subtree. DD is 27.8 and is less than 

42.4342 and we go to the left subtree. 

Finally, the last leaf is reached and it 

says that the class is Yes. 

As another sample, from Table 1, we chose a case in row 29. COH is 21.8 and is less than 

32.4721; so, we go to the left subtree and EOVS is 492 which is greater than 351.2867. 

Hence, we go to the right subtree; considering the Hperf, we must go to the left subtree. In 

this stage, we compare the value of TVD; TVD is 3175 and is less than 3251.3787 and is true; 

and again we go to the left leaf. Based on the model, the class is No. 

As it depicted in Figure 1, the presented Extra Tree model considers more parameters as 

compared to the built CART model. Indeed, in the case of sand production from petroleum 

reservoirs, decision making via the developed Extra Tree needs the values of EOVS, TVD, DD, 

COH, Qg , and Hperf. 
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The third algorithm for studying the sand production is based on Random Forest. The de-

veloped Random Forest model consists of 10 weak classifiers. The forest aggregates their 

votes to predict the final result. All trees of the proposed forest are shown in Figure 3. 

 
(a) 

 

 
(b) 

 
(c) 

Figure 3. The trees of the presented Random Forest model for assessing the conditions of petro-
leum reservoirs with respect to onset of sand production (a-c) 

 

For showing the procedure of using the developed Random Forest algorithm, Figure 3 and 

data in row 8 from Table 1 were employed. The root of Figure 3a says that compare TVD; and 

the TVD number in this case is 1930 and is less than 2681.5. Hence, we go to left and class 

is Yes. Based on the next tree of the presented Random Forest model, shown in Figure 3b, if 

Qw is less than or equal to 120.5, the left is selected.  In the data, Qw is 724 and is greater 

than 120.5; this means that the right leaf must be selected. Finally, the class is Yes. Pursuing 

the procedure, the class obtained by remaining trees of the proposed Random Forest model, 

shown in Figure 3c to 3j, is Yes. As explained, all the trees in the model present the class of 

Yes. Hence, the final result of the built Random Forest model for the selected data shows that 

the sand production is observed.  

Demonstrated in this section, all the presented models in this work including CART, Extra 

Tree, and Random Forest models are capable to predict the right conditions for sand produc-

tion phenomenon. However, in view of the fact that the available databank for modeling pur-

pose is not extensive and the number of test samples are not adequately enough, the pre-

sented models may have low generalization capability on the new and unseen data points.  

346



Petroleum and Coal 

                         Pet Coal (2019); 61(2): 339-350 
ISSN 1337-7027 an open access journal 

 
 

(d) 

 
(e) 

 
(f) 

 
 

(g) 

Figure 3. The trees of the presented Random Forest model for assessing the conditions of petro-
leum reservoirs with respect to onset of sand production (d-g) 

Further to the above, since the CART classifier considers only two parameters, it may have 

the minimum generalization ability amongst the presented models. It should also be noted 

that introducing a databank with more reliable data points to the aforementioned algorithms 

may result in obtaining different structures for the models.  
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Figure 3 The trees of the presented Random For-
est model for assessing the conditions of petro-

leum reservoirs with respect to onset of sand pro-
duction (h-j) 

From a computational complexity point of view, the CART classifier is the simplest model 

and the Random forest algorithm is the most complex model. However, in view of the fact 

that the Random Forest approach is not been over fitted, as explained before, it is suggested 

to use this model for the application of interest. For predicting the sanding through the pro-

posed Random Forest model, all the investigated parameters are required. 

6. Conclusion 

Presented in this communication, CART-Decision Tree, Extra Tree, and Random Forest al-

gorithms were utilized for developing models capable to determine the possible sand produc-

tion in a real petroleum field. To achieve this goal, the models were developed employing a 

total number of 23 field data points. The performance of the constructed models in classifying 

the unseen data was evaluated using 6 field data.  

Based on the obtained results, all the proposed models have excellent classification power 

in identifying the petroleum reservoir conditions with respect to sanding. Indeed, the built 

models provide 100% accuracy for the application of interest. It should be noted that more 
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robust models can be developed if more reliable data points are available. The proposed meth-

odologies in this study can be implemented for facilitating the strategies for sand control plan. 

However, as it described in the previous section of the work, it is recommended to employ the 

Random Forest algorithm for investigating the sand production in petroleum reservoirs. 

The proposed techniques in this work can play a vital role in the investigation of sand 

production in various oil and natural gas industrial applications. Indeed, utilizing the presented 

algorithms will pave the way for sand-control decision making. Consequently, secure energy 

production can be achieved.  
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Abstract 

One of the most important problems is the production of asphaltene sedimentation is in oil reservoirs. 
Enclosure in the porous environment of the oil field, well heads and processing plants is a serious 
problem in the production of asphaltene oil. The complex composition of deposited materials is 
proportional to the type of crude oil composition, well depth, formation temperature, and pressure 
drop and production process. These factors will disrupt the chemical equilibrium in the reservoir and 

result in the formation of asphaltene sedimentation. The main purpose of this study is to investigate 
the causes of asphaltene sedimentation in the Bangestan reservoir of Kupal oil field. The results showed 
that despite the existence of a single source rock for productive reservoir layers, the oil wells of the 
reservoir of Bangestan lacked the peripheral and perpendicular continuity of the reservoir during the 

reservoir, and were based on independent production areas. The values of asphaltene colloidal 
instability index (CII) (0.93-1.26) indicated that this oil field is prone to precipitation of asphaltene. 
The study of our data in the Bangestan reservoir showed that temperature has no direct or indirect 

effect on sedimentation. The evaluation of pressure – time diagram showed that when the production 
increased, the reservoir pressure decreased and the asphaltene sedimentation was formed. Finally, it 
can be prevented from the formation of asphalt precipitation by the principled production of the 
reservoir. 

Keywords: Kupal oil field; Bangestan reservoir; Asphaltene Precipitation; SARA test. 
 

1. Introduction  

One of the most important problems in the production of oil reservoirs is the formation of 

asphaltene sedimentation [1]. Reducing the permeability of the rocky reservoir, the formation 

of sedimentation in the well and reducing the recovery of petroleum products are among the 

major problems encountered by asphalting reservoirs. One of the most important factors af-

fecting the sedimentation of asphaltene in oil reservoirs is the change of pressure and injection 

of solvent [2]. Asphaltene is generally heavy compounds found in crude oil. According to la-

boratory studies, part of the asphaltic compounds is thought to be solved and partly different 

in the form of colloids in oil. The sedimentation of asphaltene in reservoirs depends on changes 

in pressure, temperature, and composition of the oil. These factors will disrupt the chemical 

equilibrium of the reservoir and result in the formation of asphaltene sedimentation [3]. 

Asphaltene is either soluble in oil or as a colloidal suspension, which is found in oil that is 

absorbed by resins on their surface in a state of equilibrium [4]. Asphaltenic is a cut of an oil 

or other carbon-based material that is soluble in paraffinic solvents with a low boiling point 

(such as normal heptane) and in benzene. 

The disparity in the components of the oil components due to environmental and opera-

tional factors will cause many problems and issues [5-6]. The most important consequences of 

this type of instability in the system of equilibrium of oil compounds are the formation, growth, 

and sedimentation of heavy organic compounds. The most important of these sedimentations 

are the problems associated with sedimentation of asphaltene components [7]. 
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In the primary and secondary phases of oil production, due to changes in the thermody-

namic conditions of hydrocarbon fluids, such as the change in the composition of oil, temper-

ature and fluid pressure, the stability equilibrium of the thermodynamics of organic asphaltene 

is disrupted and asphaltene sedimentations are formed by various mechanisms and due to 

moving through porous medium of the formation, enclosures are created in the wells as well 

as in oil transportation and processing facilities [8]. 

The sedimentation of asphaltene causes a lot of problems in the recovery, transfer and 

refining of oil. For example, sedimentation of asphaltene on the porous surfaces of the reser-

voir rock causes changes in oil reservoir wettability. Also, this process during the exploitation 

of well will stop production [9]. Due to the fact that the financial damage caused by this phe-

nomenon is significant, how to produce from such wells has become an important place. 

Reservoir quantities, oil composition, resin and asphaltene concentrations in oil, pressure, 

temperature and flow characteristics will be effective in the formation of asphaltene sediment 

in the reservoir [8,10]. 

In Iran, many reservoirs have the problem of depositing heavy compounds such as asphal-

tene. For example, the formations of the Bangestan group which include oil fields of Ahwaz, 

Marun, Ramshir, Rag-e-Safid, Aghajari, and Gachsaran. Asphaltene sedimentation in oil res-

ervoirs reduces the permeability and changes the reservoir wettability and, finally, reduces 

the production of oil, which has become a major problem in the production from Bangestan 

reservoirs (Illam and Sarvak). To study the sedimentation behavior of asphaltene in a different 

light and heavy oils as well as to predict the best method of preventing or remedy this problem, 

a research study was conducted. Asphaltene is precipitated by increasing the viscosity of the 

fluid, changing the properties of the cement and the blocking pores and flow paths causes 

damages to the reservoir. 

2. Geological properties of Bangestan reservoir of Kupal oil field  

 

Figure 1. Location of the Kupal oil field and the 
wells selected for sampling 

The data from the study of wells drilled in 

the Bangestan reservoir of Kupal oil field 

(Fig.1) indicated that the reservoir is less 

productive than those in the vicinity of Ah-

waz, due to factors such as salt production, 

low porosity, and high saturation. The Bang-

estan group varies in a sedimentary environ-

ment in the northwest in the Lurestan region 

to the continental shelf in the south-east of 

Fars. In these areas, more than 800 meters 

of shallow neritic limestone, along with fluc-

tuations in the margin of sedimentation, is 

also reported. Limestone of Kupal oil field 

has a special distribution. In the northwest, 

it is found in shallow, intertidal and enclosed 

seas, and in the south-east, limestone of free 

seas are observed. 

The Bangestan reservoir in the Kupal oil-

field [11], like the Asmari reservoir, is an an-

ticline sinus whose length is 32 km and its 

width is 4.5 km. The geophysical information 

of the Bangestan reservoir in Kupal oil field showed the presence of a thrust fault in the south-

eastern part of the field, suggesting that if the intersection of such a fault was associated with 

a normal fault, it could lead to the formation of a fracture system with abundant production. 

Based on studies, the Bangestan reservoir of this oilfield is divided into nine zones that con-

sisted of four reservoir zones, of which porous carbonates were separated by the denser 
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carbonate layers [12]. The most amount of in place oil of this field is located in the highest part 

of the Sarvak formation, which is the main productive zone of this field. The aforementioned 

zone is bounded by two discontinuity planes of early Cenomanian - late Turonian at the base 

and a nonconformity plane of the early Turonian-late Santonian from the top. 

3. Zones susceptible to precipitation of asphaltene 

Asphaltene is deposited in oil wells due to changes in well pressure or changes in other 

reservoir quantities, including temperature and composition crude oil. Some wells are at the 

beginning of the asphaltene sedimentation problem, but in the later phases of production, this 

problem will arise. Therefore, for this study, the zones susceptible to precipitation of asphal-

tene in the reservoir should first be identified. 

Increasing the amount of asphaltene sedimentation is due to reduced solvent solubility and 

its ability to maintain the suspension of asphaltene-resin clusters. To determine the zones 

susceptible to sedimentation of asphaltene, a 7 number of samples of crude oil wells were 

selected. Subsequent samples were then analyzed by column chromatography and, for each 

individual sample, the saturated, aromatic, resin and asphaltene portion (SARA) are specified 

for samples and zones susceptible to asphaltene sedimentation were identified (Tab.1). The 

Colloidal Instability Index (CII) of asphaltene can be measured using SARA Laboratories 

(Tab.2). 

Table 1. Geochemical data and gross chemical composition of oils 

Sample No. Well No. Saturated Asphaltene Resin 
(N.S.0) 

Aromatic 

1 4 45.5 1.8 14.9 27.2 

2 26 37 1.6 14.6 26.7 
3 71 38.2 2.2 13.2 29.3 
4 23 46.6 2.3 14.7 36.3 

5 44 54.9 0.9 15.1 29.1 
6 32 49.7 1.2 12.2 36.9 
7 8 46.5 1.9 11.8 29.3 

Table 2. CII data of Bangestan reservoir oils in Kupal oilfield 

7 6 5 4 3 2 1 Sample No. 

1.17 1.03 1.26 0.95 0.95 0.93 1.12 CII 

 

This index is known and calculated as the ratio of total amounts of saturated and asphaltene 

to the sum of aromatics and resins. If the CII value is less than 0.7, asphaltenic oil is stable 

in the formation of heavy sediments, while asphaltenic oil is unstable for values of 0.9-0.7 and 

is released under the conditions of the oil system. For asymmetric values of more than 0.9, 

the asphaltenic oil will be completely unstable. On the basis of this, it was observed that the 

indices of colloidal instability in hydrocarbon fluids were more than 0.7. Therefore, the desired 

oils are instable due to the formation of asphaltene sediment (Fig. 2). 

Also, in order to determine the asphaltene stability in the reservoir, the ratio of the Satu-

rated/Aromatic components to the ratio of Asphaltene/Resin was used. According to this, most 

of the oil samples from the Bangestan reservoir are located in the instable zone (instable zone 

of Middle East). This illustration clearly shows that one of the main factors of asphaltene sed-

imentation in these wells is the low content of resin and aromatic components in oil (Fig. 3). 

Study of the ratio of CII and resin ratio to asphaltene that wells are instable, so that the CII 

values change from 0.7 to 0.9 are high. An examination of the quantities considered in the 

Bangestan reservoir of Kupal oil field indicated that all of them were susceptible to sedimen-

tation of asphaltene, but this phenomenon was observed in wells studied. 
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Figure 2: Study of the CII index in reservoir 
samples indicates that samples are placed in a 

stable range [13]. 

Figure 3. Changes in the Saturation/Aromatics ra-
tio versus Asphaltene/Resin ratio in the samples 

of oil in the Bangestan oil reservoir show that all 

of the impurities are in a stable range [13] 

4. Variation in oil composition  

The methods used in the geochemistry for determination of oil properties, determination of 

the distribution of hydrocarbon and the presence of various compounds, including normal al-

kaline and isoprenoids such as pristane (Pr) and phytane (Ph), are used for gas chromatog-

raphy (Tab.3). Using the data derived from this method, one can determine the type of organic 

facies, the type of kerosene, the type of sedimentation environment, thermal maturation and 

the effect of biodegradation and leaching on samples [14]. 

Evidence such as the single modal pattern of gas chromatograms in samples, the normal 

frequency of light alkanes (nC12-nC20), the values of the Carbon Preference Index (CPI) near 

one, and the low ratios of normal alkanes to isoprenoids imply that the studied oils have the 

same origin rock and belongs to the environment with organic material of algae type [15]. The 

results of the gas chromatography analysis of the samples showed a spectrum of carbon C11 

to C36 and also showed that light hydrocarbons have a high frequency of C9 to C26 and hydro-

carbons heavier than C20 have a low frequency (Fig. 4). 

Table 3. Isotopic and Pr/Ph data of Bangestan reservoir oils in Kupal oilfield 

26 44 71 23 32 8 4 Sample No. 

0.86 0.94 0.9 0.77 0.88 0.91 0.84 Pr/Ph 

-25.5 -25.6 -25.5 -25.5 -.25.6 -25.4 -25.6 δ13C 

 

 

Figure 4. Chromatogram obtained from gas chromatography analysis of saturated samples of oils from 

Bangestan reservoir in Kupal oil field 

A star diagram is used to indicate the ratio of the odd to even normal alkanes [16]. Using 

this figure, it was determined that the values of the normal ratio of alkanes with very clear 

overlapping represent the origin of the rock that they derive from [17-18](Fig. 5). 
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Figure 5. Star diagram was drawn to determine the 
same origin for samples of oil from the Bangestan res-

ervoir via the results of gas chromatography 

Using the pristane/phytane ratio 

(Pr/Ph) for a sample of studied oils, this 

ratio was found to be less than one (at 

least 0.77 and a maximum of 0.94) in 

all samples. This could indicate the sed-

imentary rocks of the origin of the 

Bangestan oil in a reduction environ-

ment. Of course, this result should be 

compared with other quantities [19]. 

With a high frequency of quantities 

of light normal alkanes, high molecular 

levels of oil, as well as any other alter-

ation process, such as leaching and bi-

odegradation, were established. The 

Pr/Ph ratio is calculated for reservoir oil 

(less than 2), which can be used to 

indicate the formation of crude oil from an organic-rich marine-reduction carbonate rock. 

The diagram of carbon isotope values variation 𝛿13𝐶 by Pr/Ph ratio can be used in order to 

determine the age and lithology of origin rock of oil in rethe servoir of Bangestan oilfield) 

(Chung, 1992). Based on this diagram, it was discovered that high crude oil was produced 

from Mesozoic Age carbonate origin rock (Fig. 6). 

 

Figure 6. Changes of carbon-13 isotope of crude oil (δ13C) relative to Pr/Ph ratio to determine the age 

and lithology of the origin rock in sampled oils from Bangestan reservoir of Kupal oilfield (adapted from [20]) 

5. Effect of pressure  

One of the most important factors in the formation of asphaltene sediment is reservoir oil 

pressure variation. Changing pressure is usually accompanied by a change in temperature. 

These changes cause physical and chemical instability and eventually the formation of asphal-

tene in crude oil. The change in pressure alone can also cause sedimentation of asphaltene [21]. 

By decreasing the pressure to reach the bubble point, the crude oil solubility decreases, which 

is due to the loss of crude oil density. In order to investigate the pressure variations in the 

formation, data from the repeated layer tests and hydrostatic pressure of the well was used. 

Abnormal pressure is defined as changes in formation fluid pressure gradient relative to 

the hydrostatic pressure gradient. This pressure is caused by the presence of one or a number 

of impermeable layers that interfere with layers fluid [22]. Interpretation of pressure in a mul-

tilayered reservoir is made to examine the lateral and perpendicular continuity and estimate 

the gradient of the pressure [23]. 

Time is an important factor in controlling changes in the pressure of oil reservoirs [24], so that 

if the pressure decreases or increases in a few million years, the fluids will have more time to 
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disperse and the pressure is slightly offset from the equilibrium state and vice versa, if pressure 

is increased in less time, fluids of different pressure can be generated [25]. This causes the 

pressure to be offset from equilibrium. In this case, the pressure changes caused the asphal-

tene to be removed from the oil and reduce its solubility and sedimentation in the reservoir. 

Different studies are necessary to obtain the information on reservoir rock performance from the 

beginning to the end of production. In reservoirs with high pressure zones, the increase in 

temperature will be consistent with increasing pressure. Increasing the pressure reduces the 

molecular volume and increases the solubility of the hydrocarbon fluids. Also, under bubble 

point, the higher pressure from the gas (hydrocarbon gases) in the crude oil is solved, and it 

decreases the solubility [26]. The lowest solubility of asphaltene in crude oil occurs at the 

bubble point, which is associated with the maximum amount of asphaltene sedimentation. In 

an underground reservoir in general, with increasing pressure, the stability and degree of 

solubility of the asphaltene (constant temperature and constant volume of gas) increase. 

Investigation of asphaltene sedimentation in the reservoir showed that the highest amount 

of asphalt sediment was observed around one of the wells. Asphalt sedimentation is due to 

changes in the equilibrium condition of asphaltene in the reservoir. A study of the reservoir 

pressure observed in a 40-year period indicated that the production pressure of the reservoir 

is reduced by increasing the reservoir pressure. Therefore, with decreasing pressure in the 

reservoir, it seems that there is a direct relationship with increasing asphaltene precipitation 

(Fig. 7). The study of the number of wells that faced deposited in a ten-year period indicated 

that with increasing production from the Bangestan reservoir, the number of these wells has 

increased, so that between1980-2015, the number of these wells is increased from 2 to 12 wells. 

 

Figure 7. In Bangestan reservoir, pressure varies in the pressure-time graph, and pressure data is 
staggered relative to time 

 

Figure 8. Chart of production to time in well No.23, and changes over a period of approximately 40 
years, and production decline over time  
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6. Temperature drop 

The temperature drop is the most common reason for wax sedimentation [27] because the 

solubility of wax in oil decreases with decreasing temperature. Regarding precipitation of as-

phaltene, temperature changes are less effective than the effect of pressure and oil composi-

tion [28-30].  

As the temperature of the system increases, the resins are dissolved, and thus a kind of 

balance of electrical charge between the particles occurs, because the solubility of the oil 

depends on the resin in the asphaltene. In other words, because of the effect of the temper-

ature on both the evaporation and the density of the liquid, the temperature changes in these 

properties, and this ultimately leads to a decrease in the solubility of crude oil. Asphaltene 

sediment is therefore observed at low temperatures. 

There are many observations relating to the effect of temperature variations on the fre-

quency of asphaltene. According to Andersen and Beardy [31], the asphaltene sedimentation 

rate increases with increasing temperature. In explanation of this phenomenon, it can be said 

that with increasing temperature and molecular mobility, the probability of collision and bond-

ing of particles increased and eventually lead to asphaltene sedimentation. But generally, in 

addition to the above factors, the increase in temperature causes an increase in the movement 

or in other words the Brownian motion of the molecules of oil, which increases the probability 

of collisions of particles with each other and the absorption of particles of resin by particles of 

asphaltene which finally decreases the probability of formation of asphaltene sediment [4]. 

Usually, the drop in pressure is accompanied by a drop in temperature. The temperature is 

generally considered as a direct factor in the precipitation of asphaltene, which is due to the 

instability of dependent forces that are caused by the change in temperature. The temperature 

may affect the solubility of maltenes and the resins, and a temperature drop will lead the 

system to the production of paraffin deposits. This change of temperature may also occur with 

the expansion of carbon dioxide gas. 

 

Figure 9. To determine the geothermal gradient of 
the area, temperature data of 7 wells were used 

To study the effect of temperature and 

determine the geothermal gradient of the 

field, 7 wells were selected throughout the 

field. Using the temperature data of the 

wells, the geothermal gradient of the area 

was drawn. 

According to the Andersen and Beardy [31], 

asphaltene sedimentation began to de-

crease with increasing temperature to more 

than a certain temperature (about 60 de-

grees), which caused it to overcome the ki-

netic energy that applied the system to the 

adherence of asphaltene particles to be 

bonded. Investigations indicated that the 

depth of the asphaltene was 2100-3000 

meters, which would have a temperature 

between 60°-80°C with respect to the geo-

thermal gradient (Fig. 9). By studying the 

temperature data of the Bangestan reser-

voir of Kupal oil field, the temperature var-

iation cannot be considered as a direct fac-

tor in the sedimentation of asphaltene. 
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7. Conclusion 

The carbon preference index was determined in samples from C10 to C26. This determines 

the marine origin of the organism and the organic materials and indicates the origin of rocks 

belonging to reducing environments, saline waters along with evaporative sequences. The 

results of the oil fingerprinting method indicate that the studied samples from the wells of 

Bangestan reservoir in Kupal oilfield were different from the viewpoint of the considered var-

iables that were plotted by stars. Therefore, it can be concluded that in the Bangestan reser-

voir of Kupal oil field, drilled wells in the study area are not related to reservoir continuity, 

and the reservoir has independent production sections. 

By studying the temperature data from the reservoir, the temperature cannot be considered 

as an indirect or indirect effect on the formation of asphaltene sedimentation. The analysis of 

changes in pressure data in reservoir layers confirms that the pressure of different zones was 

different and had different trends. As a result, there seems to be no pressure relationship 

between the reservoir zones. As pressure from the reservoir increases, production of oil pres-

sure decreases and therefore, it seems that there will be a direct relationship between pres-

sure drop and sedimentation of asphaltene in the reservoir, so that in the wells with deposited 

asphaltene, the pressure was reduced. Finally, principled production from the reservoir can 

lead to prevention of pressure drop and consequent the asphaltene precipitation. 
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Abstract 

The logs were used to identify the sand intervals which are potential commercial hydrocarbon bearing 

reservoirs. A cut off of 43 API was used for sand, 65API for shaly  sand and 85 for sandy shale in the 
Cross plotting technique and the unsupervised neural network process of Petrel. Four sands of possible 

reservoir quality were identified. Their porosities range from 23% to 34%, permeability from 2104 to 

16361 md and hydrocarbon saturation from 66 - 98 percent. The shale volume was found to be in the 
range of 3 - 31 percent and net to gross from 0.69 - 0.97. The porosity- permeability relationship is 

near perfectly logarithmic with correlation coefficients (R2) ranging from 0.98 to 0.99. The Bulk Volume 

Hydrocarbon (BVH) was found to be a good hydrocarbon indicator and also has a strong quadratic 
relationship with the acoustic impedance at the wells with correlation coefficients (R 2) ranging from 

0.553 to 0.837. The sands studied are potential high quality reservoirs.  

Keywords: Geophysical logs; porosity; permeability; Bulk Volume hydrocarbon; Acoustic impedance; reservoirs. 

 

1. Introduction 

The "Odokoko" field in the Coastal Swamp depobelt of the Niger Delta, Basin consists of-
sands and shale formations.The mostly unconsolidated formations consist of sands ranging 
from fluvial(channel) to fluvio-marine (Barrier Bar sands), while shales are generally fluvio-
marine or lagoonal. Formation evaluation is mostly based on geophysical logs [1]

. Petrophysical 
parameters like lithology, fluid content, porosity, water saturation, hydrocarbon saturation 

and permeability are derived using geophysical welllog data. It is usually done to delineate 
the reservoir sands and asses their commercial viability by evaluating petrophysical parame-
ters and consequently the volume of hydrocarbon in place and its producibility. In the work of [2], 
it was demonstrated that petrophysical parameters such as porosity (φ), permeability (K) and 
saturation (S), for any given rock type are controlled by pore sizes and their distribution and 

interconnection. He stated that a broad relationship exists  between porosity and permeability 
of a formation. He stated that a broad relationship exists between porosity and permeability 
of a formation. The goal of reservoir characterization is to predict the spatial distribution of 
such petrophysical parameters on a field scale. This paper presents the results of studies of 
the petrophysical evaluation of the "Odokoko" field in the Coastal Swamp Depobelt of the 
Niger Delta Basin, and determining the porosity permeability relationship of the field using 

geophysical well log data. It presents a detailed qualitative and quantitative estimation of the 
reservoir and the fluids in it. This includes the lithology, porosity, permeability and hydrocar-
bon saturation. The Bulk Volume Hydrocarbon (BVH) is the product of effective porosity and 
hydrocarbon saturation. Its usefulness as a hydrocarbon indicator and relationship to acoustic 
impedance was determined in this study. These are results useful for locating and estimating 

the economic prospects of the reservoir(s) intercepted by the wells.  
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2. Geology and Stratigraphy of the Niger Delta 

The Niger Delta consists of three major lithostratigraphic units: the Akata, Agbada and 

Benin formations. The Oligocene- Holocene Benin Formation is a loose fresh water bearing 
sand with occasional lignite and clay goesdown to a depth of 2,286 m. The Agbada Formation 
is made up of alternating sands and shales. The sands are mostly encountered at the upper 
parts while shales are found mostly at the deeper parts. The Agbada Formation is thickest at 
the centre of the Delta and is over 3700m and are Eocene-Holocene [3].  This is the seat of 
most known oil reservoirs in the Niger Delta. The Akata Formationthought to be at the base 

of the delta is Palaeocene- Holocene facies of marine origin and composed of thick shale 
sequences (potential source rock), turbidite sand (potential reservoir in deep water) and minor 
amounts of clay and silt. It is estimated that the formation is up to 7000m thickin the central 
part of the delta. The marine shale is typically over pressured [4].  

The Niger delta oil province is characterized by approximately east-west trending syn-sedi-

mentary faults and folds. These syn-sedimentary faults are called growth faults and the anti-
clines associated with them are called roll-over anticlines [5]. 

3. Materials and methods 

Suites of Five geophysical well logs were obtained from SPDC in Nigeria, recorded at various 
locations within the "Odokoko" field, Niger Delta basin. A sample of these well logs is shown 

in Fig.2. Petrel® software: the Petrel software is a Schlumberger owned window PC software 
application designed to analyse oil reservoir data from multiple sources. 

 

Fig 1 Map of Nigeria showing depobelts in the Niger Delta [6] 

3.1. Qualitative analysis 

The suite of geophysical well logs were evaluated to determine sand/shale lithology pattern, 
differentiate the hydrocarbon/non-hydrocarbon zones of the area penetrated by the wells. 

3.1.1. Sand/shale lithology 

Sand and shale bodies were delineated from the gamma ray log signatures. Sand bodies 
were identified by deflection to the left due to the low concentration of radioactive minerals in 
it and shale to the right due to the high concentration of radioactive minerals in it. This enables 
differentiation between sand, shaly sand, sandy shale and shale using the train estimation 

model process of Petrel to generate the lithology log. This is indicated by yellow for sand, 
orange for shaly sand, light grey for sandy shale and dark grey for shale colourations. The 
cross plot technique was also used for lithologic identification. A cut off of 80API gamma ray 
was used for classification of sands and shales and cross plotted with sonic, density and neu-
tron porosity logs respectively. 
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3.1.2. Differentiation of hydrocarbon and non-hydrocarbon bearing zones 

 

A combination of the gamma ray 

and resistivity logs were used to differ-
entiate between the hydrocarbon and 
non-hydrocarbon bearing units. The 
resistivity and gamma ray logs are 
shown in tracks 1 and 2 of Fig. 2 re-
spectively. The scale increases from 

left to right, the values depending on 
the log type and scale of data acquisi-
tion. The gamma ray log is used to in-
dicate the sand and shale bodies within 
the formation. Hydrocarbon saturated 

zones in the sand bodies were identi-
fied by the deflection on the Laterolog 
Deep resistivity log. It is a well estab-
lished fact that hydrocarbon is more 
resistive than formation waters. In-

crease in resistivity is indicated by de-
flections to the right on the resistivity 
log. Crossplots of BVH vs Acoustic (Im-
pedance AI), porosity vs AI and water 
saturation vs AI were also performed. 

 
Fig. 2. Typical suite of well logs in Odokoko 
field 

GR_NM- Gamma Ray Log; LL9D-Resistivity  

Log; SONIC-Sonic log; RHOB-Density Log;  
NPHI-Neutron-Porosity Log 

3.2. Quantitative interpretation 

This involves the use of empirical formulae to estimate the petrophysical parameters such as 
porosity, permeability, volume of shale and hydrocarbon saturation.  

3.2.1. Determination of volume of shale (Vsh) 

The gamma ray log was used to calculate the volume of shale in a porous reservoir. The 
first step in determining the volume of shale from a gamma ray log is the calculation of the 

gamma ray index using equation 1: 

  𝐼𝐺𝑅 = 
𝐺𝑅𝑙𝑜𝑔− 𝐺𝑅𝑚𝑖𝑛

𝐺𝑅𝑚𝑎𝑥− 𝐺𝑅𝑚𝑖𝑛
 =                  (1) 

where: IGR = Gamma ray index; GRlog = Gamma ray reading of the formation; GRmin = mini-

mum gamma ray (clean sand); GRmax = maximum gamma ray (shale). All these values are 
read off within a particular reservoir.  

Having obtained the gamma ray index, the volume of shale is calculated using the [7] for-
mula (equation 2), 

𝑉𝑠ℎ = 0.083(23.7× 𝐼𝐺𝑅 – 1.0)   (Tertiary consolidated sand)       (2) 

3.2.2. Determination of porosity (Ø) 

Porosity is defined as the percentage of voids to the total volume of rock. The Formation 
density log was used to determine Formation porosity. The Formation porosity was determined 
by substituting the bulk density readings obtained from the density log and volume of shale 
within each reservoir into equation 3 [7] 
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Ø𝑒𝑓𝑓. =  
𝜌𝑚𝑎 − ρ𝑏

𝜌𝑚𝑎− 𝜌𝑓𝑙
− 𝑉𝑠ℎ(

𝜌𝑚𝑎  − ρ𝑏

𝜌𝑚𝑎− 𝜌𝑓𝑙
)              (3) 

where: Ø𝑒𝑓𝑓is the effective porosity; ρma is the matrix density = 2.65gm/cm3 (sandstone); 𝜌𝑓𝑙 

is the fluid density= 1.1gm/cm3 (fluid density); ρ𝑏 = formation bulk density. 
The criteria for classifying porosity given is: 

Ø <0.05= Negligible, 0.05< Ø<0.1= Poor, 0.1 Ø<0.15= Fair, 0.15< Ø<0.25%= Good, 
0.25<Ø<0.30 = Very good, Ø>0.30 = Excellent. 

3.2.3. Determination of compressional velocity (Vp) 

This is the velocity of compressional seismic waves within a rock, ie velocity of acoustic 
wave in rock. It is estimated from the sonic log 
Vp = 106/ΔT (µsec/ft)                  (4) 
where: ΔT=corrected conic travel time in µsec/ft. 

3.2.4. Determination of acoustic impedance 

The Acoustic impedance values of the lithologies intercepted by the wells were calculated 
using the equation below. 
AI = Vb*ρb                     (5) 
where: Vb =velocity of acoustic wave in rock = 106/ΔT (µsec/ft); ρb = Density log value in 

gm/cc. 

3.2.5. Estimation of water saturation 

Water saturation of the un-invaded zone was determined using the [2] equation; 

𝑆𝑤
2

=
𝐹×𝑅𝑤

𝑅𝑡
                     (6) 

But 𝐹 =
𝑅𝑜

𝑅𝑤
                     (7) 

Thus, 𝑆𝑤
2 =

𝑅𝑜

𝑅𝑡
                   (8) 

where: Sw= water saturation of the un-invaded zone; Ro= resistivity of formation at 100% 

water saturation; Rt= true formation resistivity (log readings); F = formation factor. 
Irreducible water saturation is determined using [9] 

𝑆𝑤𝑖𝑟𝑟 = √
𝐹

2000
                      (9) 

3.2.6. Hydrocarbon saturation (Sh) 

This is the percentage of pore volume in a formation occupied by hydrocarbons. It is ob-
tained by subtracting the value obtained for water saturation from 100%. 
i.e., Sh = (100 – Sw) % [2]   (10) 
where: Sh = hydrocarbon saturation; Sw = water saturation. 

3.2.7. Permeability (K) 

The ability of a rock to transmit fluid is referred to as permeability. It is related to porosity 
but not always dependent on it. It is controlled by the size of the connecting passages (pore 
throats or capillaries) between pores. It is measured in darcies or millidarcies. The permeabil-
ity is obtained from the equation given by the Wyllie and Rose in [8]

. 

𝑘 =  [
250 × Ø3

𝑺𝒘𝒊𝒓𝒓
]2                    (11) 

where 𝑆𝑤𝑖𝑟𝑟 is the irreducible water saturation 
A practical oil field rule of thumb for classifying permeability:  

poor to fair = 1.0 to 14 md, moderate = 15 to 49 md, good = 50 to 249 md, very good = 

250 to 1000 md, >1 darcy =excellent. 
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3.2.8. Determination of bulk volume hydrocarbon (BVH) 

The BVH is the product of hydrocarbon saturation and effective porosity. It is an aggregate 

of three well log properties; gamma ray, density and resistivity logs. These logs enable the 
determination of lithology, porosity and water saturation. Accurate determination of these 
properties enables determination of good reservoir prospects as well as reliable reservoir char-
acterisation. The BVH combines the strengths of these properties in order to deploy the syn-
ergy which exists among them for more accurate and reliable reservoir prediction and char-
acterisation. 

BVH= Ø𝑒𝑓𝑓. × 𝑆ℎ                   (12) 

BVH values >0.15 =good reservoir. 

4. Results and discussion 

The results of the study are presented in figures (3-8) and tables (1 -3) while the interpre-
tation of results is presented both qualitatively and quantitatively.  

4.1. Qualitative interpretation 

For the log interpretation shown in Fig. 2, its litho-stratigraphic correlation furnishes know-

ledge of the general stratigraphy of the study field. Four lithologies were identified using the 
gamma ray log; sand, shaly sand, sandy shale and shale. The colour code for the lithology 
log are, yellow for sand, orange for shaly sand, light grey for sandy shale and dark grey for shale.  

Correlating sand bodies of potential reservoir interest in this field was an uphill task. The 
gamma ray, resistivity, sonic, density and neutron logs showed great variations between wells 

even for those very close to each other. This is probably because the wells are located in areas 
with complicated faulting. The absence of some sands in some of the wells also indicate an 
unconformity in the area. 

4.2. Well Correlation/Reservoir identification 

Correlation was necessary to determine lateral continuity or discontinuity of reservoir facies 

in the field in order to properly delineate reservoir extent. Reservoir identification was done 
using gamma ray log signatures as markers and lithology indicators with a shale volume cut 
off of 20% and Laterolog Deep resistivity was used to identify potential reservoirs. The reser-
voir correlation panel is displayed in Fig 3. The alternation of sands and shale in various pro-
portions and thicknesses within the evaluated depth conforms to that of the Agbada formation. 
The evaluated depth and the thicknesses of the various overlaying shale units, suggest a 

comfortable room for accumulation of matured hydrocarbon-prospective sequence in the studied 
area. From the correlation panel, there are stratigraphic discontinuities which may have been 
caused by faulting and or pinchouts in the area.  

 

Fig.3. Well correlation panel showing the Top and Base of the interpreted reservoir sands.  
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4.3. Porosity - permeability relationship 

The permeability of the Formations were determined using equation (11). It ranged from 

2104 - 16361 md. The permeability values show excellent permeability. Figs. 4a-care sample 
porosity - permeability plots. It shows a perfectly correlated logarithmic relationship between 
the porosity and permeability. Permeability was found to be highest in Akos 001 and least in 
Akos 004. This may be as a result of more clay volumes present in the sand at well Akos 004.  

  

 

Fig 4 (a-c). Porosity permeability relationship in 
Akos 001,002 and 004 

Table 1. Porosity Permeability relationships of the wells in the study area 

Wells Porosity-permeability relation-
ship 

Correlation coefficient (R2) 

AKOS 001 Log K=5.59 φ + 2.31 0.99 

AKOS 002 Log K=5.36 φ + 2.30 0.99 

AKOS 004 Log K=6.17 φ + 2.07 0.98 

4.4. BVH-AI relationships of the wells in the study area 

The BVH was determined using equation 12. 

Table 2. Comparison of correlation coefficients of the crossplots of AI vs porosity, AI vs water saturation 
and AI vs BVH 

 Correlation coefficient, R2 

Parameter Akos 001 Akos 002 Akos 004 Average 

Acoustic Impedance (Z) vs porosity -0.76 0.033 -0.63 -0.4533 

Acoustic Impedance (Z) vs Water saturation 0.81 0.04 0.25 0.367 

Acoustic Impedance (Z) vs BVH 0.837 0.553 0.714 0.701 

The impedance tends to increase with decreasing BVH and increasing shaliness probably 

due to decreasing effective porosity as seen in figure 5. 
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Figure 5. Crossplots of BVH and P-impedance 
colored by lithology 

Table 3. BVH-AI relationships of the wells in the study area 

Wells BVH-Acoustic impedance relationships  R2 

AKOS 001 AI=26056.1-32230.9BVH +1588.7BVH2 0.837 

AKOS 002 AI= 27218.7-40537.9 BVH + 1283.3 BVH2 0.553 

AKOS 004 AI= 30775.5-48787.2BVH + 466417.1 BVH2 0.714 

The correlation coefficients, R2, values displayed in Table 3 shows clearly that the BVH and 
acoustic impedance, AI, have a strong quadratic relationship. 

4.5. BVH as hydrocarbon indicator 

Figures 6 displays the results of petrophysical analysis. The BVH shows a potential as a 
good hydrocarbon indicator. It corroborates gamma ray, resistivity and Poisson ratio logs in-
dicating hydrocarbon presence in sand D_2000. As can be seen in Fig. 7, intervals of high BVH 
coincides with sand and shaly sand lithologies, high effective porosity, high permeability, low 

water saturation, low shale volume, and low Poisson ratio. All these are indicative of good 
reservoir prospect sands in the three wells displayed. 
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Fig 6. Results log for the D_2000 reservoir showing the BVH as a hydrocarbon 
indicator in agreement with Gamma ray, resistivity and poisson ratio logs, BVH 

values averaging 0.26 in Akos 001, 0.27 in Akos 002 and 0.29 in Akos 004  

4.6. Quantitative interpretation 

Following is a description of key petrophysical parameters for each reservoir intercepted by 

the wells arranged in stratigraphic order. 

4.4.1. Reservoir 4 

Table 4 shows the result of some computed petrophysical parameters for reservoir 4 It has 
a gross thickness ranging from 87 to 730 feet and the average net-gross ratio (N/G) is 0.94. 

The average porosity in the three wells which intercept reservoir 4 is 0.31. This is an ex-

cellent porosity value. The average permeability is 10655md, an excellent value that permits 
the free flow of fluid within the reservoir. The hydrocarbon saturation is 0.89 on average, 
hence reservoir 1 is a hydrocarbon saturated reservoir with potential for high recovery factor. 
It has an average BVH of 0.26. This implies that sands having BVH of 0.26 or greater are 
potentially good reservoirs in the study area. 

4.6.2. Reservoir 3 

Some computed petrophysical parameters for reservoir 3 are shown in Table 4. It has a 
gross thickness ranging from 98 to 301 feet and the average net-gross ratio (N/G) is 0.93. 

The average porosity across the three wells within which reservoir 3 is encountered is 0.29. 
This is a very good porosity value. The average permeability is 5366 md, an excellent value 

that permit the free flow of fluid within the reservoir. The hydrocarbon saturation indicates a 
high proportion of hydrocarbon (0.87 average) to the quantity of water within the reservoir. 
Hence reservoir 2 is a hydrocarbon saturated reservoir. It has an average BVH of 0.24. This 
implies that BVH of 0.24 or greater are potentially good reservoirs in the study area and that 
reservoir 3 has less than reservoir 4 if they have the same areal extent. 

4.6.3. Reservoir 2 

Table 4. show the result of some computed petrophysical parameters for this reservoir. It 
has a gross thickness ranging from 104 to 134 feet, and the average net to gross ratio (N/G) 
is 0.94. 

It has an excellent porosity value averaging 0.32. The average permeability is 13.312 dar-
cies, an excellent value. The hydrocarbon saturation indicates a high proportion of hydrocar-

bon (0.94 average) to the quantity of water within the reservoir. It has an average BVH of 
0.28. This implies that reservoir 2 has greater potential than reservoir 4and 3 if they have the 
same areal extent. 
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Fig. 7. Typical results logs including lithologic section for "Odokoko"field, Niger Delta. Quantity of water 
within the reservoir.  

4.6.4. Reservoir 1 

Some computed petrophysical parameters for reservoir 1 are displayed in table 2. It has a 
gross thickness ranging from 58 to 174 feet, and the average net to gross ratio (N/G) is 0.96. 

The average porosity across the three wells incepting reservoir 1 is 0.31. This is an excellent 
porosity value. The average permeability is 12.168 darcies, indicating free flow of fluid within 
the reservoir. The hydrocarbon saturation of 0.95 average, to the quantity of water within the 
reservoir implies reservoir 1 is a hydrocarbon saturated reservoir. It also has an average BVH 
of 0.28.  

Table 4 Petrophysical Analysis of ‘Odokoko’ field showing field average values.  

4.7. Crossplot analysis 

The cross plots in fig.8(a-i) show that clay proportions were increasing from Akos 001 to 
002 and 004 having the highest clay volume. From the relative positions of the wells, the clay 

volume is increasing westwards. This may indicate that the sediments are transported from 
the east and deposited westwards becoming finer with depth. 

 
a. Gamma ray - density cross plot for Akos 001 

 
b. Gamma ray - density cross plot for Akos 002 
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c. Gamma ray - density cross plot for Akos 003 

 
d. Gamma ray - Sonic cross plot for Akos 001 

 
e. Gamma ray - Sonic cross plot for Akos 002  

f. Gamma ray - Sonic cross plot for Akos 003 

 
g. Gamma ray - NPHI cross plot for Akos 001 

 
h. Gamma ray - NPHI cross plot for Akos 002 

 
i. Gamma ray - NPHI cross plot for Akos 003 

 

 

 
 

 

 
 

 

Fig. 8 (a-i) Cross plot technique for lithologic 
identification for Odokoko field for Akos 001, 

002and 004 wells 

5. Conclusion 

All the reservoirs encountered have excellent porosity and permeability values. Their gross 
thicknesses range between 110 and 316 feet, net  to gross values greater than 0.80, and high 
hydrocarbon saturation greater than 0.89 on average, implies excellent hydrocarbon pore vol-
ume for hydrocarbon accumulation in commercial quantity. The permeability values were of 

excellent value. The BVH is found to have a strong quadratic relationship with acoustic imped-
ance and is a good hydrocarbon indicator. Based on this study, the "Odokoko" field contains 
high quality reservoirs. 
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Abstract 

In this study, the effect of two food waste materials, egg shell, and snail shell as local environ-

mentally-friendly additives, on the pH and mud weight of water based mud was evaluated. The 

water based mud samples were formulated using bentonite, barite, distilled water with egg shell 
and snail shell in varying weight proportions. Mud weight and pH measurements were taken at 

25oC. The results showed that egg shell and snail shell increased the pH value by 8.4% and 29.9% 

respectively due to the addition of 30g of each additive. The pH value was however increased by 
54.9% when 15g of each additive in equal amounts was added to the mud. Correspondingly, the 

mud weight was increased by 12.6% and 8.4% due to the addition of 30g of egg shell and snail 

shell respectively. The mud weight was however increased by 28.9% when 15g of each additive 
in equal amounts was added to the mud. It was concluded that the combination of a snail shell 

and egg shell has a high potential for pH enhancement with a reduced potential for the mud weight 

increase. Snail shell is more effective as a pH enhancer while egg shell is more effective in 
increasing mud weight. 

Keywords: Water based mud; pH enhancer; local additives; egg shell; snail shell; weighting agent. 

 

1. Introduction  

There are a plethora of additives for drilling fluids. These drilling mud additives are chemi-
cals added to drilling mud in order to change the mud properties and composition. However, 

many efforts have been devoted to drilling mud formulation mainly to enhance the quality and 
function of drilling muds, as well as to comply with the more stringent laws on environmental 
pollution or marine contamination. Some are used for pH control-that is, for chemical-reaction 
control (inhibit or enhance) and drill-string-corrosion mitigation [1-2]. While synthetic additives 
are currently in use, several researchers have investigated the use of natural products as 

additives to these chemicals. 
The potential of cocoa pods, plantain peels, rice husks, and groundnut shells as corrosion 

inhibitors was investigated. Cocoa pod extracts exhibited high corrosion inhibition potential 
when compared to the synthetic KOH. Cocoa pod extract was also found to be more stable 
thermally and very effective in filtration loss reduction at high temperatures. However, it 

showed a thinning tendency with the mud requiring additional viscosifier to improve its rheolo-
gy [3]. An experimental investigation into the use of burnt plantain and banana peels in water 
based drilling local mud as corrosion control additives revealed that though plantain peels 
were more effective than banana peels for increasing the pH both local additives increased 
mud pH to between 9.5 to 12.5 which compared suitably to imported sodium hydroxide [4]. 

Properties of mud formulated with variable concentrations of cellulose processed from corn 

cob were compared with that of a standard mud formulated from Polyanionic Cellulose (PAC). 
The results showed that the pH, mud density, specific gravity of the mud formulated from 
corn cob cellulose are higher than that of the standard mud, but rheology of the prepared mud 
was lower than that of the standard mud. The results show that cellulose processed from corn 
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cob can significantly reduce fluid loss in a water based drilling mud, suggesting cellulose as a 
good fluid loss control agent [5]. Grass added to the bentonite drilling fluid improved the rheo-
logical properties such as apparent and plastic viscosities and gel strength. The filtration 
characteristics of the bentonite drilling fluid were also enhanced because lower filtration losses 
were observed for all samples. However, the test carried out on the pH indicated that the 

addition of grass decreased the pH of the drilling fluid [6].  
The aim of this paper is to investigate the suitability of egg shell and snail shell as local 

additives to enhance and improve the pH and density of water based mud, as both materials 
are biodegradable and easily accessible.  

1.1. The composition of food waste additives 

The main component of snail shell includes more than 95% calcium carbonate in the form 
of aragonite (CaCO3), a small number of shells hormone (organic matter and trace elements) 
and trace amounts of K, Na, Zn, Sr, Fe, Mg but with no trace of sulfur [7]. The pH value of 
snail shell in solution is 8.84, which shows that its solution is alkaline, which may result from 
the presence of Calcium carbonate and protein as some of the composition of the shell [8].  

The microstructure of the egg shell powder reveals that the powder consists of porous irre-

gular shaped powder. The Energy-dispersive X-ray spectroscopy of egg shell particles reveals 
that the particles contain Ca, Si, O, C. These elements confirm that, the egg shell powder 
consists of calcium carbonate in the form of calcite (CaCO3), tilleyite (Ca5Si2O7 (CO3)2), etc. 
[9]. The composition of hen eggshell has been reported to be 94 to 96 kg calcium carbonate, 
1 kg magnesium carbonate, and 1 kg calcium phosphate per 100 kg eggshell with a minor 

amount of organic matter [10]  

2. Experimental section 

2.1. Materials 

The influence of snail shell powder and egg shell powder on pH and mud weight of water 
based drilling mud was investigated.  

2.1.1. Egg shell (ES) powder 

Egg shell was extracted from boiled eggs. After the extraction, it was then broken into 
smaller sizes to provide a large surface area for effective drying. The egg shell was naturally 

dried under the sun for about 2 days because it has low water content. It was then grinded, 
using a manual grinder and pulverized using 250mm spaced sieve and then transferred into 
a clean petri-dish for storage.  

2.1.2. Snail shell (SS) powder 

Snail shells were obtained from de-shelled cooked snails. The snail species is Archachatina 

marginata. The shells were dried naturally under the sun for about 3 days because snail shell 
has high water content compared to the egg shell. The snail shell was then grinded using a 
manual grinder after which it was pulverized using 250mm spaced sieve. The pulverized sam-
ple was transferred into a petri-dish container for storage.  

2.1.3. Drilling mud  

Non-inhibitive water based mud was prepared (the composition of the control mud sample 
is shown in Table 1). 

Table 1. Composition of control mud sample 

Constituents Concentration Function 

De-ionized Water 350 ml Base fluid 

Barite 90 grams Weighting agent 

API Bentonite 25 grams Viscosifier 
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2.2. Methods 

2.2.1. Mud balance  

A pressurized mud balance was used to determine the mud weight of each sample. The mud 
balance was calibrated using distilled water. The balanced cup was cleaned, dried and filled to 
the brim with the mud sample to be measured. The lid was placed on the cup as some mud 

flowed out of the hole on the lid to ensure that there was no trapped air in the cup. The cup 
and lid were wiped to dry off any mud on the surface in order to obtain accurate measurement 
as the knife edge was placed on the fulcrum and the rider adjusted until the cup content and 
the rider was at equilibrium. The density of the mud sample was read on the calibrated arm 
of the mud balance. 

2.2.2. pH Meter  

The pH meter was calibrated using deionized (distilled) water and the mud sample to be 
measured was poured into a glass beaker. The pH meter probe was immersed in the mud sample 
and at steady pH value indicated on the meter. This was recorded as the pH value of the mud 
sample. 

2.3. Procedure 

Nineteen water based mud samples were prepared to have varying masses of egg shell and 
snail shell in additional to the constituents given in Table 1. The first sample (Sample A) is the 
control mud without the local additives. Samples B to G have egg shell concentration ranging 
from 5g to 30g with the concentration increasing by 5g across samples. Samples H to M have 
snail shell concentration ranging from 5g to 30g with the concentration increasing by 5g across 

samples. Both egg shell and snail shell were blended into samples N to S in equal amounts 
ranging from 2.5g to 15g of each local additive. The corresponding pH and mud density for 
each were measured using mud balance and pH meter respectively. The effect of the local 
additives on the properties of the water based drilling mud was compared to that of the stand-
ard API values. 

3. Results and discussion 

3.1. The effect of the local additives on mud weight  

The mud weight of the control mud sample before the addition of either egg shell or snail 

shell was 9.50 ppg. Figure 1 shows the effect of the local additives on mud weight. On addition 
of 5 g of each local additive to different samples of the control mud, snail shell increased the 
mud weight by about 0.63% while egg shell increased the mud weight by 1.89%, with egg 
shell having the more obvious effect on the mud weight of the drilling fluid. With the addition 
of 10 g of each local additive to different samples of the control mud, the mud weight of egg 

shell gave 9.73 ppg which is an increase of 2.42% due to the egg shell, and that of snail shell 
gave 9.64 pgg which is an increase of 1.47%. 

  

Figure 1. Effect of additives (individual and com-
bined) on mud density 

Figure 2 Effect of additives (individual and com-
bined) on pH of mud samples 
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The mud weight was increased by 12.6% and 8.4% due to the addition of 30 g of egg shell 
and snail shell respectively to separate control mud samples. 

Both local materials (egg shell and snail shell) were combined in weight proportions with 
the control mud which contains 350ml of de-ionized water, 90 g of barite and 25 g of bentonite. 
With the addition of 2.5 g of egg shell and 2.5 g of a snail shell, the mud weight increased by 

1.05%. With the addition of 5 g of each local material combined in the mud, the mud weight 
increased by 2.1%. As shown in Figure 1, the effect of the combined local additives on mud 
weight is less than the individual effect of egg shell at 5 g and 10 g weight proportion. 
However, on the addition of 7.5 g of each local material combined in the mud which gives a 
total weight of 15 g, the weight increased by 5.8% as compared to 3.16% and 2.2% due to 

the addition of 15 g of egg shell and snail shell respectively. The effect of combining both egg 
shell and snail shell increases with increasing weight proportion in the water based drilling 
mud, as shown in Figure 1. The mud weight increased by 28.9% due to the addition of 15 g 
of both egg shell and snail shell (total local additive weight of 30 g) while the weight by 12.6% 
and 8.4% due to the addition of 30 g of egg shell and snail shell respectively. 

A statistical correlation for mud weight estimation was developed from the mud weight 

measurements obtained from the addition of egg shell powder and snail shell powder to water 
based drilling mud.  

MW = 9.46 + 0.020547SS + 0.001254ES2 + 0.009679(ES)(SS)     (1) 

The correlation has R2 = 0.969 (Adjusted R2 = 0.963 and Standard error of 0.139853). 
The correlation is a non-linear regression equation with a significant two-way interaction 

term (ES)(SS). The correlation is applicable for less than 30 g of the local additive; egg 
shell, snail shell or combined additives. 

3.2. The effect of the local additives on the pH   

The pH is defined as the negative log of the activity of the hydrogen ion in an aqueous 
solution. Solutions with less pH less than 7 are said to be acidic , and solutions with a pH 

greater than 7 are basic or alkaline. It was expected that both egg shell and snail shell would 
significantly enhance the pH of drilling mud because of their high calcium content. The pH 
measurements taken are shown in Figure 2.  

The incremental additions of egg shell gave a minimal change in pH of mud while additions 
of snail shell enhanced pH value. Figure 2 shows that as the mud weight increased the pH 

value also increased due to the additional additives added to the drilling mud. It can be clearly 
observed that snail shell is a better pH enhancer than an egg shell. The combination of both 
local material (i.e. egg shell and snail shell) further enhanced the pH values of the drilling mud. 

The initial pH value of the control mud sample was 7.65. As shown in Figure 2, the pH 
increased by 1.31% to 29.9% due to the additional of 5 g  to 30 g of snail shell respectively. 

The addition of 5 g of egg shell increased the pH by only 0.52% while the pH increased by 
8.4% on the addition of 30 g of the egg shell to the control mud. Significant pH enhancement 
was observed with both egg shell, and snail shell was added to the control mud. With the addition 
of 2.5 g of egg shell and 2.5 g of a snail shell, the pH increased by 2.61%. On the addition of 
15 g of each local material combined in the mud which gives a total weight of 30 g, the pH 
was increased by 54.9%.  

A statistical correlation for pH estimation was also developed from the pH measurements 
obtained by the addition of egg shell powder and snail shell powder to water based drilling mud.  

pH = 7.7035 + 0.01259ES + 0.002131SS2 + 0.001538(ES)(SS)   (2) 

The correlation has R2 = 0.977 (Adjusted R2 = 0.973 and Standard error of 0.175104). 
From the measurements, pH strongly correlates with both the square of the snail shell weight 

and with the two-way interaction term (ES)(SS). However, pH correlates weakly with the egg 
shell added. The correlation is also applicable for less than 30 g of the local additive; egg shell, 
snail shell or combined additives. 
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Drilling fluids perform better in pH range between 9.5 and 12.5 for water-base mud. If the 
pH of the mud is low, below 7.0, it becomes acidic and can corrode the drilling equipment and 
also pollute the environment [11]. The results gave an average pH value between 7.69 and 
12.25 which is within the stipulated API standard of 9.5 – 12.5. 

This results confirm that snail shell is effective as a pH enhancer. It measures up to caustic 

soda in its pH enhancing quality, and the incremental addition of the additives increase the 
pH of the mud. Furthermore, the combination of egg shell and snail shell can be used for pH 
enhancement. 

4. Conclusions 

Egg shell powder has a higher potential to enhance water based drilling mud weight as 

compared to snail shell powder. Snail shell powder is effective in enhancing the pH of water 
based drilling mud. The effect of snail shell compared favourably to sodium hydroxide the 
widely used pH enhancer in the drilling industry. Egg shell minimally enhanced the pH as 
compared to a snail shell. 

The effect of combined egg shell and snail shell blended into the drilling mud for enhancing 
drilling mud is not significant below 7.5 g/350 mL. However, above this threshold, the com-

bined additive is more effective than egg shell in enhancing the mud weight. 
Egg shell and snail shell blended into water based drilling mud are recommended for enhancing 

the pH. Similar pilot studies can be guided by the statistical correlations for mud weight and 
pH using egg shell and snail shell independently in combination. 

Recommendation 

Based on these results and conclusions of the experimental research study, the following 
recommendations are suggested for future work: 
 The effect of egg shell and snail shell on the rheology of water based mud is imperative.  
 The potential of egg shell for mud weight enhancement should be investigated without 

barite as the weighting agent and compared to industrial calcium carbonate. 
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Abstract 

The monetization of natural gas in Nigeria, rather than its wrong usage to alter the natural state of the 

environment via flaring, has taken the front stage of the investment portfolio. However, investors 

should be well informed of the profitability of the investment. This paper seeks to valuate the viability 
of investment in the natural gas plant from the source to consumers. Developing economic and cash 

flow model, determination of economic/profitability indicators, and sensitivity analysis are the stages 

adopted for this work. The sensitivity analysis is in two parts: deterministic and stochastic sensitivities. 
CAPEX, OPEX, LPG percentage recovery, wellhead gas, dry gas and LPG prices (input variables) and 

NPV, IRR, and PI (forecast variables) were selected for the sensitivity analysis. In the stochastic 

analysis, Monte Carlo Simulation was carried out using @RISK software. Results obtained shows that 
the estimated deterministic economic indicators, are NPV: $3889.5, IRR: 58.3% (real) and 84.86% 

(nominal, PI: 3.59 and payback time: 1.46 years, which meet the criteria for viable investment in the 

gas processing plant. The stochastic values show that the NPV is $3674.22 million, IRR is 82.23% 
(nominal) and 55.75% (real), and PI is 3.462, and the likelihood is 58.91%, 59.92%, and 58.27%, 

indicating 40% uncertainty in achieving these values. The sensitivity analysis reveals that this 

uncertainty is the risk imposed by the CAPEX, OPEX and wellhead gas price. The LPG price and 
percentage recovery have a high positive impact on the forecast variables. This work will enable 

decision makers to make an informed decision before investment. 

Keywords: Monetization; Risk and Uncertainty; @RISK, Forecast; Monte Carlo; Profitability indicators; Gas  

infrastructure. 

 

1. Introduction  

The drive for a cleaner source of energy is inevitable, to reduce environmental pollutants, 
sustain the natural state of the ecosystems and natural gas has been a cleaner source of 
energy when combusted. Nigeria has over 180 Tcf of natural gas reserves [1-3]. The total 

natural gas reserve in Nigeria is 192.065 Tcf. This total gas reserve has a breakdown of 97.208 
Tcf Associated Gas (AG) reserves and 94.857 Tcf Non Associated Gas (NAG) reserves [4]. 
According to [1] and [2], (between 2008 and 2014), natural gas has under gone utilization in 
Nigeria, but not optimal utilization. The recent discovery of new oil and gas fields may have 
to increase Nigeria natural gas reserves to 192 Tcf, as stated by [3] and [4] (Figure 1). 

Nigeria natural gas reserve is enormous but it is under-utilize, and gas flaring activities 
have taken advantage of this under-utilization which is as a result of poor gas infrastructural 
development. Nigeria’s economy can have a boost if this enormous natural gas reserve is 
monetized via the different monetization options (Gas-To-Liquid (GTL), Compressed Natural 
Gas (CNG), Natural Gas Liquid (NGL), Liquefied Petroleum Gas (LPG), and Liquefied Natural 

Gas (LNG)) [5]. Each of these monetization options utilizes natural gas as the feedstock. 
Presently, many homes in Nigeria utilize Liquefied Petroleum Gas (LPG) for domestic cook-

ing and heating, because of its clean nature when burnt. Many more homes are bracing up to 
join the numbers. Industries that use heavy machinery in production drive their machinery 
with power generated from natural gas (main methane) and these industries are continuously 
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investing more on their production systems. In addition, the Gas to Power industry is another 
consumer of natural gas. Therefore, there is every tendency that natural gas utilization will 
increase in the future through the expansion of the market for its products. These are pointers 
for potential investors in the natural gas downstream sector. 

 

Figure 1. Natural gas reserve status in Nigeria 

In Nigeria, there are fewer investors (XEN Energy-25MMScfd, PNG Gas-30MMScfd, Green-
ville-80MMScfd, Niger Delta (Ogbele Gas Processing Plant)-100MMScfd and Giga Gas-
140MMScfd), in the natural gas business, thus monetization is not optimal, possibly due to 
“lack of willingness of oil producers to mobilize funds to monetize what is essentially seen as 
a low value by-product compared to oil”[6]. In addition, lack of information about the econom-

ics (financial implication and returns) and risk associated with the business, will hamper in-
vestor’s interest. Therefore, this work seeks to bring to bear an economic model and analysis 
of the profitability, risk, and uncertainty for investment in natural gas plant, via cash flow 
model development and sensitivity analysis, with LPG and dry natural gas as target products. 

2. Literature review 

2.1. Natural gas processing and infrastructure 

The development of natural gas fields requires gas developers to make the right decision 

in terms of siting a gas plant, gas infrastructure and long term economic benefit of the pro-
cessing plant. In this way, the gas developers will be able to predict and control capital spend-
ing, while maximizing the value of their natural gas and Natural Gas Liquids (NGLs) [7]. 

Making the right decisions during the initial stages of a gas processing plant project is 
important for the ultimate business outcome and long term survival in the gas business. These 
decisions can include “technology selection, plant configuration, plant sizing, and site selection 

together with determining the optimal contracting and construction strategies.” [8] The devel-
opment of gas processing systems can require considerable infrastructure decision and sound 
economic judgment, which can maximize cost recovery. Figure 2, shows a typical configuration 
in the block flow diagram of the natural gas processing plant, and whatever type of configu-
ration, the Capital Expenditure (Capex) and Operating Expenditure (Opex) depend on the 

compositions, components, and extent of processing of the natural gas. 
Construction and project cost can come under control via two essentials aspect of any 

project: feasibility studies and project oversight in-house, and that proper design, accurately 
modelled facility performance, and identifying optimal operating strategies can reduce oper-
ating cost to a minimum [10]. 
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Figure 2. Block flow diagram of a natural gas processing plant [9] 

 

2.2. Natural gas and product price dynamics 

The dynamic of demand and supply of natural gas is dictated by its market price, which (in 
this paper) is divided into two parts: wellhead gas price (producer price) and product price 

(consumer price). The price of natural gas is not stable because of dwindling oil price and 
demand for natural gas during winter and summer (in polar region). Countries like Nigeria, 
demand natural gas and LPG depends on the number of residents and companies that are 
available to use it. 

However, “depending on market condition, either the consumers’ or the producers’ per-

spective tends to dominate the pricing decision, and a number of alternative pricing mecha-
nisms have emerged in the market.” [11] 

Simple Regression (Equation 1) by regressing West Texas Index (WTI) and Henry Hub Spot 
Price, using weekly price information, was developed by [12]. 

𝑃𝐻𝐻 = −0.1104 + 0.1393𝑃𝑊𝑇𝐼              (1) 
The Henry Hub sports price is dependent on short-term price. Hence, any change in demand 

and supply will affect the natural gas price, thereby, making it more volatile. For the year 
2017, the average spot price for natural gas is $3.01/MMBtu ($3.10/MScf). 

Nigeria National Petroleum Corporation (NNPC) report, February 2017, quoted the price of 
natural gas as $2.9/MScf, which is almost the same with the Henry Hub natural gas spot price 
of $2.85/MMBtu ($2.92/MScf), at the same month and year. The price of dry natural gas (from 

processing plant) supplied to industries and power generation companies (Gas-to-Power), was 
reviewed and approved by Nigeria National Petroleum Corporation (NNPC), from $1.5/MScf to 
$2.5/MScf. Transportation tariff of $0.8/MScf was added to this price, making a total of 
$3.3/MScf price of gas supplied to the industries and power sector. 

Reports by [13], shows that one truck of LPG (20 metric tonnes) was valued at N3.5 millions 
at the second halve of 2016. At this time, the official currency exchange rate was $1/N190. 

The report also reveals that, when the official rate hiked to above $1/N300 in the first quarter 
of 2017, 20 metric tonnes of LPG increased to above N5 millions. The attendant effect of this 
price dynamics is the hike in the retailer’s price. 

Recent data from [14] shows that, the average price of refilling LPG of 12.5kg cylinder, 
increased by 2.64% monthly and by 33.11% yearly, from N4, 830.22 in April 2017 to N4, 

957.88 in May 2017. The hike in natural gas and product prices has resulted in a push in the 
inflation rate in Nigeria. The Consumer Price Index (CPI), which measures the inflation rate, 
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reveals that gas prices and other commodities have increase Nigeria’s inflation rate to 18.55% 
in December 2017 [14].  

2.3. Natural gas processing economics 

The natural gas industry is bedeviled with risk and uncertainties, in terms of market struc-
ture, the available market for the products, dynamics of demand and supply for wellhead gas 

and the products, price dynamics for wellhead gas and the products, infrastructure, govern-
ment policies and working fiscal regimes. These risk and uncertainties call for careful decision 
making before investing in natural gas infrastructure. 

Data from various liquefaction projects were used by [15] to calculate the average cost 
breakdown by plant area and by category for natural gas liquefaction processes and found 

that the liquefaction and refrigerator systems require about 50% of the total plant cost.  
CAPEX), OPEX, and natural gas price are intrinsic parameters in developing an economic 

and cash flow models. These parameters are used to determine useful economic indicators 
(NPV, IRR, PI, PVR, GRR, and payback time) on which decision making is relied on, to deter-
mine the viability of investing in a natural gas infrastructure project. However, to enhance 
decision making, further economic analysis such as Monte Carlos Simulation (stochastic Anal-

ysis) should be done. 
Economic model and analysis on the development of Nigerian offshore marginal fields using 

Probabilistic approach were presented by [16]. Economic yardsticks (payback time, NPV, IRR, 
PI, PVR, and profit to investment ratio) were investigated and Monte Carlo Simulation (using 
Crystal Ball) was used to perform sensitivity analysis which shows that NPV, IRR, and payback 

time are more sensitive to changes in oil price, gas price and tax rate. However, the economic 
model for natural gas as a separate unit was not developed in their work. 

The economic model for exploiting stranded natural gas in Niger Delta Offshore fields, using 
two natural gas monetization options: Gas-to-Liquid and Liquefied Natural Gas with pipelines 
and gas processing were developed by [17]. The NPV for both monetization options, shows 

that, at a lower price of oil and gas, the LNG monetization option is more attractive, but as 
the natural gas price increases, both monetization options becomes less attractive for invest-
ment. However, sensitivity analysis to further determine the option that poses more risk to 
investors was not done. 

An engineering economic technique for valuation of the viability of marginal oil and gas 

fields’ project in Nigeria using Financial Simulation Analysis was adopted by  [18]. Like the 
sensitivity analysis done by [16] using Crystal Ball, [18] also, carried out sensitivity analysis 
using Crystal Ball, the input variables are “oil price per barrel, development/capital cost, real 
discount rate, operating cost, abandonment cost, total field production, Petroleum Profit Tax 
(PPT) and royalty”, and the forecast variable was Post-tax NPV. Among the input variables, 
[18] found out that PPT, oil price, and royalty have much more impact on the NPV. Again, like 
the work done by [16], Natural gas processing unit was not considered in the economic model 
and analysis. 

3. Materials and method 

Cash flow models are unique to a particular investment in the oil and gas business. It is 
unique in the sense that, the target product(s) determines the facilities that form the entire 

plant and it also determines the capital and operating expenditure for a project. However, the 
process of economic valuation is the same including the natural gas plant considered in this 
paper. Therefore, the materials used in this work are Excel spreadsheet and @RISK software, 
and the method adopted was divided into three stages. 

3.1. Stage one: Developing the economic and cash flow model 

The economic model for the natural gas processing plant was developed using an excel 
spreadsheet. Figure 2 shows the entire process from which the economic and cash flow model 
was developed. 
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Figure 3. Simplified schematic of the entire process 

The natural gas processing plant of interest has a design capacity of 70 MMScfd and an 
operating capacity of 60 MMScfd. However, the operating capacity was used in the develop-
ment of the cash flow model. In addition, 356 operating days, 20 years operation of the natural 
gas processing plant, inflation rate of 17% and straight-line depreciation for 5 years were 

assumed. Table 1, shows a summary of the input parameters and assumptions. 

Table 1. Summary of input parameters and assumptions 

Plant capacity (Operating)  60 MMScfd 

Wellhead gas price Pwg 4 $/MScf 

Discount rate (Real) 𝑟𝑅 15 % 

Government tax CIT 30 % 

Operating days  356 days 

No. of years forecasted t 20 year 

depreciation method SLD 5 year 

Products Symbol Price Unit 

Natural gas PNG 3.3 $/MScf 

LPG PLPG 280 $/mt 

In developing the cash flow model, Equation 2 was modeled using LPG production data 
from a major gas processing plant, to estimate the volume of LPG recovered from the NGL, 

which was extracted from the feed gas. 
𝑉𝐿𝑃𝐺 = 153.53𝛽𝛼𝑟𝑞   (𝑚𝑡/𝑑ay)              (2) 

where: 𝛽 is the mole fraction of C3/C4 recovered from the NGL; 𝛼𝑟 is the percentage of NGL 
recovered from the feed gas and, 𝑞 is the operating capacity of the plant (MMScfd). 

The 𝑞 is dependent on the source of the feed gas while 𝛽 and 𝛼𝑟 are dependent on the 
treatment plant recovery process and are cash flow model parameters. 

3.2. Stage two: Determination of profitability indicators 

The process of decision making on the viability of oil and gas property requires estimation 
of profitability indicators, which are summarized in Table 2. 

Net Present Value (NPV) 
The NPV is the surplus of cash resulting from the present value, and it is the difference 

between the present value of cash inflows and the present value of cash outflows at a com-
pany’s or investor’s hurdle rate (or discount rate).  
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Internal rate of return (IRR) 
The “Internal rate of return (IRR) has been a popular managerial indicator since the 1950s, 

and it is still widely used today” [19]. The IRR is the discount rate that produces zero NPV. In 
addition, is the discount rate such that the present value of cash outflows is equal to the 
present value of cash inflows, and it determines the maximum borrowing cost of capital to 

make the investment viable. The IRR is measured in percentage. 
Profitability index (PI) 

The screening of investment by the use of NPV may be very attractive, especially when it 
passes the screening test, but it does not take into account the size of the investment. To take 
care of the weakness of NPV, the PI was introduced to measure the total return for every 

dollar invested in a project 
Present value ratio (PVR) and Growth rate of return (GRR) 

The PVR and GRR are investment screening indicators and are a function of PI and discount 
rate. The PVR measures the gain per dollar invested, and the GRR measures the capability of 
reinvestment of capital at the prevailing discount rate. PVR must be greater than zero, and 
the GRR must be greater than the discount rate for viable investment.  

Payback period 
The payout measures the time to recoup an investment. At  this point, the cumulative net 

cash loss is exactly equal to the cumulative net cash gain (break-even point). 

Table 2. Economic indicators for managerial decision making process 

S/N Indicators Equation 

1 
Net Present Value (NPV) (nominal) 𝑁𝑃𝑉 𝑁 = ∑

(𝑁𝐶𝐹 𝑁)𝑡

(1 + 𝑟𝑁
)𝑡

𝑛

𝑡=0

 

2 
Internal Rate of Return (IRR) (nominal) 𝑁𝑃𝑉 𝑁 = ∑

(𝑁𝐶𝐹 𝑁)𝑡

(1 + 𝑟𝑁
′ )𝑡

𝑛

𝑡=0

= 0 

3 
Profitability Index (PI) 𝑃𝐼 = 1 +

𝑁𝑃𝑉 𝑁

𝐼𝑜

 

4 
Present Value Ratio (PVR) 𝑃𝑉𝑅 =

𝑁𝑃𝑉 𝑁

𝐼𝑜

 

5 Growth Rate of Return (GRR) 𝑅𝑅 = (𝑃𝐼)
1
𝑡 (1 + 𝑖) − 1 

6 Payback Time Time (years) at which CummNCF = 0  

7 
Unit Technical Cost (UTC) 𝑈𝑇𝐶 =

𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝐶𝑜𝑠𝑡 (𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋)

𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑  𝑅𝑒𝑠𝑒𝑟𝑣𝑒𝑠 /𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
 

8 Nominal Discount Rate (r_N) 𝑟𝑁 = (1 + 𝑖𝑟 )𝑟𝑅 + 𝑖𝑟 

where 𝑟𝑅 is the real discount rate, 𝑟𝑁 is the nominal discount rate (which is as a result of infla-

tion) and 𝑖𝑟 is the inflation rate, 𝑟𝑁
′ = 𝐼𝑅𝑅𝑁, is the nominal IRR, 𝑟𝑅

′ = 𝐼𝑅𝑅𝑅 is obtained by substi-
tuting 𝑟𝑁

′  for 𝑟𝑁  and calculating 𝑟𝑅
′, 𝐼𝑜 is the present value of Capital Expenditure (CAPEX) at the 

given discount   rate 𝑟𝑅, used in discounting NPV. 

3.3. Stage three: Deterministic and stochastic sensitivity model of the variables 

Two methods of determining the sensitivity (deterministic and stochastic) of the forecast 
variables to changes in the input variables were presented, to capture risk and uncert ainty in 

the natural gas project. 
The deterministic sensitivity is a single point model of one input variable and one forecast 

variable. The input variable is price, and the forecast variable is NPV, with these two single 
point variables, an NPV profile was generated, using Equations 3. 
𝑁𝑃𝑉𝑑 = 𝑓(𝑃)                    (3) 

where 𝑁𝑃𝑉𝑑 is the Net Present Value under deterministic sensitivity; 𝑃 is the price for wellhead 

gas, dry natural gas, supplied to industries and LPG price for domestic purpose. 
Stochastic sensitivity involves Monte Carlo simulation using @RISK software, such that, 

more than one decision variable in the investment model will be varied at the same time, to 
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determine their different level of impact on a forecast variable. Each input variable (wellhead 
gas, dry gas 𝑎𝑛𝑑 LPG prices, Opex, Capex and percentage recovery of NGL), is described by a 
Probability Distribution Function (PDF). The PDF for the gas prices is Lognormal Distribution. 
The lognormal PDF has lower boundary but no upper boundary, and this inform its choice for 

the gas prices, because, the price of gas can never be zero as time passes. Opex and Capex 
are Uniform Distribution, since it is uncertain about the most likely Opex and Capex for the 
gas plant. The PDF for percentage recovery of NGL is triangular. The choice for this distribution 
was based on the maximum (most likely) recovery of the LPG from the NGL, which is depend-
ent on the plant design and target product. 

4. Results and discussion  

Table 3, shows the economic indicators estimated from the cash flow model. 

Table 3. Economic indicators before and after income tax 

Indicators Before income tax After income tax Unit 

NPV  6 199.3 3 889.5 $MM 
IRR 112.86 84.86 % 

PI 5.13 3.59  

PVR 4.13 2.59  
GRR 46.02 43.44 % 

Payout Time 1.08 1.46 year 

The indicators, before income tax, are greater than the indicators after income tax, except 

payout time. This is because of the impact of income tax, and the essence of depreciating the 
asset is for the income tax purpose. The estimated NPV of the cash flow after income tax is 
positive ($3889.5 million > 0), which indicates viable investment. The estimated IRR in Table 
3 are the nominal values, the real IRR was calculated to be 0.583 (58.3%) after income tax, 
and it is greater than the discount rate, 0.15 (15%). The implication is that, at 58.3%, the 

NPV is zero indicating the maximum borrowing cost of capital to make the project of invest-
ment viable. Above this value, the investment starts to generate negative NPV. Also, the IRR 
must not go below the cost of capital. Therefore, it is profitable if the company hurdle rate is 
between the discount rate and the IRR (15% < hurdle rate of ≤ 58.3%). The GRR estimated 

from the cash flow, meets the criteria (Table 4), but can be used in decision making, only 
when the investment has the capability that capital from this project can be re-invested at the 
prevailing discount rate. 

The PVR measures the gain per capital invested. Thus, the estimated PVR (2.59), indicates 
that there is $2.95 gain for every $1 invested, thereby making the gas processing plant viable 

for investment. The estimated PI (3.59) after income tax, indicating that the natural gas pro-
cessing plant will return a total of $3.59 for every $1, where $2.59 is gain for every $1 in-
vested. The estimated payout time after income tax is 1.46 years. Although, the work done 
by [16] was based on oil and gas marginal field, but gave a payout time of 1.42, which agrees 
with the value obtained in this work. 

Table 4 Summary of profitability measures and decision rules 

 Decision rules 

Profitability measure Accept if Reject if 

Payback period @ d ≤ Desired ≥ Desired 

Net present value (NPV) @ d > 0 < 0 
Internal rate of return (IRR) @ d > d < d 

Profitability index (PI) @ d > 1 < 1 

Present value ratio (PVR) @ d > 0 < 0 
Growth rate of return (GRR) @ d > d < d 

Unit technical cost @ d  < Average Product Price > Average Product Price 
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4.1. Deterministic sensitivity analysis 

Market forces of demand and supply of natural gas, are dynamic in nature, and they dictate 

the prices of wellhead gas and its products. Using Equations 3, NPV profile of Figures 4 and 5 
were generated for wellhead gas and LPG prices respectively. 

  

Figure 4. Wellhead Gas NPV sensitivity profile Figure 5. LPG NPV sensitivity profile 

The maximum price to buy wellhead gas from the producer so that the investment 

continues to generate positive income was $10.99/MScf, and this value is the Break-even 
price of the wellhead gas (Figure 4). Above this price, the investment starts to generate neg-
ative NPV, and as the price decreases, the NPV increases, which favours the investors. In 
transfer pricing, increasing the wellhead gas price favours the producer, but becomes a loss 

to the gas processing company, vice versa. The minimum amount at which the LPG can be 
sold was $210.42/ metric ton (Figure 5). This is the Break-even price for the LPG. Below this 
price, the NPV becomes negative, indicating a loss to the investors. This price is an important 
parameter to be monitored such that it does not fall below a unit production cost. The break-
even price for the dry natural gas on the cash flow model was very low (less than $0.2/MScf), 
indicating the favourable market for dry natural gas down to a price as low as $0.2/MScf. 

Unit Technical Cost (UTC) indicates what the product is costing to develop the processing 
plant and to produce the product. The UTC is calculated when 𝑁𝑃𝑉 = 0, 𝑃𝐼 = 1.0, and discothe 
unt rate is the IRR. Therefore, the UTC is the same as the minimum price at which the product 
can be sold, but its screening criteria is that, it must be lower than ($210.42/mt < $280/mt) 

the proposed product price or the prevailing market price of the product (LPG). 

4.2. Stochastic sensitivity analysis: @RISK base simulation 

The Monte Carlo Simulation using @RISK was done with 5,000 iterations. From Figures 6 
and 7, the Monte Carlo simulations show that the NPV and IRR are lognormal distributed with 
a mean (expected) value of $3672.22 million and 82.05% (nominal) with a standard deviation 

of $1176.50 million and 18.62%. The likelihood of these values is 0.5891 (58.91%) and 
0.5992 (59.92%), indicating 40% uncertainty in getting the expected NPV and IRR (Figures 6 
and 7). This uncertainty poses a risk on the cost of capital; once there is an escalation in gas 
price, procurement and installation costs. 

Figure 8 shows that of the PI, which measures the size of the project, with an expected 

value is 3.462, which is well above 1.0, indicating that for every $1 million dollars invested, 
there is $3.462 million total return, with the likelihood of 58.27% (i.e. probability of 0.5827). 
This implies that investors are 58.27% certain that the investment will return $3.462 million, 
the rest is the risk associated with the investment due to uncertainty in price escalation. 

Figures 9, 10, and 11, shows the sensitive response of the NPV, IRR, and PI from the input 
variables. The chances of achieving their expected values are above 50%. This culminates 

from the individual impact of the input variables. For the three forecast variables, the LPG 
price and percentage recovery have the highest positive impact on them, indicating t hat, in-
creasing  these values will increase their output and vice versa. The dry gas price has the least 
positive effect on the forecast variables, indicating that more returns will be achieved if the 
processing company focuses on increasing LPG production. 
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Figure 6. Simulated NPV fitted with normal distribution function 

 

Figure 7. Simulated IRR fitted with normal distribution function 

 
Figure 8. Simulated PI fitted with normal distribution function 
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Figure 9. Tornado diagram of the NPV response based on effect of output mean 

The OPEX has the highest negative impact on the NPV and IRR, (Figure 9 and 10). There-

fore, the gas plant should be designed to maximize recovery of LPG (this is where the per-
centage recovery in Equation 2, comes in) and minimize OPEX, thereby minimizing the nega-
tive effect of the OPEX on the NPV and IRR. 

 

Figure 10. Tornado diagram of the IRR response based on effect of output mean 

 

Figure 11. Tornado diagram of the PI response based on effect of output mean 
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The negative effect of the OPEX and CAPEX on the NPV and IRR imposes a risk on the cost 
of capital in the midst of inflation. When there are an inflation and price escalation, the nominal 
discount rate will increase (Table 2), thereby reducing the expected values and the chances 
of achieving them. Figure 11 shows that the CAPEX has an impact that is more negative on 
the PI. 

The negative impact of CAPEX, imposes a risk on the investment, indicating that increasing 
the CAPEX will reduce the likelihood of getting the expected PI. However, since the CAPEX is 
a one-off cost, the risk will come in the form of the delay in completing the installation of the 
gas processing facilities, commissioning and startup operations. During this delay, cost of 
procurement and installation might escalate, as stated by [15], and in the process, escalate 

the CAPEX and payback time, thereby decreasing the likelihood of achieving the expected 
return from the investment. Timely completion and startup operation will minimize the risk 
imposed by the CAPEX on the PI. 

Figures 12, 13 and 14 are the spider charts of the sensitivity analysis. The chart shows the 
sensitive response of the forecast variables, which is dependent on the steepness of the input 
variables. 

 
Figure 12. Stochastic spider diagram for the NPV 

 

Figure 13.Stochastic spider diagram for the IRR 
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Figure 14. Stochastic spider diagram for the PI 

Figures 12 to 14, show that LPG price and percentage recovery, have the most positive 
steepness and thus increases the value of the forecast variables. CAPEX, OPEX and wellhead 

gas price have negative steepness, indicating an inverse relationship with the forecast varia-
bles. 

These findings, are in agreement with the stochastic analysis done by [16,18], which shows 
that CAPEX has a more negative impact on forecast variables, and the dry gas price has a 
positive effect on the forecast variables. 

5. Conclusions 

The starting point for economic valuation of oil and gas project is the development of cash 
flow (which is unique to a particular project) to determine the viability of the project using 
economic indicators. The analysis of the cash flow shows that the expected stochastic values 
of the indicators are less than the deterministic (best average) values, because of the risk 

associated with the project. The stochastic values are $3674.22 million, 82.05% (0.8205) and 
3.462, while the deterministic values are $3889.5 million, 84.86% (0.8486) and 3.59 for NPV, 
IRR, and PI respectively. 

Investment in natural gas infrastructure is viable, but decision makers must pay more at-
tention to the instability of wellhead gas price, product price and investment capital in the 
midst of inflation and escalation of the cost of procurement and installation of plant facilities. 

These input parameters pose risk and uncertainty on the parameters that define the profita-
bility of the investment. Therefore, decision makers should advice investors based on stochas-
tic values rather than deterministic values, because the stochastic values are associated with 
risk and uncertainty. 
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Abstract 

The general ways of improvement the primary petroleum refining rigs have been described in this 
article. It has been proposed to consider the operational control of primary petroleum refining processes 

as the most perspective branch of petroleum industry due to its comparatively cheap implementation. 
Operational control has a significant influence on the safe operation of equipment, products quality and 

amount of harmful emissions. Electrical conductivity and relative permittivity have been defined as the 

specific parameters for effective operational control.Primary oil refining rigs are the most important 
part of any petroleum refinery. Despite the Nelson complexity index which is only  1,0 for refineries it 

should be considered that they have a strong impact on the secondary refining rigs. That’s why one of 

the most important task in the petroleum refining industry worldwide is improvement of primary oil 
refining rigs. 

Keywords: primary petroleum refining processes; relative permittivity; electrical conductivity; control 

parameter; level of separation; fraction; emulsion; salts. 

 

1. Introduction  

Primary petroleum refining equipment, as a rule, include the following technological parts: 
raw material treatment (removing of salts, water and mechanical admixtures), gasoline frac-
tion separation, distillation, vacuum treatment of fuel oil. All these parts are in strong connec-
tion. So improvement of one or several parts affect the general equipment efficiency.  

 

Fig.1. Structural model of improvement the pri-
mary petroleum refining process  

One of the most significant criterion of ef-
ficiency for primary petroleum refining rigs 
evaluation is depth of separation of light 
fractions and refining of heavy fractions. Ac-

cording to [1] fuel oil vapor contains about 5 
% of diesel hydrocarbons and tar contains 
about 10 % of vacuum distillate fraction [2]. 
Very important performance measure of 
equipment is durability which is caused by 

corrosion protection and harmful emission 
decrease.  

General directions of improvement the 
primary petroleum refining equipment, that 
can provide its long durability and decrease 

of harmful emissions, may be performed in 
Fig. 1. Each of these directions will be ob-
served in details below.  

 

 

Ways of improvement 
of primary petroleum 

refining rigs  

Chemical 
reactants 

Equipment design 
change 

New construction 
materials 

Technological 
parameters 
adjustment 

Preliminary raw 
material treatment 

Operative process 
control 

Destruction of emulsion, 
corrosion protection, 

Intensification of process 
 

Increase of fractions yield, 
Accident prevention,  
Emission decrease 

Heat losses decrease, 

Corrosion protection, 
Eqiupment sealing 

Fractions separation, 
Decrease of capital costs  
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2. Results and discussion 

Addition of various chemical demulsifiers is widely used in petroleum refining industry and 

mainly at electro desalting and electro dehydrating rigs. The following demulsifiers are most 
popular in Ukraine and Russia: 
- Dissolvan 4411 and Separol 25 (Germany); 
- NALCO EC, Basorol E2032 and L-1632 (USA); 
- R-11 and Х-2647 (Japan); 
- Servo 5348 (Holland);  

- Kemelix 3448x (Great Britain) 
But search of the most effective and comparably cheap demulsifiers has not been finished 

yet. The examples of researches devoted to the current problem ale presented below.  
For dehydration of crude oil from Basra, Iraq there have been applied demulsifiers based 

on industrial foundry oil. There has been compared the efficiency of two types of demulsifies: 

industrial RP/6000 and ammonium sulphonate from castor oil. The best results for the sepa-
ration of emulsion (15 % of water, 3 % of NaCl) were obtained at the highest pH rate and 
highest concentration of ACS demulsifier [3]. 

Authors of [4] have described the research devoted to the application of different water-
soluble and low-soluble demulsifiers for oil and water separation. Etoxylate of fatty alcohol, 

triethanolamine have been considered as the most effective from the water-soluble group and 
Basorol E2032, Basorol PDB 9935 and TOMAC from low-soluble group. 

It has been found out that increase of demulsifier concentration, salt content and tempe-
rature up to 350 K encourages the separation degree at pH 5-9.  

It has been also found out that the most effective composition that provides almost 90 % 

separation of oil and water, consists of triethanolamine – 16%, etoxylate of fatty alcohol – 
20%, Basorol E2032 – 6 %, Basorol PDB 9935 – 8 %, TOMAC – 12 % and aromatic dissolvent 
– 39 %. Besides this new composition was more effective than industrial demulsifiers (VZB 
1413 provides 65 % separation and VZB 1414 – 72 % separation). Moreover, addition of light 
hydrocarbon dissolvent encourages the destruction of oil-water emulsion and reduces the vis-
cosity [5]. Authors of [6] proposed the new composition of demulsifiers that contain 25 – 48 % 

of surfactant “Sinterol” («Синтерол»), 3-8 % of modifying additives and dissolvent (methanol 
– aldehyde fraction). Level of oil dehydration with the proposed demulsifier can be raised up 
to 96 %. To protect the industrial equipment from corrosion destruction there has been pro-
posed to add the following chemical reactants: amides, aliphatic amines and, in particular, 
nitrogen-containing inhibitor – polyhexamethylenguanidine – hydrate (5 – 20 g per 1 ton of 

raw material). Current inhibitor provides the 95-98 % protection [9]. To prevent the corrosion 
of equipment at oil and gas fields, pipelines and refining systems there should be applied an 
inhibitor of metal corrosion that contains 70 – 99,9 % of synthetic oil (as a by-product of 
benzene hydration and further oxidation of cyclohexane by air and dehydration of cyclohexanol) 
and 0,1 -30 % of carbamide [10].  

Chemical reactants are widely used for preparation of crude oil and gas condensate for 
transporting. Authors of [11] recommend to perform the preparation of sulfur-containing crude 
oil through its low-pressure separation or in additional separation column at 300 – 350 K and 
0.1 – 0.5 MPa. The aim of proposed method is to reduce the acidity and corrosion activity of 
crude oil. In [12] there has been described numerous compounds that may be applied as the 

corrosion inhibitors for steel in acidic solutions. It has been shown that acetylene alcohol is 
the most active component for corrosion protection.  

Design change for refining equipment is one of the most complicated direction for improve-
ment the primary petroleum refining rigs which demands considerable investments. At the 
same time, there are two determining factors of effective separation of petroleum fractions – 

design of contact devices and constant temperature gradient in distillation column. Bubble-
cap trays and valve collars are the most widely used devices in atmospheric distillation col-
umns [13]. Replacement of bubble-cap trays with ejection trays provides the increase of tray 
efficiency up to 20 % [20]. Replacement of grooved tray with ejection valve trays encourages 
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the decrease of distillate fractions content in fuel oil by 7 % in average [15]. According to [16] 
the regular structured nozzles by “Sulzer” are the most effective comparing to tray contact 
devices. Replacement of trays with stationary valves with regular structured nozzle “Sulzer” 
provides the increase of equipment productivity and decrease the content of C7 –hydrocarbons 
in low-boiling fraction 350 K down to 0.43 %. In [17] authors describe the varying of sections 

diameter in packed columns. This approach allows to decrease energy costs for separation in 
distillate columns.  

Methods of pretreatment of raw material aim the increase the yieldt of light fractions, en-
courages the destruction of oil-water emulsions and can be implemented for the preparation 
of oil before the electrodesalter and electrodehydrator. In [18] there have been presented the 

results of activation of viscous crude oil by rotary pulsating apparatus by waves from infra-
sound to ultrasound. As a result – the content of gasoline fraction raised up to 10 % comparing 
to unprocessed crude oil.  

In [19] there has been described a research devoted to desalting and dehydration of crude 
oil with pretreatment in electromagnetic field at 0,1375 Tl and linear flow speed 1 m/s which 
has shown the increase of dehydration level by 5-30 % and 2 times decrease of emulsifier 

consumption comparing to traditional technologies.  
Implementation of technological refining of crude oil includes the exploitation of equipment 

under extremely hard conditions, i.e. wide temperature and pressure rate, corrosion destruc-
tion etc. Thus, construction materials of pipes, heaters, coils, valves and pumps play the cru-
cial role. There are widely used different types of steel that contain Сr, Mo, Mn, Si, Ti, Ni etc. 

These components improve strength and hardenability and corrosion resistance of steel. Now-
adays the most popular types of steel are produced by JFE Steel Company [21]. Also there are 
widely used metal and non-metal matrices with the specific location of hardeners. One of the 
most promising construction sealants in petroleum refining industry is expanded graphite [22]. 
Due to its high adsorption capacity expanded graphite can be applied for removing of fuel oil, 

heavy metals and other organic substances from water. The main benefit of expanded graphite 
is its self-regeneration. 1 gram of expanded graphite can adsorb up to 80 grams of organic 
substances [23]. Carbon materials can be applied for production of complicated high-temper-
ature heaters including flexible pipes, high-temperature heat shields etc. [24] 

Technological parameters of primary oil refining such as temperature, pressure and infinite 

reflux can be considered as the powerful tools to improve the production efficiency [25].  Each 
type of raw material, that is supposed to be processed at refinery, has a considerable level of 
technological parameters. For example, boiling point is the crucial factor for construction ma-
terials choose. Heat balance of equipment depends on the temperature of raw materials and 
refining products. Pressure has the huge influence on boiling point of liquids and on separation 

of liquid and gas fractions in separators. Infinite reflux is an important factor that defines 
temperature range of column. Also temperature and pressure have an influence on construc-
tion materials, design of refining equipment and environmental safety.  

Operational control of refining processes is the developing branch of petroleum industry. 
Nowadays the operational control at most of the refineries in Ukraine and Russia is based on 
laboratory analysis of samples, taken from the definite key points of rig. In this case there 

should be defined around 3-5 quality parameters which are supposed to be defined as soon 
as possible. Ideally there should be a specific integral parameter to characterize the compo-
sition and structure of raw material and products. Specific conductivity (δ) and relative per-
mittivity (ε) have been proposed as the specific integral parameter [26-27]. Choose of param-
eter should be based on origin of analyzed material. Thus, primary oil refining field can be 

divided into two areas (Fig. 2). Preparation area includes the separation of water, salts and 
mechanical admixtures from crude oil. Refining area includes stabilization of oil and fractional 
separation in distillate column.  
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Fig 2. Structural scheme of primary petroleum refining:  
I – crude oil, II – fresh water, III – waste water, IV – insufficiently prepared crude oil,  V – prepared oil,  

VI – final product, VII – substandard product 

Considering the fact that crude oil and products of it refining are non-polar dielectrics, it is 
quietly reasonable to control these substances by permittivity ε. For this purposes on I, V and 
VI fields there have been located the sensors S(ε0), S(ε1), S(ε2) to measure this parameter. 

Also, parameter ε may be used for determination of water in prepared crude oil.  Since the 
increase of boiling point of petroleum fractions leads to increase of relative permittivity, sensor 
S (ε2) may be used to get the reliable information about the level of fractions separation.  

Considering the electric conductivity it should mentioned that its value always depends on 
the amount of conductive components that are removed with water in preparation area (flow 

III). In this case salts and mechanical admixtures are conductive components that have been 
removed from crude oil. In the preparation area the proportion δ1>δ0 is always constant so to 
control the removal of salts and admixtures in II and III flow there have been set spec ial 
sensors S(δ0), S(δ1). 

Based on sensors S(ε1) and S(δ1) readings if the prepared oil is unfit for further refining 

and refining, it should be taken back to preparation area. Similarly, for refining area – if the 
high level of separation has not been reached, the products should be mixed with crude oil for 
repeated refining.  

3. Conclusion  

The general ways of improvement of primary petroleum refining rigs were presented. In 
our opinion, one of the most perspective directions is operative process control. T his system 

is based on primary diagnostic information received from sensors that have been set at the 
general material flows of the rigs. The operating principle of sensor is based on the measuring 
of electrical conductivity and relative permittivity in different areas. The presented scheme 
provides the realibility of equipment exploitation, reduces the harmful emission and minimize 
the time for correction of technological parameters. 
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Abstract 

Asphaltene precipitation is one of the challenges encountered during the production of heavy crude 
oils. Precipitation may also be pronounced during gas injection operations performed to improve 

production of such heavy crudes. Many of the reported models used for predicting Asphaltene 

Precipitation in order to achieve the best reservoir and production management practices are rather 
complex for routine applications. This study was designed to develop a simple but accurate model for 

predicting Asphaltene precipitation onset during gas injection into oil reservoirs. The parameters for 

the equation were obtained by tuning to experimental PVT data to obtain pressure-temperature phase 
profiles. Upper Asphaltene Onset Pressures (UAOP) were predicted under carbon dioxide gas injection 

and natural gas injection. Results were validated using published data, and compared with the 

Perturbed Chain Statistical Associating Fluid Theory (PCSAFT) Equation of State. The predictions matched 
experimental data. Generally, UAOP increased with an increasing proportion of injected gases and 

varied with reservoir fluid and type of injected fluid. This shows that as much as possible, injections of 

gases into heavy oils reservoirs should be done at the highest possible pressures. 

Keywords: Asphaltene precipitation; Reservoir fluid modelling; Gas injection operations. 

 

1. Introduction  

Asphaltenes are very complex solid component part petroleum fluids; they are usually high 
boiling materials with metals contents and heteroatoms like oxygen and sulphur while Nitrogen 
exists in various heterocyclic types including pyridine, aniline, quinolin, and pyrrole [1] it also 
exhibits polymer characteristics being derived from basic hydrocarbon units. Asphaltene pre-
cipitation poses challenges in petroleum production and storage systems, reservoir, wellhead, 

pipelines and process facilities [2-5] and understanding behavior of asphaltene has been a 
major challenge to the oil industry [6-7]. Numerous studies have been done in areas of asphal-
tene thermodynamics, structural characteristics, depositional behaviour, mitigation and eco-
nomics, These studies, however, do not effectively give solutions to the asphaltene problem, [8], 
observed a rise in the quantity of precipitated asphaltene with temperature increase, although 
the reverse is the case for asphaltene dispersed in paraffin solutions. Leontaritis [9] suggested 

the asphaltene precipitation envelope (APE) describe the conditions under which asphaltene 
precipitation can occur; the asphaltene precipitation envelope shows the region in which pre-
cipitation occurs in a temperature-pressure or temperature-composition diagram, the upper 
asphaltene onset conditions fall within the points on the APE. Studies described asphaltene 
molecules as undergoing self-association or association with resins, while the resin-to-resin 

association is not possible, asphaltene-resin association causes asphaltene stability in mix-
tures. Leontaritis and Mansoori [10] later suggested the steric colloidal model for predicting the 
onset of flocculation of colloidal asphaltene in oil mixtures based on the phenomenon that 
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Resin particle are very important in Asphaltene stability and that a streaming potential devel-
ops during oil flow, this contains charged colloidal particles which causes the flocculation and 
precipitation of asphaltene particles. 

The thermodynamic behaviour of asphaltene in solution is usually described by the molec-
ular solution theory, which suggests that the stability of asphaltene in oil as a solution and the 

separation of the oil (solvent) and asphaltene (solid) phase when asphaltene precipitation 
occurs. This approach has found use in different literature, which includes the Flory-Huggins-
(FH) theory, Flory-Huggins-Goldstein theory, Scatchard-Hildebrand equation, Statistical Asso-
ciation Fluid Theory (SAFT) and thermodynamic colloidal Theories. Most models in literature 
are based on a combination of these theories, for instance, the micellar approach suggests 

that Asphaltene in aromatic solvents, crudes, and aromatic/alkane mixtures form micelles [11]. 
This approach suggests that the micelles formed by asphaltene molecules remain stable in 
crude oil and it can precipitate upon the attainment of a critical concentration when the con-
centration of asphaltene monomers reaches a critical concentration which causes the solubility 
of the monomer concentration to be lower than the solubility of the asphaltene micelles, [12]. 
Studies have shown that asphaltene micelles form when crude oil contains excess hydrocar-

bon. Priyanto [13], described different stages in asphaltene association, suggesting that at 
concentrations above CMC asphaltene in solution will self-associate, as concentration further 
increases the self-associated Asphaltene will form a coacervate, and a continuous increase in 
concentration will result in the formation of asphaltene aggregates. Asphaltene micelle for-
mation shares structural similarity with surfactant systems [14].  

There are other approaches used to study the thermodynamic behaviour of associating 
fluids these approaches include, the Perturbation theory, Tangent Sphere model, Lattice 
model, Hole model, Molecular simulation, Scaled Particle theory, and Partition function theory. 
The Cell and Lattice models provide different adaptations of the compressible lattice model of 
solid polymers while incorporating compressibility in a different manner. The hole model com-

bines both methods of incorporating compressibility introduced by cell and lattice fluid, it as-
sumes that molecular sized holes exist in a solid state and an increased number of holes will 
confer fluid like properties to the solids, also during compression vacant holes are replaced by 
molecules, thereby causing gas to act as a liquid. Perturbation theory is a useful tool in many 
branches of physics and statistical mechanics of classical fluids. In perturbation theory, the 

fluid structure is characterised by a set of distribution functions brought about by expanding 
a fluid about the same properties of its reference fluid. One of the earliest applications of 
perturbation theory can be seen in the assignment of parameters to VDW EOS in order to 
account for the two major interacting components namely, the high-density repulsion and the 
low-density attraction.  

Perturbation theory has been widely applied to classical associating fluids in other to un-
derstand their thermodynamic behaviours [15]. Wertheim further suggested the Statistical As-
sociated Fluid Theory (SAFT), for describing the thermodynamic behaviour of associating flu-
ids. The basis for the development of the SAFT model was the sequential expansion of the 
Helmholtz energy about an integral molecular distribution function and the inherent associa-
tion capability [16]. This resulted in an association between the excess Helmholtz energy of 

association, the energy formed because of the formation of adjacent molecular chains and a 
function related to the segment-to-segment interaction.  

Where, is the residual energy contribution as a result of the interaction of adjacent seg-
ments, refers to contribution due to the formation of adjacent chains, refers to site-site inter-
action of segments while refers to the association energy contribution.  

In recent time, the association theory has been widely used to model asphaltene behaviour, 
but it is rather complex and used many parameters that are difficult to define. Kontogeorgis 
and Folas [17] introduced the cubic plus association equation of state, combining the classical 
equation of state with an association term, in order to describe complex mixtures and hydro-
carbon. 
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The focus of this study will be on the formulation of a simple equation of state to study the 
asphaltene onset pressure during CO2 gas injection in oil reservoirs. 

2. Methodology  

We suggest an expression in the form: 

𝑃 =
𝑅𝑇

(𝑉 − 𝑏)
−

𝑎

𝜈(𝜈 + 𝑏)
−

𝑐

(𝜈 + 𝑏)
 (1) 

The parameter “a” terms represents the attractive term, while parameter “b” is the volume 
parameter, and “c” the non-physical force term. 

The equation can be simplified to the form: 

𝑃 =
𝑅𝑇

𝜈 − 𝑏
−

(𝑎 + 𝑐𝜈)

𝜈(𝜈 + 𝑏)
 

(2) 

The fugacity coefficient was calculated from the following thermodynamic equation: 

𝜑𝑖 =
1

𝑅𝑇
∫ [(

𝜕𝑃

𝜕𝑛𝑖

)
𝑇,𝑛,𝑉,𝑛𝑖

− 𝑅𝑇/𝑉]𝑑𝑉 − 𝑙𝑛 𝑍
∞

𝑣
 

(3) 

where: 

𝑃 =
𝑅𝑇

𝑉 − 𝑏
−

𝑎(𝑇)

𝑉(𝑉 + 𝑏)
−

𝑐(𝑇)

𝑉 + 𝑏
 

(4) 

The derivation of the fugacity equation for the equation of state formulation is achieved by 
incorporating, equation (2) in equation (4) to obtain. 

𝑙𝑛 𝜑 = (𝑍 − 1) − 𝑙𝑛 𝑍 +
1

𝑅𝑇
[−

1

𝑅𝑇
𝑙𝑛

𝑉

𝑉 − 𝑏
+

𝑎

𝑏
𝑙𝑛(𝑉 + 𝑏) + 𝑐 𝑙𝑛(𝑉 + 𝑏)]

∞

𝑉

 
(5) 

Simplifying further gives: 

𝑙𝑛 𝜑 = (𝑍 − 1) − 𝑙𝑛 𝑍 − 𝑙𝑛(𝑍 − 𝐵) +
𝐴

𝐵
𝑙𝑛 (1 +

𝐵

𝑍
) + 𝐶 𝑙𝑛(𝑍 + 𝐵) 

(6) 

The phase liquid-solid phase equilibrium is given in terms of fugacity as  

𝜑𝑖
𝐿 = 𝜑𝑖

𝑉 . (7) 

where L, S indicate the liquid and solid phases respectively, and i represent the specie.  
For a liquid- solid phase formulation at equilibrium, the fugacity of the ith component in the 

liquid and solid phase can be expressed as. 

𝑙𝑛 (
𝜃𝑉

𝜃𝐿

) = 𝑍𝑉 − 𝑍𝐿 − 𝑙𝑛 (
𝑍𝑉

𝑍𝐿

)− 𝑙𝑛 (
𝑍𝑉 − 𝐵

𝑍𝐿 − 𝐵
) −

𝐴

𝐵
(

𝑍𝑉 + 𝐵

𝑍𝐿 + 𝐵
) (

𝑍𝑉

𝑍𝐿

) − 𝐶 𝑙𝑛 (
𝑍𝑉 + 𝐵

𝑍𝐿 + 𝐵
) 

(8) 

For each n component in a mixture, the equation of state can be expressed in terms of 

fugacity as: 

𝑙𝑛 𝜑 = (𝑍 − 1)𝐵′− 𝑙𝑛 𝑍 − 𝑙𝑛(𝑍 − 𝐵) +
𝐴

𝐵
(𝐴𝑖

′ − 𝐵𝑙
′)𝑙𝑛 (1 +

𝐵

𝑍
) + 𝐶 𝑙𝑛(𝑍 + 𝐵) 

(9) 

where,  

𝐴′ = (1/2∑ (1 − 𝑘𝑖𝑗)(𝑎𝑖 𝑎𝑗 )
1

2𝑁
𝑖,𝑗=1 )        (10); 𝐵′ =

𝑏𝑖

𝑏
; 𝐶𝑖

′ =
𝑐𝑖

𝑐
 

(11) 

A fitting procedure as suggested by Kontogeorgis and Folas [17] was used to determine the 
parameters of the equation The parameters were fitted to the vapour pressure and liquid 
density using the Generalised Reduced Gradient (GRG) non-linear minimization program, the 

objective function minimized in this study is the root sum of squares errors function defined 
by the expression: 

Objective function = √∑ ∑ (𝑥
𝑖𝑗

𝑒𝑥𝑝𝑖𝑗
𝑒𝑠𝑡

()2)
𝑚∑

𝑗=1

𝑘∑

𝑗=1
 

(12) 

where: i=data point number with a group; j=Measured variables for a data point; k=total 
number of a point in a data group; m=Number of points in a data group; x is the measured 

or calculated variable. 
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Reservoir fluid Data from the studies done by Arya et al. [18] and a model oil mixture de-
veloped by Marcano et al. [19], designated as Fluid-1, and Fluid-2, respectively were investigated. 
In order to model Asphaltene precipitation in the test petroleum fluid samples, the fluid volume 
was assumed constant. The Crude oil composition and properties used for the study is shown 
in Table 2 and Table 3 respectively.  

2.1. Determination of molar volume  

The molar volume used for the equation was derived from a simple adjustment procedure 
done in excel software, which can be summarised by the expression: 
𝑉 = 𝑉𝑓𝑖𝑡𝑡𝑒𝑑 − 𝑉𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑  (13) 

where: Vfiited is the volume fitted from experimental data; Vadjusted is the adjustment. 
Fluid-1 was used by Al-Hammadi et al. [20] (2015) and Arya et al. [18] (2016), the PC SAFT 

results were obtained by an approach similar to Panuganti [21] (2012), while Fluid-2 has been 

was used by Jamaluddin et al. [22] (2002), under nitrogen gas injections of 5, 10 and 20wt%. 

Table 1. Crude oil compositions gas phase 

Component  Fluid 1 
(Mol %) 

Fluid 2 
(Mol %) 

Component  Fluid 1 
(Mol %) 

Fluid 2 
(Mol %) 

N2 0.163 0.490 Iso-butane 1.885 0.810 

H2S 1.944 3.220 n-Butane 5.671 3.710 

CO2 0.000 11.370 Iso-pentane 2.993 1.220 
Methane 33.600 27.360 n-pentane 2.980 1.980 

Ethane 7.673 9.410 C6+ 38.236 34.280 

Propane 7.282 6.700    

Table 2. Properties of crude oil samples 

Properties  Fluid-1 Fluid-1 

Saturates (wt. %) 57.4 66.26 

Aromatics (wt. %)  30.8 25.29 

Resins (wt. %) 10.4 5.25 
Asphaltenes (wt. %) 1.40 2.80 

MW of C6+ - 208.08 

Res. fluid MW (g/mol)   102.04 97.50 
STO Density (g/cm3) 0.906 0.823 

GOR (scf/stb) 900 787 

3. Results and discussion 

Equation (3) represents a 3-parameters equation of state (EOS), it is different from the 
most commonly used EOS. While parameter “a” is a function of temperature for most equa-

tions of state, in this study, parameter “b” is a function of temperature as given in Table 3. 
Figures 1-3 show the UAOP and bubble point pressures of Fluid-1 under natural gas injec-

tion scenarios of 0, 15, and 30 wt% result of comparison between the PC SAFT model results 
and this study with respect to experimental model, for the gas injection scenarios showed 
agreement with experimental data and PC-SAFT data for the bubble point pressures and UAOP 

at different values of pressure and temperature. The model predicted both the Saturation 
pressures and Upper Asphaltene onset pressure (UAOP) of the reservoir fluids shown in Tables 
2 and 3. The deviations between the PC-SAFT and this study was less pronounced for the 
saturation pressure especially at a lower temperature, while the deviation for UAOP increased 
at higher pressures. The result also showed an increase in the gap between the saturation 

pressure line and the upper Asphaltene onset UAOP as injection increased from 0 to 30wt%. 
This may be due to an increase in interaction between Asphaltene and STO and increased 
precipitation as a result of a change in fluid composition during gas injection. 

Figures 4-6 show the UAOP and bubble point pressures for Fluid-2 under CO2 gas injections 
of 0, 10 and 20wt%. The model prediction shows agreement with the experimental data and 
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PC SAFT results at 0wt% gas injection, but noticeable deviations were observed at 10 wt% 
and 20wt% Co2 gas injections, there is also an increase in the difference between UAOP and 
the saturation pressure with an increase in the amount of injected gas. This agrees with the 
findings of Gonzalez et al. [23]. The “a” and “c” parameters for the model equation were ob-
tained by a parameter fitting procedure while a temperature based correlation was used to 

obtain the b parameter as shown in Table 3. Generally, the study showed slight deviations in 
the UAOP as the injected gas increased from 0 wt% to 30 wt% natural gas injection for Fluid-
1; 10 and 10 wt% to 20 wt% CO2 gas Injection for Fluid-2, this shows that changes in the 
composition of crude oil will affect the asphaltene behavior. These deviations were also pro-
portional to the changes in the values of the liquids volume used in the model equation. The 

liquid volume also decreased with an increase in the gas injection for Fluid-1, Fluid-2. This 
may be due to the formation of Asphaltene precipitation in petroleum fluids. Formation of 
Asphaltene precipitation in the petroleum 

Table 3. Fitted parameters used  

Fluid a b c 

Fluid-1 0.999 0.0036T2-3.760T+1002.9 0.964 

Fluid-2 0.998 0.0128T2-9.118T+1588.0 0.918 

Table 4. SAFT parameters correlations for saturates (Gross and Sadowski [24]) 

M 0.0253MW+0.9263 

σ 3.369MW0.0271 

ε/k 132.11MW0.1221 

 

  
Figure 1. UAOP and Bubble point pressures for 
Fluid-1 at 0 wt% natural gas injection 

Figure 2. UAOP and Bubble point pressures for 
Fluid-1 at 15wt. % natural gas injection 

  
Figure 3. UAOP and Bubble point pressures for 
Fluid-1 at 30 wt. % natural gas injection  

Figure 4. UAOP and Bubble point pressures for 
Fluid-2 at 0wt. % CO2 gas injection 
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Figure 5. UAOP and Bubble point pressures for 
Fluid-2 at 10wt. % CO2 gas injection 

Figure 6. UAOP and Bubble point pressures for 
Fluid-2 at 20wt. % CO2 gas injection 

4. Conclusion 

A simple method was used to predict phase envelopes of heavy crude and determine their 
upper asphaltene onset pressure. Application to carbon dioxide and Natural gas injection led 
to the following conclusion: 

1. The Upper Asphaltene Onset Pressures UAOP occurred at high pressure and temperature 
which indicates that asphaltene will form at the reservoir regions rather than at the surface. 

2. As gas injections increased, the Upper Asphaltene Onset Pressure increases will little 
change in temperature. 

3. Changes in the composition of crude oil during gas injection will affect the asphaltene be-

haviour in crude oil.  
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Abstract 

The object of research is the installation of rectification columns for benzene, ethylbenzene, and 

polyalkylbenzenes. The purpose of this work is an optimization of rectification technological modes and 
energy efficiency increasing of distillation in the technology of ethylbenzene production by replacing of 

the used in reboilers vapor at 4 MPa by vapor at 2 MPa. The proposed optimization option of the 

rectification unit is efficient since the implementation of the proposed technical solution will be achieved 
using Vapor 2 with increased efficiency of the process, namely a reduction of vapor consumption. The 

total consumption of vapor after the upgrade will be 2.751 Gcal / hour, which is 2168 Gcal per year 

less than the current vapor load. 

Keywords: ethylbenzene; distillation; simulation; column; optimization. 

 

1. Introduction  

The process of mixtures rectification is one of the most energy-intensive processes and is 
widely used in enterprises. Mass transfer columns have a complicated design, large metal 
content and high energy consumption as heating and cooling agents. Energy consumption is 
largely dependent on units design, that is, the efficiency of contact devices used in columns. 
From the theory and operation of rectification, it is known that the lower the efficiency of 
contact devices, the larger reflux flow rate (reflux ratio) and the vapor stream (vapor number) 

are required, therefore, increasing the costs of heating agent in a column reboiler and cooling 
agent in a dephlegmator. 

Nowadays the main problem of rectification is the high power demand of installations [1]. 
Therefore, the process continues to occupy a leading position in energy consumption in the 
petrochemical and refining industries. 

The purpose of this work is an optimization of rectification technological modes and energy 
efficiency increase of distillation in benzene with ethylene alkylation technology by replacing 
the used vapor at 4 MPa by vapor at 2 MPa. 

Process modeling is a useful tool to optimize the operation of industrial plants [2–11]. Dif-
ferent models can solve and prevent various problems and emergencies as they are developed 

with due consideration of physicochemical reactor process. This makes them sensitive to 
changes in raw material composition and performance properties of the catalysts. 

2. Object and methods of research  

Ethylbenzene (EB) is used as an intermediate in the production of synthetic rubber and 
styrene [12-13]. Rectification unit of one of the ethylbenzene and dry benzene production enter-

prises (Fig. 1) includes three distillation columns K-52, K-62, and K-72. Column K-52 is de-
signed for stripping of recycled benzene from alkylate, column K-62 is designed to separate 
ethylbenzene, and column K-72 is designed to separate polyalkylbenzenes (PABs) from resin. 
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Figure 1. Rectification unit of one of the ethylbenzene and dry benzene production enterprises  

For this study, the input data were parameters of technological regime obtained from the 
installation of ethylbenzene production for one of the petrochemical industries. Tab. 1 shows 
the structural characteristics of the existing columns. 

Table 1. The design parameters of distillation columns 

Column parameter K-52 K-62 K-72 

Inner diameter, mm 2000 2200 1400 
Number of trays 60 80 37 

Trays distance 450 450 400 

Tab. 2 shows thermobaric performance characteristics of distillation columns, according to 

the current regulations of technology. 

Table 2. Operating modes of columns 

Column operating mode K-52 K-62 K-72 

Overhead vapor pressure, kPa 100 100 130-220 
Bottom liquid pressure, kPa 120-160 120-170 5.3-21.3 

Overhead vapor temperature, 

°C  
75-100 125-139 not standardized 

Bottom liquid temperature, °C  145-165 175-200 160-195 

Distillation columns K-62 and K-72 consume heat which is supplied by vapor P = 2.8 MPa 

throttled from vapor P = 4 MPa through reboilers T-63 and T-73, the heat to the distillation 
column K-52 is fed by vapor P = 2 MPa through T-53 reboiler. For the operating mode of 
rectification columns, it requires vapor at about 200°C. According to the thermal power plant 

(TPP) that produces vapor with P = 2 MPa, T = 300°C and Р = 4 MPa, Т = 340°C, but due to 
the long-haul pipeline (about 10 km), the vapor parameters are significantly reduced. As a 
result, the necessary temperature for columns K-62 and K-72 with required operating modes 
can be ensured only by vapor P = 4 MPa. 

The feasible option of optimization mode is the bottom temperature reducing, which will 

allow using Vapor 2 for the temperature difference between coolants (this option does not 
require significant overhaul). The lower temperature of Vapor 2 is determined as 194°C. The 
temperature reduction of the column bottom is possible by reducing the pressure in the 
column, which in turn will lead to boiling temperatures reduction of the component and a 
separated mixture of evaporated liquid in reboiler. 

Calculations for determination of the columns optimal mode were carried out using a uni-
versal Aspen HYSYS simulation system. Simulation process was performed on purpose  the 
flows compositions, top and bottom temperatures of the columns were as close as possible to 
those columns regime parameters presented in Tab. 2.  

The basis of the program is the general principles of material and heat balances calcula-
tions. The connection of elements provides a flowsheet simulation with relevant transfor-

mations in the system. Calculation of hydrocarbon systems was carried out using the Peng-
Robinson equation of state. 
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3. Results and discussions 

As a result, calculations were made to determine the optimal operation of the processing 

circuit in order to increase the efficiency of the distillation process, ethylbenzene and the es-
tablishment of the possibility of reducing the temperature of the bottoms of the columns. 

Aspen HYSYS simulation environment [14-15] allows to define the optimal parameters of the 
distillation columns, and reboilers with requirements to the production technology and assess 
the energy efficiency. The following basic formulas are required for the material heat balance 
of distillation column: 

F = P + W                     (1) 
where F – the mass flow of feed mixture, kg/s; D – the mass flow of overhead products, kg 
s; W – the mass flow of bottom products, kg/s.  

For continuous operation of the column taking into account heat losses: 
Qreboiler+Qf+Qr=Qw+Qd+Q losses               (2) 

As a result of technological calculations using the parameters of the technological regime 
material balances of columns, compositions of product and feed streams were obtained (Tab. 3). 
Further confirmatory analysis for reboilers was performed; the results are shown in Tab. 4. 

Table 3. Material balance of columns 

 Units K-52 K-62 K-72 

Flow  Feed 
Overhead 

vapor 
Bottom 
liquid 

Overhead 
vapor 

Bottom 
liquid 

Overhead 
vapor 

Bottom 
liquid 

Flow rate kg/h 20070.00 10366.43 9699.57 5953.61 3745.96 3545.51 200.44 

Temperature  95 72.3 151 74 174 81.5 132.7 

Pressure kPa 140 80 130 60 100 4 12 

Reflux rate kg/h 6740 8930 1060 
Composition 

Paraffins 
mass 
fractions 0.0055 0.0106 0.0000 0.0000 0.0000 0.0000 0.0000 

Benzene 
mass 
fractions 0.5093 0.9857 0.0000 0.0000 0.0000 0.0000 0.0000 

Toluene 
mass 
fractions 0.0027 0.0036 0.0017 0.0028 0.0000 0.0000 0.0000 

Ethylbenzene 
mass 
fractions 0.3013 0.0000 0.6234 0.9961 0.0310 0.0327 0.0000 

p-Xylene 
mass 
fractions 0.0000 0.0000 0.0001 0.0001 0.0000 0.0000 0.0000 

m-Xylene 
mass 
fractions 0.0001 0.0000 0.0002 0.0003 0.0001 0.0001 0.0000 

o-Xylene 
mass 
fractions 0.0000 0.0000 0.0001 0.0001 0.0001 0.0001 0.0000 

Cumene 

mass 

fractions 0.0017 0.0000 0.0034 0.0006 0.0079 0.0084 0.0000 

i-Bbenzene 
mass 
fractions 0.0050 0.0000 0.0103 0.0000 0.0268 0.0283 0.0000 

sec-Bbenzene 
mass 
fractions 0.0025 0.0000 0.0052 0.0000 0.0134 0.0142 0.0000 

tret-Bbenzene 

mass 

fractions 0.0025 0.0000 0.0052 0.0000 0.0134 0.0142 0.0000 
1,3,5-
Ethylbenzene 

mass 
fractions 0.0026 0.0000 0.0053 0.0000 0.0137 0.0032 0.2001 

1,3-
Ethylbenzene 

mass 
fractions 0.0947 0.0000 0.1959 0.0000 0.5072 0.5350 0.0150 

1,2-
Ethylbenzene 

mass 
fractions 0.0324 0.0000 0.0671 0.0000 0.1736 0.1830 0.0081 

1,4-
Ethylbenzene 

mass 
fractions 0.0324 0.0000 0.0671 0.0000 0.1736 0.1809 0.0460 

Resin 
mass 
fractions 0.0073 0.0000 0.0151 0.0000 0.0391 0.0000 0.7308 
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Table 4. Results of confirmatory calculation for reboilers 

 Temperature, °C Pressure, kPa Flow rate, kg/h Technical features 

Flow Reboiler T-53 

Hot vapor P=2 194.0 1300.0 3800.0 
A=182 m2, D=1470 mm, 
H=4516 m, 

Ptube-side=1 MPa, 

Рshell-side=1.4 MPa 

Cooled Vapor  

P=2 
154.8 1250.0 3800.0 

EB 151.0 130.0 22420.1 

Hot EB 178.0 90.0 22420.1 

  Reboiler T-63 

Hot vapor P=2 196.0 1300.0 2500.0 
A=182 m2, 

D=1000 mm, P=4805 mm, 
Ptube-side=0.55 MPa, 

Pshell-side =3.5 MPa 

Cooled Vapor 2 180.4 1250.0 2500.0 

PABs 174.0 100.0 15539.6 

Hot PABs 191.2 90.0 15539.6 

  Reboiler T-73 

Hot Vapor 2 195.0 1300.0 435.0 
A=61 m2, 

D=630 mm, H=4830 mm, 
Ptube-side =4 MPa, Pshell-side =4 

MPa 

Cooled Vapor 2 134.5 1250.0 435.0 

Resin 132.7 12.0 2396.9 

Hot resin 189.2 2.0 2396.9 

According to calculations (Tab. 5), if under defined conditions the boiling point of the bottom 

liquid in column K-62 is about 174°C, it allows using Vapor 2 as a coolant in the reboiler of 
the column. 

The column K -72 operates under vacuum. The boiling point of the bottom liquid under 

calculated conditions (Tab. 4) is 132.7°C. Thus, for the heating of the bottom liquid Vapor 2 
can be used. 

Based on the analysis of results it can be concluded that the proposed optimization option 
of rectification unit is efficient since the implementation of the proposed technical solution will 
be achieved using Vapor 2 with increased efficiency of the process, namely a reduction of 

vapor consumption. This option does not require substantial reconstruction (replacements of 
units or contact devices, etc.) and is quite cheaper. 

In addition, condensers and reboilers loads with an average annual production ethylben-
zene capacity of 35600 t/year were defined. Based on the obtained results, the thermal bal-
ance (Tab. 5) was defined. 

Table 5. Heat balance 

 Before modernization After modernization 

№ Flow Gcal/h Flow Gcal/h 

The use of vapor heat 

1 Vapor 2 in Т-53 1.321 Vapor 2 in Т-53 1.321 

2 Vapor 4 in Т-63 1.546 Vapor 2 in Т-63 1.200 

3 Vapor 4 in Т-73 0.155 Vapor 2 in Т-73 0.230 

Total 3.022  2.751 

Thus, the total consumption of vapor after the upgrade will be 2.751 Gcal/hour, which is 

2168 Gcal per year less than the current vapor load. 

4. Conclusions 

In this study optimization calculations for the rectification flowsheet of ethylbenzene and 

dry benzene from the reaction mass were conducted. Based on the results the optimized pa-
rameters of a technological mode that will improve the efficiency of the process are suggested. 
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In Aspen HYSYS environment calculations have shown the ability to operate temperatures 
decreasing in columns K-53, K-62 and K-72 from operating temperatures to the parameters 
supplied by Vapor 2 from the reboiler to the column bottom. This upgrade will allow using 
Vapor 2 instead of Vapor 4 and reducing the flow of consumed vapor. 
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Abstract 

Most of the countries are facing the problem in the disposal of scrap tires and tubes. This problem can 
be overcome by the production of tire pyrolysis oil (TPO) from these materials. The calorific value and 

other properties of the TPO are similar to the fossil diesel, and hence in this work, it was used as a 
partial replacement to the diesel. The fuel blend (DTPO20) was prepared by mixing 20% of TPO with 

80% of diesel and properties of this blend was determined and compared with the diesel. The engine 

tests were carried out on a single cylinder, four strokes, naturally aspirated compression ignition engine 
with the fuel blend, DTPO20. From the engine tests, it is observed that the engine gives lower thermal 

efficiency and higher engine exhaust emissions with this blend. Hence, the compression ratio of the 

engine was increased from 16.5:1 to 17.5:1 and engine tests were carried out again, and results of 
this engine tests were compared with the compression ratio of 16.5:1. 

Keywords: Alternative fuel; tire pyrolysis oil; blend, engine tests; compression ratio. 

 

1. Introduction  

A tire is a strong, flexible and ring-shaped component that surrounds a wheel's rim and 

provides a gripping surface for traction of a moving vehicle. The natural rubber is the main 
raw material used in the manufacturing of tires. The other materials such as fabric, steel wire, 
carbon black and chemical compounds such as antioxidants and antiozonants are used to pre-
pare the tires [1]. It is reported that approximately 1.5 billion tires are produced each year [2]. 
The USA is the largest producer of tires and India accounts for about 6-7% of the global waste 

tire. Also, the scrap tire arising in Europe increases every year [3]. The developed and devel-
oping countries are facing problems in disposal of the waste tire, and this problem can be 
solved by converting it into fuel. The scrap tires can be converted into liquid fuel by pyrolysis 
process, and this fuel (tire pyrolysis oil) can be used as a substitute for the diesel in the 
compression ignition engines.  

In recent years, the search for alternative fuels is significant due to stringent norms of 
emission, depletion of fossil fuels and fluctuating cost of the petroleum products. Finding suit-
able alternative fuel will be the solution to this problem. The fossil fuel depletion has been 
identified as a future challenge, and it is important to understand that the fossil energy prob-
lem and the anthropogenic climate change problem are tightly connected [4]. The deple-

tion studies for individual fuels are relatively abundant and fewer studies include the demand 
of the socio-economic system [5]. 

The TPO has long hydrocarbon chains with a high heating value, and hence TPO can be 
used as an alternative fuel for diesel engines. India is the second largest producer of reclaimed 
rubber, and hence it has the potential for the production of the TPO [6]. The scrap tires can be 

converted into fuel through a pyrolysis process. In this process, the scrap tires and tubes are 
shredded, and the reaction takes place at a higher temperature in an oxygen-free atmosphere. 
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The higher reaction temperature breaks down the rubber polymers and these smaller mole-
cules vaporize and condensed to get liquid fuel called TPO. The yield of the pyrolysis process 
is affected by the type of raw materials, reactor types and type of catalysts. G. Lopez et al. 
results show that 475°C is an appropriate temperature for the pyrolysis of waste tires. Also, 
they suggested that the quality of the oil is optimum at this temperature and an increase in 

temperature to 575°C reduced the TPO yield to 53.9 %. However, it substantially changes the 
chemical composition by increasing the aromatic content [7].  

The hydrodesulfurized waste TPO mainly composed of a light naphtha fraction [8]. The py-
rolytic oil is a complex liquid mixture, composed mainly of aromatic compounds and olefins. 
It is reported that the pyrolytic oil has higher detonation resistance in relation to the conven-

tional fuels and the tire pyrolysis oil is miscible with diesel in the entire concentration range [9]. 
Few researchers reported that the properties of the TPO are similar to fossil diesel and 

hence it can be used as a substitute for the diesel [10]. The integration of solar thermal energy, 
via concentrated solar power systems, into the pyrolysis process will reduce the operating cost [11]. 
MN Islam and MR Nahian reported that the distilled TPO is similar to diesel fuel and able to 
replace diesel fuel in the small engine. They observed that the brake specific fuel consumption 

of fuel blend of diesel and TPO is close to the specific fuel consumption of diesel and suggested 
that the fuel blend can be directly utilized in diesel engine [12]. Hürdoğan et al. carried out 
engine tests on a four-stroke, four cylinders, naturally aspirated, direct-injected diesel engine 
running with various blends of waste tire pyrolysis oil (WTPO) with diesel fuel and  the exper-
imental results showed that WTPO–diesel blends indicated similar performance with diesel fuel 

in terms of torque and power output of the test engine. They suggested that the blends of 
pyrolysis oil of waste tire WTPO10 can efficiently be used in diesel engines without any engine 
modifications [13]. Hürdoğan et al. carried out engine tests on a six-cylinder, compression 
ignition, turbocharged, heavy-duty engine with and without an intercooler, at two different 
engine speeds and at various loads. The engine results indicate that TPO can be efficiently 

used in turbocharged non-intercooled compression ignition engines at high loads, which opens 
its use in power generation [14]. The engine tests conducted on a single cylinder compression 
ignition engine with the mixture of biodiesel and TPO as fuel indicates that the TPO can be 
used as a partial substitute for the diesel with higher fuel injector nozzle opening pressure [15]. 

In this work, we prepared the fuel blend of diesel and TPO and used this fuel blend as fuel 

in the compression ignition engine to reduce the operating cost as TPO is cheaper as compared 
to the diesel. Also, we studied the effect of compression ratio on the performance and emis-
sions of a compression ignition engine fueled with the blends of diesel and TPO.    

2. Materials and methodology 

In this work, TPO available in the local market was purchased and used as fuel for the 

engine tests. The TPO was filtered using filter paper to remove the impurities. The fuel blend 
was prepared by mixing diesel and TPO, with a ratio of 80:20 (volume basis) and is named as 
DTPO20. The properties of the diesel, TPO and blend were determined by ASTM and BIS 
methods. The blend DTPO20 was used as fuel in the diesel engine 

The engine tests were carried out on a single cylinder naturally aspirated direct injection 
compression ignition engine with diesel and DTPO20 blend. The technical details of the engine 

and experimental setup is given in Table 1. The engine load was varied from no load to full 
load using an eddy current dynamometer. The compression ratio was varied to study its im-
pact on engine performance and emissions. An AVL make gas analyzer was used to measure 
the engine exhaust emissions, and necessary instrumentations were provided to measure the 
engine performance parameters such as airflow, fuel flow, temperature, and load measure-

ment. Figure 1 shows the experimental setup. 
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Table 1 Technical details of the engine and experimental setup  

Engine  Single cylinder,4-Stroke, Naturally Aspirated Diesel Engine 

Make  Kirloskar 

Rated speed  1500 rpm  
Maximum brake power  3.5 kW at 1500 rpm 

Displacement  661 CC 

Load sensor  Load cell, type strain gauge, range 0-50 Kg 
Dynamometer  Eddy Current Dynamometer  

Thermocouple sensor  Type RTD  

Thermocouple range 0 – 1200 Degree C  

 

 

Figure 1. Engine experimental setup 

3. Results and discussion 

The homogenous blend was prepared by mixing TPO and diesel vigorously and was used 

as fuel in the compression ignition engine. The fuel properties of the DTPO20, TPO, and diesel 
were determined, and the results are shown in Table 2. From the table, it is observed that the 
properties of DTPO20 are close to diesel.  

Table 2. Properties of fuels 

Property Diesel TPO DTPO20 

Viscosity (mm2/s) 2.5 3.2 2.7 

Calorific value (MJ/kg) 42.04 41.2 41.7 
Density (kg/m3) 845 885 853 

Flash Point (˚C) 65 42 50 

Fire Point (˚C) 59 46 57 
Carbon residue (%mass) 0.06 0.75 0.19 

Pour point (˚C) 4.2 6.1 4.6 

The engine tests were conducted successfully with the blend of TPO and diesel and studied 

the effect of compression ratio on engine performance and emissions of the diesel engine. The 
term brake thermal efficiency indicates the effectiveness of conversion of heat energy pos-
sessed by the fuel into mechanical energy. Figure 2 shows the brake thermal efficiency (BTE) 
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of the engine at different loads with various compression ratios. From the figure, we observe 
that as the load increases the brake thermal efficiency of the engine increases due to the 
increase in fuel consumption at higher loads. From the figure, it is observed that the BTE of 
the engine with a higher compression ratio of 17.5:1 results in higher BTE. This may be due 
to the increase in combustion chamber temperature at a compression ratio which results in 

better atomization and spray formation of the fuel blend as compared to lower compression 
ratio.  

  

Figure 2. Effect of compression ratio on brake 

thermal efficiency at different loads  

Figure 3. Effect of compression ratio on EGT at 

different loads 

Figure 3 compares the engine exhaust gas temperature (EGT) of the diesel and TPO blend 

at different loads with different compression ratio. The consumption of the fuel increases with 
increase in the load, and hence the EGT of the engine increases with the load. The EGT of the 
diesel is higher than the TPO blend. However the higher compression ratio of 17.5:1 results 
in higher EGT as compared to the compression ratio of 16.5:1 and this is due to better com-

bustion of the blend. A slight variation in EGT of the engine was observed at different com-
pression ratios.  

The carbon monoxide (CO) and unburnt hydrocarbon (HC) emissions of the engine indicates 
the combustion quality of the fuel inside the combustion chamber. The main reason for the 
formation of CO emission is due to a lack of sufficient oxygen and oxidization temperatures.  

The poor combustion of the fuel results in higher CO emission. The CO emission of the engine 
with diesel and TPO blend and at different compression ratio is shown in Figure 4.  

  
Figure 4. Effect of compression ratio on CO emis-

sion at different loads 

Figure 5. Effect of compression ratio on HC at dif-

ferent loads 

From the figure, it is observed that the engine emits lower CO emission with the diesel as 

compared to the TPO blend. The compression ratio of 16.5:1 results in higher CO emission as 
compared to the compression ratio of 17.5:1. This is due to higher aromatic content of the 
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TPO which results in higher CO emission. However, the higher compression ratio with TPO 
blend results in higher combustion chamber temperature and better oxidation of the fuel which 
causes lower CO emission.  The variation in CO emission is low at higher loads, and this may 
be due to higher combustion chamber temperature and lower ignition delay at higher loads.  

Figure 5 shows the hydrocarbon (HC) emission of the diesel engine at different loads with 

different fuels and at different compression ratios. From the figure, it is observed that the TPO 
blend results in higher HC emission as compared to diesel. The HC emission is lower with the 
higher compression ratio of 17.5:1 as compared with the compression ratio of 16.5:1. The 
higher compression ratio results in lower ignition delay and hence the HC emission of the 
17.5:1 is lower than the 16.5:1.  

The oxides of nitrogen (NOx) emissions of the diesel engine depend upon the combustion 
temperature. The NOx emission of the engine with different fuels and at different loads is  
shown in Figure 6. From the figure, it is observed that the NOx emission of the engine with 
diesel results in lower NOx emission as compared to the TPO blend with the compression ratio 
of 17.5:1. The NOx emission of the engine with the compression ratio of 16.5: 1 is lower than 
the other compression ratio and diesel. The higher compression ratio of 17.5:1 results in 

higher combustion chamber temperatures and pressure which results in better combustion 
and causes higher NOx emission.  
 

  
Figure 6. Effect of compression Ratio on NOx  at 

different loads 

Figure 7 Effect of compression ratio on smoke 

opacity at different loads 

One of the major emissions of the diesel engine is smoke emission and is an incomplete 

combustion product. Generally, it is formed in the rich mixture in the combustion chamber. 
The engine smoke emission with different fuels at different compression ratios and loads is 

shown in Figure 7. From the figure, it is observed that as the load increases the smoke emis-
sion also increases and this is due to a reduction in air-fuel ratio. The diesel results in higher 
smoke emission as compared to TPO blend at higher loads. The compression ratio of 16.5:1 
results in higher smoke emission as compared to the compression ratio of 17.5:1. The com-
pression ratio of 17.5:1 results in lower smoke emission is due to higher combustion chamber 

temperature which results in better oxidation and combustion of the fuel.  

4. Conclusion 

The pyrolysis of scrap tire and tubes is one of the effective methods of disposal of scrap 
tires and tubes. Also, the pyrolysis oil can be used as a partial substitute for the diesel in the 
compression ignition engines as the properties of the TPO are similar to the diesel. The engine 
tests were carried out with the blends of TPO and diesel and studied the effect of compression 

ratio on the performance and emissions of the engine. From this work, we observe that the 
higher compression ratio results in better brake thermal efficiency and lower CO, HC and 
smoke emissions. However, it results in higher NOx emissions. This is due to higher combus-
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tion chamber temperature which results in better combustion and lower engine exhaust emis-
sions. From this work, we suggest that the fuel blend of diesel and TPO can be used as fuel in 
the compression ignition engine with a higher compression ratio.  
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Abstract 

The aim of this work is to study the process of catalytic isomerization of light naphtha by the method 
of mathematical modelling. The influence of temperature and feedstock flow rate on octane number 

and yield of the product (branched alkanes) was studied depending on the feedstock composition. The 
temperature mode of the process was optimized depending on the composition and feedstock flow 

rate. 

Keywords: catalytic isomerization; branched alkanes; octane number; method of mathematical modelling. 

 

1. Introduction  

Motor fuel is one of the most demanded products of the oil refining industry. The demand 
for motor fuel is constantly increasing all over the world [1-5]. Currently, the tendency towards 
increasing the demand for motor fuel of meeting EURO standards is observed [6-10]. Isomeri-

zation of gasoline fractions is the process of obtaining a high-octane component of gasoline 
fuels by converting linear hydrocarbons into isomers. The studies on oil refining processes 
using the method of mathematical modelling are relevant these days. The models, developed 
based on the thermodynamic and kinetic regularities of the processes, allows making recom-
mendations for control of the technological parameters of industrial processes, which ensures 

meeting specifications for product quality and achieving an optimal yield of the product in the 
conditions of constantly changing the composition of the feedstock. The aim of this work is to 
study the process of catalytic isomerization by the method of mathematical modelling. 

2. Object and method of research 

The object of the current research is the industrial process of catalytic isomerization, which 
is aimed to produce gasoline fuel of meeting EURO standards. 

Development of new and intensification of existing catalytic processes is effectively per-
formed by the method of mathematical modeling, the methodology and foundations of which 
were described in the classical works of the Academician of the Russian Academy of Sciences 
GK Boreskov and the Corresponding Member of the Russian Academy of Sciences MG Slinko 
in 1960-1970s [11] at the Boreskov Institute of Catalysis Siberian Branch of the Russian Acad-

emy of Sciences (Boreskov and Slinko [12-14]). 
Further works of Slinko [15] are devoted to the theory of catalytic reactions, processes and 

reactors. Significant contribution to the development of mathematical modeling of catalytic 
processes and reactors was made by the followers of MG Slinko: VS Beskov [16], Matros [17], 
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GS Yablonsky [18], AS Noskov [19], ED Ivancina [20-24], and foreign researchers: R Aris [25], GF 
Froment [26]. 

The feedstock for the process of catalytic isomerization light naphtha passes through two 
successive reactors with a catalyst, then enters the stabilization column. The sequential ar-
rangement of the reactors allows the process to be carried out continuously, while in one 

reactor the catalyst regeneration takes place; in the second one, the isomerization process 
takes place. This method of operation allows for economical use of the catalyst without inter-
rupting production. This scheme is the simplest variant of isomerization. To describe the 
process of isomerization by mathematical modeling, the following steps are required: 
- thermodynamic analysis of the process; 

- evaluation of the kinetic parameters of the possible reaction; 
- model of the reactor; 
- construction of the technological scheme. 

Isomerization reactions are reversible processes in which the system tends to a thermody-
namic equilibrium between n-paraffins and isoparaffins. The main reactions occurring in the 
reactor are shown in Fig. 1 with the indication of octane numbers according to the research 

method. 

 

Figure 1. Main reactions of the isomerization process at T = 130°C, P = 3 MPa, on Pt/SO4-ZrO2 catalyst 

Experimental data of industrial run of the isomerization unit were used in the construction 

of a mathematical model. Changes in the composition of raw materials used for the calculation 
are shown in Table 1. 

Such change in the feedstock composition requires constant correction of the mode of the 
isomerization reactor operation, determination and maintenance of optimal technological pa-
rameters for the exact feedstock composition in order to obtain the maximum yield of the 

product meets required quality. In this work, the influence of temperature and feedstock flow 
rate on the yield was studied, as well as a technological mode for the two variants of unit 
operation was optimized using the developed mathematical model. 

Table 1. Changes in raw material composition 

Сomponent wt. % Сomponent wt. % 

isopentane 7.3 – 15.4 3- methylpentane 6.7 – 13.3 

n-pentane 14.9 – 28.9 n-hexane 7.1 – 17.1 
2,2 - dimethylbutane  0.3 – 1.1 Methylcyclopentane 2.6 – 11 

cyclopentane 5 – 13.3 Benzene 0.7 – 1.6 

2,3- dimethylbutane 1.6 – 3.1 Cyclohexane 0.4 – 7.2 
2- methylpentane 13.9 – 20.7   

The model is written as a system of material and heat balances as follows: 
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Initial and boundary conditions are as follows: z=0: Ci=Ci,0; T=T0; V=0: Ci=Ci,0; T=T0, 
where z is the volume of refined feedstock from the moment of fresh catalyst load, m3; G is 
the feedstock flow rate, m3/h; z = G·t (t is the catalyst operating time from the moment of 

fresh catalyst load, h); Ci is the content of ith component, mol/l; V is the catalyst bed volume, 
m3; aj is the catalyst activity in jth reaction; ρ is the density of mixture, kg/m3; Cp

mix is the 
specific heat capacity of the mixture, J/(kg·K); Qj is the heat effect of jth reaction, J/mol; T is 
the temperature, K; Wj is the rate of jth reaction, mol/(l·s); m is the number of reactions. In 
the above system of equations, the residence time of the reagents in the reaction zone, which 

depends on the hourly flow rate of the feedstock G and the volume of the catalyst V, under 
the conditions of the unstable load of the industrial plant for feedstock is replaced by the 
“reduced time” z = G·t, equal to the total volume of the processed feedstock during the time  t. 

The system of differential equations is solved by the difference method and is implemented 
in the object-oriented Delphi environment. 

3. Experimental 

3.1. Studying the influence of temperature on the izomerization process 

The process of isomerization of light gasoline is equilibrium, and the quality of the resulting 

product depends on the equilibrium position between the target and side reactions. At low 
temperatures, the process slows down the kinetic factor due to the low values of the isomer-
ization rate constants of normal alkanes. At high temperatures manifests the thermodynamic 
factor of the deceleration of the process: because isomerizes normal paraffins are favorable 
to low temperature because of its exothermic. The results of predictive calculations are shown 

in Fig. 2.  
An increase in the isomerization temperature above the optimum (138-142°C for raw ma-

terials with a low content of naphthenic and aromatic hydrocarbons, 145-147°C for raw ma-
terials with a high content of naphthenic, 148-155°C for raw materials with a high content of 
aromatic and naphthenic hydrocarbons) leads to a decrease in the yield of isomerizate due to 
an increase in the contribution of adverse reactions. 

  
A-sulfated catalyst B-chlorinated catalyst 

Figure 2. Yield of C5-C6 isoalkanes depending on temperature: (●) – composition No. 1, (■) – com-

position No. 3, (▲) – composition No. 6 

 

415



Petroleum and Coal 

                         Pet Coal (2019); 61(2): 413-417 
ISSN 1337-7027 an open access journal 

3.2. Studying the influence of feedstock flow rate on the izomerization process 

 

As the load on the raw material in-

creases on the isomerization reactor unit, 
the contact time of the raw material with 
the catalyst decreases, and the octane 
number of the isomerizate obtained de-
creases. The forecast is based on models 
of the influence of feed loading on the oc-

tane number of the isomerized product to 
the isomerization with recycling of n-C5-
C6 and the low-branched hexanes pre-
sented in Fig. 3. 
 

Figure 3 Octane number(RON) isomerizate 

depending on the volumetric feed rate of raw 
materials for isomerization technology with n-

C5-C6 recycle and low-branched hexanes 

4. Conclusions 

The influence of temperature and feedstock flow rate in the rages 320–360 C and 290–
330 m3/h respectively on the cold flow properties and yield of the product (diesel fuel) was 
studied depending on the feedstock composition. The temperature mode of the process was 

optimized depending on the composition and feedstock flow rate. 
The optimal temperature range in reactors is determined by the technological mode of the 

process, the composition of the processed raw materials, as well as the hardware design of 
the process. The high content of naphthenic and aromatic hydrocarbons in raw materials leads 
to inhibition of transformation of normal alkanes into isoalkanes. Depending on the type of 

catalyst, the optimum temperature lies in the range of 138-142°C for raw materials with a 
low content of naphthenic and aromatic hydrocarbons, 145-147°C for raw materials with a 
high content of naphthenic, 148-155°C for raw materials with a high content of aromatic aR 
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Abstract 

The Cretaceous Mamu Formation coal samples located within the Northern Anambra Basin were collec-
ted, analysed and interpreted using a multivariate statistical approach to determine the major, trace 
and rare elements association with a view to determining the source of the terrestrial rocks, palaeo-

weathering/climatic conditions and tectonic setting. The dominant oxides such as SiO2, Al2O3, Fe2O3, 
TiO2, and CaO were identified in the coal to suggest terrigenous origin. The ratio of SiO2/Al2O3 of 4.8 
suggests that the coal was formed from low land peat associated with freshwater continental marine 
or blackish water with low salinity as indicated by Sr/Ba and CaO+MgO/K2O+Na2O ratios. The major 
oxides also revealed the stable condition of deposition, a low degree of tectonic setting but constant 
subsidence in the basin. The condition of deposition was acidic in nature as indicated by TiO2/Zr plot. 
Based on the abundance of Zr, Zn, Ba, Ni, Co, Sr, V, and Y, moderate salinity, sub-oxic to oxic bottom 

water condition was prevalent and also an indication of marine influence. Based on the ratios of La/Yb; 
La/Sm and Gd/Yb, LREE has higher enrichment than HREE. Humid climatic conditions were observed 
at the coal formation stage while weak laterization to kaolinization was also evidence. 

Keywords: Kogi East; Multivariate; Factor and Cluster; Varimax; Eucledean. 

 

1. Introduction  

Coal is a carbon-rich, combustible, stratified organic sedimentary rock composed of altered 

and/or decomposed plant remains of non-marine origin combined with varying minor amount 

of inorganic materials [1]. The Anambra Basin, located in the Lower Benue trough is a major 

coal producing basin in Nigeria. Coal is a complex organic rock comprised of mainly decayed 

plants conditioned by syngenetic, diagenetic, epigenetic and detrital inorganic elements [2]. 

The Anambra Basin contains important coal measures in the Mamu and Nsukka Formations [3]. 

The mining of this sub-bituminous coal occurred in the Mamu Formation. Total coal reserves 

in the north-south trending coal belt were assed to be about 1.5billion tons. Lignite deposits 

occur in numerous seams in an east-west belt to the southwest [3]. A number of studies [4-8] 

have been conducted on the stratigraphic succession, organic and inorganic geochemistry of 

coal, distribution, and abundance of coal in Anambra Basin. Previous work has also been car-

ried out on the trace elements in coal in the study area [2,9-13]. 

Nigeria is endowed with abundant coal reserves of the required quality suitable for power 

generation and other by products that are waiting to be tapped [3]. 

The objectives of this current study are to present the inorganic characteristics of Okaba 

coal using the multivariate statistical approach with a view to determining the oxides/elements 

association, the provenance of terrigenous components of coal deposits, palaeoclimate/weath-

ering environments and tectonic settings.  
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2. Geological setting  

Anambra basin, located in the Lower Benue Trough is a major coal producing basin in Ni-

geria (Figure 1). Anambra basin, a near triangular basin is located in the eastern part of 

Nigeria. The basin is bounded in the west by the Okitipupa ridge, in the south by the Niger 

Delta Basin, to the northwest, it directly overlies the Basement complex and inter fingers the 

Bida Basin [14]. Anambra basin lies between longitudes 6.3oE and 8.0oE and latitudes 5.0oN 

and 8.0oN. This basin is delimited in the north by the Basement complex, the Middle Benue 

Trough, and the Abakaliki Anticlinorium. Authors such as Akande and Erdtmann, [15]; Obaje 

et al. [4] have considered the basin as the lower Benue Trough, a NE-SW trending, folded, 

aborted rift basin that runs obliquely across Nigeria. Its origin was linked to the tectonic pro-

cesses that accompanied the separation of the African and South American plates in the Early 

Cretaceous. This rift model is supported by evidence from structural, geomorphic, stratigraphic 

and paleontological studies [16-18]. The evolution of Anambra Basin represented the third cycle 

in the evolution of the trough and its associated basins when the Abakaliki Trough was uplifted 

to form the Abakaliki Anticlinorium while the Anambra platform was downwarped to form the 

Anambra Basin resulting in the westward displacement of the trough’s depositional axis [18-20. 

 

Figure 1. General geology of Nigeria (after Obaje 

et al. [24]) 

The basin is a sedimentary succession that 

directly overlies the facies of the Lower Benue 

trough and consists of Campanian to early 

Palaeocene lithofacies [20]. Several works on 

the Palaeoenvironment, palaeogeography, 

sedimen-tary tectonics, coal deposits and 

lithostratigraphy have been carried out ([2-3,7-

8,13,20,23]). Sedi-ments deposition within the 

Anambra Basin started during the Campa-

nian, with Nkporo and Enuge shales consti-

tuting the basal beds of the Campanian pe-

riod. The Campanion was a period of short 

marine transgression and regression, where 

the shallow-sea later became shallower due 

to subsidence [23]. This resulted in a regres-

sive phase during the Maastrichtian which de-

posited the flood plain sediments and deltaic 

foresets of Mamu Formation regarded as the 

Lower coal measures. The Mamu Formation 

is overlain by the Ajali sandstones which also 

overlain by Nsukka Formation [23]. 

2.1. Lithostratigraphy of study area  

Nkporo Formation. This is the basal sedimentary unit deposited during the Santonian 

folding and inversion in south eastern Nigeria and indicates a late Campanian age [25]. The 

formation is poorly exposed but has been described as a coarsening upward deltaic sequence 

of shale and interbed of sands and shale with occasional thin beds of limestones [25]. 

Enugu shales. This consists of carbonaceous grey, black shales and coals with interbeds 

of very fine sandstones/siltstones deposited in lower flood plain and swampy environment. 

The bedding planes are poorly defined with early diagenetic minerals such as pyrite and si-

derites. The Enugu shale is assigned Campanian to Lower Maastrichtian [25]. 

Mamu Formation. This formation overlies the Enugu shales conformably and contains 

sandstones, shale, mudstone, sandy-shale with coal seams in various horizons. The sediment 

pile ranges from 75m to over 100m. These deposits are an estuarine flood plain, swamp and 

flat flood [25]. 
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Ajali Sandstones. This Formation (Middle Maastrichtian) overlies the Mamu Formation 

and has Middle to Upper Maastrichtian age. It has a thickness range of less than 300m to over 

1000m at the Centre of the basin. This formation is made up of texturally mature sand facies [25].  

Nsukka Formation. The Nsukka Formation is Upper Maastrichtian to Danian in age. It 

consists of alternating sandstones, sandy shales, and mudstones with interbedded coal seams. 

The marine shales of the Nsukka Formation were deposited in the Palaeocene, overlain by the 

tidal Nanka sandstones of Eocene age which constitute the Tertiary succession [2]. 

3. Materials and methods 

Eighteen samples were collected from six locations scattered around Kogi east, Northern 

Anambra Basin, Nigeria. These eighteen representative samples were pre-prepared by wash-

ing, cutting and bagging and sent to Acme Laboratory Canada for sample preparation and 

analysis. All samples were analyzed at the Acme Analytical Laboratories Ltd, Canada for major, 

minor and trace element geochemistry. The ICP-mass spectrometer (Perkin-Elmer, Elan 6000) 

and inductively coupled plasma-mass spectrograph were used for the analysis. The samples 

were digested by weighing 0.2g aliquot in a graphite crucible mixed with 1.5g lithium metabo-

rate/tetraborate (LiBO2/LiB4O7) to form flux. The crucibles were placed in an oven and heated 

up to 980oC for 30 minutes. The cooled bead was dissolved in 5% HNO3 (ACS grade nitric acid 

diluted in demineralized water). Calibration standards and reagent blanks were added to sam-

ple sequences. The basic package that consists of thirty-four elements (Ba, Co, Cs, Ga, Hf, 

Nb, Rb, Sn, Sr, Ta, Th, U, V, Y, Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Lu) was determined. A second 

0.5g split sample was digested in Aqua Regia and analysed by ICP-MS to determine Au, Ag, 

As, Bi, Cd, Cu, Hg, Mo, Ni, Pb, Sb, Se, and Zn. An ICP-emission spectrograph (Spectro Ciros 

Vision or Varian 735) was also used for determination of major oxides and some trace ele-

ments ( SiO2,Al2O3, Fe2O3, CaO, MgO, TiO2, P2O5, Cr2O5, Ba, Nb, Ni, Sr, Sc, Y, and Zr). Loss 

on ignition (LOI) was determined by the weight loss upon heating 1g split sample at 95oC for 

90 minutes. 

The multivariate technique was applied to reveal hidden affinities within the database and 

undetectable by other means [26]. This method helps in extracting information about the sim-

ilarities or dissimilarities among parameters. Latent factors in data sets were identified, and 

variables responsible for the variations observed explained the structure of the data set [26]. 

This is the basis for factor and cluster analyses which themselves are based on correlation 

coefficient relationships. 

Factor analysis through a linear dependence model constructed in an abstract space called 

factor score space was used. It searches for correlations among measured variables that char-

acterized a set of geochemical data [27]. Factor analysis reduces space dimensionality to obtain 

a better grouping of variables and determine relations between major components and varia-

bles analysed [29]. Elements association obtained from factor analysis is mathematically inde-

pendent. The factor solutions provide information on loadings; communalities and eigenvalues [30]. 

Cluster analysis was also performed to classify elements of different geochemical sources 

on the basis of similar chemical properties. Hierarchical cluster analysis was used to find the 

true group of data. Cluster analysis using dendograms was used to identify relatively homo-

geneous groups of variables with similar properties [28]. Each cluster group shows similar and 

specific groups with respect to the source and geochemical characteristics. Data for cluster 

analysis were standardized to equalize the influence of the geochemical variables. 
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Scale: 1: 25,000 

Figure 2. Sample location map of the study area (modified after Ameh, 2019) 

4. Results and discussion  

4.1. Evidence from major oxides  

The oxides, trace and rare elements are present in coals in inorganic forms. Many elements 

in coal are derived from the detrital inputs to the precursor swamp and many chalcophile 

elements associated with sulphide minerals [2]. The inorganic elements present in the coals 

suggest that these elements were sourced from terrigenous origin [31]. 
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The result of the dominant coal major oxides shows average mean weight% of SiO2 

(16.36); Al2O3 (3.5); Fe2O3 (1.20); TiO2 (0.44) and CaO (0.14) respectively. The rest oxides 

have significantly low mean weight percentages. The percentage weight of LOI is 78.06 (Table 1). 

The low Al2O3 could imply limited supply of detrital materials in peat and low level of weath-

ering in the source area and coal seams [32]. On the basis of the concentrations of CaO; Na2O 

and MgO, this coal may have been formed under continental freshwater conditions and low 

salinity environment. The major source of K in coal could be detrital, from coal intrusive and 

volcanic rocks which were clearly absent here. Also, the low Ti concentration observed may 

be due to the limited supply of Ti in peat and high in situ nature of inorganic matter [32]. 

Table 1. Descriptive statistics of major oxides in shale 

Major oxides 
Mini-
mum 

Maxi-
mum 

Mean SD 
Std. error 

Mean 
t-

square 

95% Confidence inter-
val of the difference 
Lower        Upper 

SiO2 3.94 62.00 16.36 22.55 9.20 1.77 -7.30 40.02 

Al2O3 1.53 8.26 3.57 2.67 1.09 3.27 0.76 6.37 

Fe2O3 0.18 2.22 1.20 0.73 0.30 4.01 0.43 1.97 

MgO 0.00 0.07 0.03 0.02 0.00 3.40 0.00 0.05 

CaO 0.01 0.32 0.14 0.11 0.04 3.06 0.02 0.26 

Na2O 0.00 0.01 0.00 0.00 0.00 2.08 0.00 0.01 

K2O 0.01 0.08 0.04 0.02 0.012 3.80 0.01 0.07 

TiO2 0.12 1.51 0.44 0.52 0.21 2.07 0.10 1.00 

P2O5 0.00 0.03 0.01 0.01 0.00 2.55 0.00 0.02 

MnO 0.00 0.04 0.01 0.01 0.00 2.22 0.00 0.03 

Cr2O3 0.00 0.01 0.00 0.00 0.00 3.28 0.00 0.00 

LOI 26.70 92.80 78.06 25.55 10.43 7.48 51.25 104.88 

Total 32.49 167.35 99.86 52.19 21.28 38.99 44.31 154.68 

4.2. Coal oxides ratios 

The SiO2/Al2O3 ratio recorded is 4.58. This low ratio shows that the coal results from low 

land peat. It also suggests a stable condition of deposition, a low degree of tectonic movement 

and slow but constant subsidence in the basin [32]. The CaO+MgO/K2O+Na2O and the ratio of 

CaO/MgO revealed values of 4.25 and 4.67 respectively. These ratios show that the coals were 

probably associated with marine or brackish water influences, saline lakes or inorganic matter 

enriched in algal remains [32]. 

 

Figure 3. Provenance diagram of Al2O3 vs TiO2 in coal (after Amajor [35]) 

According to Chen et al. [34], Al2O3 and TiO2 in source rocks are preserved in the clastic 

sedimentary rocks because Al and Ti are not readily mobilized by weathering processes. The 
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ratio of Al2O3/TiO2 in sandstones, mudstones, and other sedimentary rocks changed insignifi-

cantly during weathering of source rocks and subsequent transportation, deposition, and dia-

genesis of the sediments [35]. 

Based on the discriminating criterion used to distinguished different types of parent igneous 

rocks, the ratio of Al2O3 /TiO2 in the study coal ranged from 3-10 (Figure 3). This reflects pre-

dominantly mafic igneous rocks to intermediate rocks as the source of the terrestrial sedi-

ments that form part of the coal [33,35]. 

4.3. Evidence from major and trace elements 

The plot of TiO2 vs Zr can be compared with earlier defined source rock fields [34,36]. From 

the TiO2 vs Zr plot (Figure 4), the inorganic components of the coal around the study area 

falls completely in the intermediate igneous rocks. This plot, like the earlier one, showed that 

the terrestrial source of sediments was predominantly from intermediate igneous rocks. 

 

 

Figure 4. Provenance diagram of TiO2 vs Zr in 

the study area (after Hayashi et al. [34]) 
Figure 5. Provenance diagram of TiO2 Vs Ni in coal 
samples (Floyd et al. [37]) 

The provenance plot of TiO2/Ni (Figure 5) revealed that most samples plotted within the 

acidic field while only three samples plotted around the sandstones sedimentary trend. This is 

consistent with earlier plots that were predominantly basalt-granite source for the sediments. 

Table 2. Correlation matrix of major oxides in coal 

* Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level. 

4.4. Major oxides correlation 

Given P < 0.01 (Table 2), analysis of major oxides of coal revealed strong correlation be-

tween SiO2 and TiO2 (0.999); SiO2 and LOI (0.998); Al2O3 and TiO2 (0.921); Al2O3 and Cr2O3 

(0.962); Al2O3 and LOI (0.932); CaO and MnO (0.927); TiO2 and Cr2O3 (0.964); TiO2 and LOI(-

0.999); Cr2O3 and LOI(-0.969). At P < 0.05, significant correlations were also observed be-

tween SiO2 and Al2O3 (0.907); SiO2 and P2O5 (0.956); SiO2 and Cr2O3 (0.958); Al2O3 and Na2O 

(0.887); MgO and MnO (0.813); TiO2 and P2O5 (.956); P2O5 and Cr2O3 (0.958); P2O5 and LOI 

(-0.948). 

Major oxides Correlation @ p= 0.01 Correlations @ P= 0.05 

SiO2 TiO2 (0.999), LOI(0.998) Al2O3 (0.907); P2O5(0.947; Cr2O3(0.958) 
Al2O3 TiO2(0.921); Cr2O3 (0.962); 

LOI(0.932) 
Na2O(0.887) 

MgO  MnO(0.813) 
CaO MnO(0.927)  
TiO2 Cr2O3(0.964); LOI(-0.999) P2O5(0.956)  
P2O5  Cr2O3(0.958); LOI(-0.948) 
Cr2O3 LOI(-0.969)  
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The dominant major oxides were SiO2; Al2O3 and Fe2O3. The likely carriers of these elements 

were quartz; clay minerals and pyrites [38]. The relatively high presence of TiO2 is an indication 

that Ti was incorporated into the aluminosilicates structure. It could also be implied that kao-

linite and TiO2 co-precipitated or that the Ti content in sediment input to the original peat 

swamp from mafic basaltic rocks was probably high [38]. The high correlation between CaO-

MnO (0.927) and MgO-MnO (0.813) shows that the CaO and MgO in the coals maybe associ-

ated with carbonates (calcite, dolomite, and ankerite). From Table 2, TiO2; Cr2O3; LOI and 

Na2O, all showed a positive correlation with Al2O3. This suggests that these oxides in coal were 

associated with aluminosilicates such as clay minerals and probably from the same source [38]. 

The Cr2O3 and LOI showed a positive relationship with P2O5. This affinity implies aluminophos-

phates minerals [38]. 

 

Figure 6. Cluster yield of major oxides of coal 

Two clusters were extracted from the oxides of coal analysis. Cluster one consist of SiO2, 

TiO2, P2O5, Cr2O3, Al2O3, K2O, MgO and Na2O. Within this cluster, strongest similarities were 

observed between SiO2, TiO2, Cr2O3, K2O, and Na2O. A lesser degree of similarities was ob-

served within the same cluster between P2O5 and Al2O3. Cluster two includes CaO, MnO, Fe2O3, 

and LOI. Most significant similarity was however observed between MnO and LOI (Figure 6). 

While cluster one indicates mixtures of origin such as detrital quartz, clay minerals, basaltic 

salts of oceanic environment and some degree of carbonate affinity, cluster two suggests 

carbonate affinity and Fe bearing montmorillonite, chlorite and oxyhydroxides sources [32,39]. 

Table 3. Varimax rotated a component of major oxides of coal 

Major oxides SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 

Component 1 0.986 0.972 -0. 999 0.538 -0.338 0.729 0.952 0.989 0.957 

Component 2 -0.165 0.236 -0.050 0.843 0.941 0.684 0.307 -0.148 -0.290 

Major oxides MnO Cr2O3 LOI Eigen values % variance % cumulative 

Component 1 -0.228 1.000 -0.992 8.685 72.378 72.378 

Component 2 0.974 -0.013 0.128 3.315 27.622 100.00 

Varimax rotated analysis extracted two factors as responsible for the 100% cumulative 

variance observed in the data (Table 3). Factor one consist of high factor loadings for SiO2 

(0.986); Al2O3 (0.972); Fe2O3 (-0.999); MgO (0.538); Na2O (0.729); K2O (0.929); TiO2 

(0.989); P2O5 (0.957); and LOI (-0.992). This factor has eigenvalue of 8.685 and % variance 

of 72.378. Factor two include high factor loadings of MgO (0.843); CaO (0.941); Na2O (0.684); 

MnO (0.974). Eigenvalue of 3.315 and % variance of 27.622 was recorded. 
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Table 4. Descriptive statistics of trace elements in coal. 

Trace ele-
ments 

Minimum Maximum Mean 
Std. Devia-

tion 
T-square 

95% confidence interval 
of the difference 

Lower            Upper 

Ni .00 51.00 14.20 19.28 2.89 2.67 44.66 

Sc .00 11.00 2.53 3.66 3.78 1.76 9.23 

Ba .00 122.00 69.00 43.43 5.80 44.86 116.13 

Be 2.00 16.00 8.66 5.78 3.67 2.59 14.73 

Co 2.50 30.50 13.75 10.62 3.17 2.60 24.89 

Cs 0.00 0.30 0.06 0.10 1.74 -0.03 0.20 

Ga 2.80 24.20 10.90 7.59 3.51 2.93 18.86 

Hf .80 32.40 6.71 12.59 1.30 -6.49 19.93 

Nb .00 23.50 5.24 7.35 2.45 -.38 16.12 

Rb .20 3.30 1.46 1.18 3.03 .22 2.70 

Sn 2.00 2.00 2.00  1.00 -.52 1.19 

Sr .00 28.40 12.12 11.13 5.47 9.63 26.72 

Ta .10 1.60 .55 .54 2.48 -.02 1.12 

Th 1.50 17.40 5.26 6.11 2.11 -1.15 11.68 

U .00 4.50 1.16 1.49 2.44 -.07 3.17 

V 10.00 49.00 28.00 14.11 4.85 13.18 42.81 

W .50 1.40 .95 .63 1.36 -.27 .91 

Zr 34.40 1242.50 261.20 481.13 1.33 -243.71 766.11 

Y .00 118.00 19.78 33.43 2.71 2.27 83.45 

Mo .20 0.40 0.31 0.09 7.88 0.21 0.41 

Cu 7.10 30.50 14.71 8.19 4.39 6.11 23.31 

Pb 2.00 10.30 5.48 3.18 4.21 2.13 8.82 

Zn 7.00 504.00 118.50 192.52 1.50 -83.54 320.54 

As 3.80 54.20 25.43 17.73 3.51 6.82 44.04 

Cd 0.00 0.00 0.00 0.00 1.85 -0.18 1.15 

Sb 0.30 1.70 0.72 0.66 1.58 -0.02 0.08 

Bi 0.10 0.10 0.10 0.00 5.54 0.74 2.02 

Ag 0.00 2.60 1.03 0.82 2.84 0.01 0.37 

Au 0.05 0.43 0.19 0.170 2.07 -.01 0.18 

Hg 0.00 0.20 0.10 0.10 2.23 0.02 0.08 

Tl 0.10 0.20 0.21 0.32 1.35 0.26 0.91 

Se 0.20 0.40 0.01 0.11 3.15 0.18 0.26 

Total 77.65 2384.03 630.32 884.96 97.19 435.49 1606.78 

From the rotated result (Table 3), component two is clearly a carbonate source factor while 

component one range from factors such as aluminosilicates, aluminophosphates, and basalts 

as possible sources for the variables [38]. 

4.5. Trace elements 

The geochemical behavior of trace and rare elements in modern, organic rich sedimentary 

rocks such as coal has been documented and used to determine the terrestrial sediments 

source component of the organic rocks [20]. 

The trace element analysis (Table 4) indicates abundance order of: Zr>Zn>Ba>V>As>Y> 

Cu>Ni>Co>Sr>Ga>Be>Hf>Pb>Th>Nb>Sc>Sn. The ratio Sr/Ba of 0.176 showed that these 

coal occurrences were deposited on the continent. The V/(V+Ni) ratio of 0.66 is also considered 

as a transitional boundary from oxic to sub oxic and anoxic depositional environment [39]. 

The correlation (Table 5) revealed that the likely source of the trace elements was lithophilic 

at P=0.01.While the significant relationship was recorded between the lithophiles and the 

chalcophiles from trace elements such as Nb to W, it is worthy to state that this relationship 

occurred at P=0.005. At P=0.001 and P=0.05, from trace element Y to Sb, the chalcophile 

dominated the association (Table 5). 
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Table 5. Correlation of trace elements in coal 

Trace elements Correlation @ p= 0.01 Correlations @ P= 0.05 

Ni Z(0.993); As(0.994) Sb (0.999); Se (0.916) 
Sc Cs(0.993); Ga (0.956); W(1.00) V(0.819) 
Ba Sr(0.993); W(-1.00)  
Be W(-1.00)  
Co W(1.00); As(0.926) Zn(0.886) 

Cs Nb(0.993); U(0.985); W(1.00); Sb(1.00); Hg(-
1.00) 

Hf(1.00); Zr(1.00) 

Ga W(1.00)  
Hf Nb(0.981); Ta(0.958);Th(0.987);U(0.942); 

W(1.00); Zr(1.00) 
 

Nb Ta(0.976); Th(0.996); U(0.988); W(1.00); 
Zr(0.982) 

Rb(0.842); Pb(0.958) 

Sr W(1.00)  
Ta Th(0.976); U(0.976); W(1.00); Zr(0.956) Pb(0.812) 
Th U(0.990); W(1.00); Zr(0.943) Pb(0.849) 

U W(1.00); Zr(0.943) Pb(0.879); Se(-0.998) 
V W(1.00) Mo(0.879) 
W Zr(1.00); Y(1.00); Cu(1.00); Pb(1.00); Zn(1.00); 

As(1.00); Sb(1.00);Hg(1.00); Tl(1.00) 
 

Y Cu(0.986) Se(-0.999) 
Zn  As(0.867) 
Sb Se(1.00)  

 

 
Figure 7. Cluster result of trace elements in coal 

The trace element yielded four 

clusters (Figure 7). Cluster one (Bi, 

Au, and Cd) shows that all the ele-

ments were lithophilic. Cluster two is 

a mixture of sources. From domi-

nantly lithophilic (Sc, V,Y,Cu, and Be) 

to chalcophilic (Ga,Hg and Tl) and fi-

nally the siderophile (Mo). Cluster 

three suggests three sources for the 

elements – the siderophile (Zn, Sb, 

Ni, Co, and Se), the lithophiles (Ba, 

Sr) and the chalcophiles (As). The 

last cluster is a mixture of two 

sources. These are lithophilic (Rb, Hf, 

Zr, Nb, Th, U, Ta, Cs and W) and the 

Chalcophile (Pb, Sn, and Ag). 

From the above analysis, it is clear 

that the dominant sources for the 

trace elements were the lithophiles 

(clusters 4 and 2); Siderophile (clus-

ters 3 and 2) and the chalcophile 

(clusters 1, 2, 4 and 3).  
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4.6. Rare earth elements 

Table 6. Descriptive statistics of rare earth elements in coal 

The LREE generally have higher mean concentration compared to the HREE (Table 6). The 

ratios of La/Yb (5.77); La/Sm (2.82) and Gd/Yb(2.33) showed that the degree of enrichment 

of LREE is higher than HREE. This is evidence that fractionation occurred in the LREE and 

HREE. The average ratio (La/Sm) n value of 2.82 indicates that some degree of fractionation 

also occurred among the LREE [39]. 

Table 7. Correlation matrix of rare earth elements in coal 

Rare earth ele-

ments 

Correlation @ p= 0.01 Correlations @ P= 0.05 

La Ce(0.987);   
Sm Eu(0.983); Gd(0.982); Tb(0.985); Dy(0.988); 

Ho(0.994); Er(0.997); Lu(0.975);Tm(0,999); 
Yb(0.983) 

 

Eu Gd(0.994); Tb(0.997); Dy(0.996);Ho(.994); 
Er(0.991); Lu(0.922);Tm(0.982); Yb(0.941) 

 

Gd Tb(0.999); Dy(0.997); Ho(0.997); Er(0.993); 
Lu(0.918); Tm(0.978); Yb(0.933) 

 

Tb Dy(0.999); Ho(0.998); Er(0.995); Lu(0.924); 
Tm(0.983); Yb(0.942) 

 

Dy Ho(0.998); Er(0.996); Lu(0.931); Tm(0.986); 
Yb(0.950) 

 

Ho Er(0.999); Lu(0.945); Tm(0.991); Yb(0.958)  
Er Lu(0.958); Tm(0.996); Yb(0.969)  
Lu Tm(0.978); Yb(0.996)  
Tm Yb(0.987)  

** Correlation is significant at the 0.01 level. 

At P<0.01, all the correlations recorded between Sm-Eu-Gd-Tb-Dy-Ho-Er-Lu-Tm-Yb were 

significant (Table 7) in both directions. Ce showed no significant relationship with any element. 

La also showed no significant relationship with all the elements except La and Ce (0.897). From 

Table 7, the REEs appeared to be generally related to primarily clay minerals and phosphates 

except for La and Ce that may suggest a dominantly phosphatic affinity with an organic origin. 

Cluster analysis of rare earth elements yielded two clusters (Figure 8). Cluster one consists 

of Tb, Dy, Gd, Ho, Er, Eu, Sm, Tm, Yb, and Lu. Most significant similarities exist between Tb-

Dy-Gd-Ho-Eu- Sm-Tm and Lu. Between Er and Yb was a lesser degree of similarity. Cluster 

two consists of La and Ce. These two elements showed the most significant similarity (Figure 8). 

 

Rare Ele-
ments 

Minimum Maximum Mean 
Std. Devi-

ation 
Std. Error 

Mean 
t-square 

95% Confidence interval of        
the difference 

Lower                     Upper 

La 4.50 48.90 21.01 17.28 7.05 2.97 2.88 39.15 

Ce 9.90 94.40 42.35 31.60 12.90 3.28 9.17 75.52 

Sm .78 18.19 7.45 5.82 2.37 3.13 1.34 13.55 

Eu .15 4.40 1.72 1.42 .57 2.97 .23 3.21 

Gd .82 23.69 8.49 7.81 3.19 2.66 .29 16.70 

Tb .13 3.71 1.35 1.22 .49 2.70 .06 2.63 

Dy .78 21.00 7.67 6.93 2.83 2.71 .40 14.95 

Ho .15 4.05 1.52 1.32 .53 2.81 .13 2.90 

Er .50 10.44 4.11 3.34 1.36 3.01 .60 7.62 

Tm .05 1.38 .57 .44 .18 3.16 .10 1.03 

Yb .43 8.06 3.64 2.61 1.06 3.42 .90 6.38 

Lu .06 1.15 .53 .37 .15 3.50 .14 .92 

Total 18.25 239.37 100.41 80.16 32.68 36.32 16.24 369.12 
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Figure 8. Rare earth element cluster analysis  

From figure 8 and table 7, La and Ce appeared in the same cluster and factor component. 

This is an indication that these elements were from a different source and are controlled by a 

factor(s) different from other rare earth elements. While other REEs such as Sm, Eu, Gd, Tb, 

Dy, Ho, Er, Tm, Yb and Lu maybe associated with the inorganic component of the coal, the La 

and Ce suggests organic origin such as phosphates [38]. 

Table 7. Varimax rotated component matrix of rare earth elements 

Rare Earth Elements La Ce Sm Eu Gd Tb Dy Ho 

Component 1 0.244 0.144 0.961 0.990 0.982 0.988 0.989 0.979 
Component 2 0.967 0.986 0.273 0.121 0.149 0.136 0.139 0.197 

 
Rare Earth Elements Er Tm Yb Lu Eigen values % variance % cumulative 

Component 1 0.974 0.960 0.914 0.885 9.350 77.920 77.920 
Component 2 0.227 0.274 0.367 0.440 2.550 21.247 99.167 

The rare earth element analysis recorded two factor components (Table 7). Factor one 

consists of high factor loadings of .8 to .9 for all rare earth elements analysed except La and 

Ce. This factor has an eigenvalue of 9.350 and % variance of 77.920. Factor two consists of 

high factor loadings of La (0.967) and Ce (0.986) only. The % cumulative of 99.167 was 

enough for the variations observed (Table 7). 

4.7. Palaeoweathering/climatic conditions of deposition 

According to Suttner and Dutta [40], the binary plot of SiO2 Vs (Al2O3 + K2O+ Na2O) has 

been used to reconstruct the climatic conditions of the source area. Based on this plot, the 

coal samples from the study area plotted within the humid field (Figure 9). This indicates that 

both weathering of source rocks/materials and conditions surrounding the coal formations 

occurred in humid climatic environments [33]. 

The Si becomes unstable in rocks due to the removal of silica rocks as weathering pro-

gresses. According to Chen et al. [33], the SiO2-Al2O3-TFe2O3 (SAF) ternary diagram proposed 

by Schellmann [41] can be used to quantify the degree of laterization. On the basis of the SAF 

ternary diagram above, the coal samples from the study area may have suffered weak lateri-

zation to kaolinisation (Figure 10). 
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Figure 9. Paleoclimatic diagram of SiO2 Vs Al2O3 

+K2O+ Na2O (After Suttner and Dutta, [40]) 

Figure 10. Triangular diagram of SiO2-Al2O3-Fe2O3 

(after Chen et al. [33]) 

5. Conclusion  

From work carried out on the coal within the Northern Anambra basin, the following obser-

vations were revealed: 

(a) The coal was formed from low land peat environment associated with marine or blackish 

water influence  

(b) Stable condition of deposition, a low degree of tectonic movement but constant subsidence 

in the basin was observed. 

(c) The transitional boundary of oxic to sub-oxic and anoxic environments was observed with 

an acidic and humid climate 

(d) Weak laterization to kaolinization were also observed. 
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Abstract 

The packing density of the coal batch influence on the physicomechanical characteristics of the coke 

produced: the strength M25 and wear resistance M10. In the absence of mechanical methods (such as 
ramming or partial briquetting), the packing density depends on the ash and moisture content and the 

degree of crushing of the coal batch. Since improvement in coke quality entails decreasing the moisture 

content of the coal batch, we developed a method for decreasing the moisture content directly in the 
silo, on the basis of osmosis and vacuum. That permits a decrease in the coal’s moisture content to 

the optimal value, thereby boosting coke quality and improving blast-furnace performance. 

Keywords: ramming technology; bed coking; coal batch; packing density; coke quality; moisture removal. 

 

1. Introduction  

The most important means of improving blast-furnace performance is to supply high-quality 
batch—in particular, high-quality coke. 

In the blast furnace, coke plays a complex role. Its transformation at the tuyeres provides 

most of the heat required for smelting and also forms most of the reducing gas, to which gas 
from direct reduction is added at higher levels. Besides these functions, the c oke serves as 
solid packing in the zone characterized by softening and melting of the iron-bearing materials: 
in so doing, it ensures a counterflow of batch and gas in the furnace. The coke also regulates 
the gas distribution over the furnace cross-section. Accordingly, coke must satisfy strict re-

quirements. 
Coke quality may be assessed in terms of physical characteristics, (strength, susceptibility 

to wear, and granulometric composition), chemical composition, reactivity, and post reactive 
strength. In terms of chemical composition, we require coke with maximum carbon content 
and minimum ash and sulfur content. In terms of granulometric (fractional) composition, the 
coke must be of uniform size, with a minimum content of the smallest (<25 mm) and largest 

(>80 mm) classes. High hot and cold strength is necessary. 
Typical requirements were laid out at the Fifth International Congress of Blast -Furnace 

Specialists [1]: strength M25 no less than 90%; susceptibility to wear M10 no more than 6%; 
content of the >80 mm class no more than 5%; content of the <25 mm class no more than 
5%; fluctuations of the moisture content no more than ±0.5%; reactivity CRI = 23—26%; 

and post reactive strength CSR = 70%. 
Under specific conditions, classical bed coking may produce blast -furnace coke of strength 

M25 = 90% and wear susceptibility M10 = 6.0%. Ukrainian coke plants with M25 > 88.0% be-
tween 2009 and 2011 included ChAO Makeevkoks (with annual figures of 89.6, 89.1, and 
88.4%), which supplies premium coke, and PAT Avdeevskii KKhZ (with annual figures of 88.5, 
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88.1, and 88.7%). All the other coke plants met this standard in some years but produced 
coke with M25 < 88% in other years. The coke of lowest strength was produced by PAT Arce-
lorMittal Krivoi Rog (with annual figures of 84.4, 83.4, and 86.6%). 

In the same period, coke with M10 < 7% was produced at ChAO Makeevkoks (with annual 
figures of 7.0, 6.6, and 6.8%) and ChAO Enakievskii KKhZ (with annual figures of 7.0, 7.0, 

and 6.8%). These figures are considerably lower for coke from PAT Alchevskkoks (6.3, 6.4, 
and 5.4%); the lowest values (5.5, 5.8, and 4.1%) are observed for coke from battery 10A, 
which employs ramming of the coal batch and dry slaking of the coke [2]. 

Coke is supplied to the batch-supply bunker for blast-furnace shop 1 from coke batteries 
1-4 at PAO ArcelorMittal Krivoy Rog (Table 1). This coke is produced by classical bed coking, 

with batch supply through charging hatches. Therefore, it remains to improve batch prepara-
tion for those blast furnaces.  

Table 1. Weighted-mean characteristics of coke supplied to the blast furnaces of shop 1 

Year 

Characteristic, % 

 

Content of class 

(mm) , % 

W A S М25 М10 CSR CRI >80  <25  

2015 3,9 12,0 0,72 86,8 7,4 50,3 36,1 8,9 5,2 
2016 3,8 11,5 0,60 86,5 7,8 52,4 35,2 7,4 6,4 

2017 3,9 11,5 0,54 85,3 7,6 48,9 38,0 6,5 7,0 

In classical coking, the rank composition and properties of the coal batch mainly determine 

the physico-mechanical characteristics of the coke produced, while the key factor in batch 
preparation for coking is the packing density of the batch. In the absence of mechanical meth-
ods (such as ramming or partial briquetting), the packing density mainly depends on the ash 
and moisture content and the degree of crushing of the batch. These factors, in turn, affect 

the thermal conditions of coking, the physico-mechanical characteristics of the coke produced, 
and the yield and quality of the coking products [3]. 

One means of improving coke quality is to increase the packing density of the coal batch 
before supply to the coke oven. 

2. Results and discussions  

The factors responsible for the poor quality of the coke produced in batteries 1-4 at PAO 
ArcelorMittal Krivoy Rog were analyzed in detail in [4]. Primary factors include the high mois-
ture content of the coal batch; insufficient mixing after crushing when numerous coal concen-
trates are employed; and excessive crushing of batch with a high content (70-80%) of bitu-
minous coal [5]. 

To investigate the influence of the granulometric composition, ash content, and moisture 
content of the coal batch on its packing density in the coal-preparation shop for coke produc-
tion at PAO ArcelorMittal Krivoy Rog, we select samples of coal concentrates for technical 
analysis and also for the determination of the packing density and granulometric composition. 

Table 2 presents the characteristics of these concentrates. 

In Fig. 1, we plot the packing density of the coal batch supplied to coke batteries 1—4 as a 
function of its moisture content. The curve is parabolic, with a minimum at a moisture content 
of 10.3%. However, the increase in packing density is not due to a decrease in the moisture 
content of the batch but rather to increase in moisture content. In other words, the packing 
density increases as a result of an increase in the mass of water in the coal batch. 

In physical terms, the influence of the moisture content on the packing density of the coal 

was analyzed in [6]. In the wetting of coal, the water absorbed by its particles is uniformly 
distributed over their surfaces, with an increase in the distance between coal particles by the 
thickness of the water film. That changes the packing density of the coal. With further wetting, 
corresponding to the minimum of the parabola, the packing density increases more sharply. 
This may be explained in that the free water in the batch tends to occupy the volu-me with 
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the minimum surface under the action of capillary forces and is concentrated in narrower 
intervals between the coal particles, predominantly at points of particle contact. 

Table 2. Characteristics of the coal concentrates used in the batch 

 
Supplier 

 
Rank 

of coal 

Moisture 
content 
W r

t, % 

Content (%) in class (mm) Packing 
density, 

t/m 3 >6 3-6 0.5-3.0 <0.5 <3 

T34, Poland G 9.1 38.29 15.99 32.69 13.03 45.72 0.859 

Coking Coal Pardee, United 
States 

GZh 11.0 42.65 13.76 22.24 21.35 43.59 0.870 

Ukrkoks. Ukraine Zh 14.4 12.48 13.33 41.05 33.14 74.19 0.859 

Kievskaya enrichment fa-

cility, Ukraine Zh 12.0 2.86 5.98 49.81 41.35 91.16 0.832 

Krasnolimanskaya enrich-
ment facility, Ukraine 

Zh 10.5 40.56 19.74 23.10 16.60 39.70 0.871 

Pechorskaya enrichment 
facility, Russia 2Zh 10.5 29.48 14.56 25.10 30.86 55.96 0.841 

Vostochnaya enrichment 
facility, Kazakhstan K + KZh 12.6 6.68 9.52 40.40 43.40 83.80 0.801 

Severnaya enrichment fa-

cility, Russia 
K 12.7 19.95 15.24 32.32 32.49 64.81 0.847 

Ukrkoks, Ukraine K 19.8 12.15 18.60 40.08 29.17 69.25 0.914 

Alpha, United States K 14.4 6.25 14.70 44.95 34.10 79.10 0.890 

Eagle, Canada K 12.1 14.05 12.81 34.62 38.52 73.14 0.831 

Severnaya enrichment fa-
cility, Russia K + KO + PS 17.2 14.08 12.93 34.37 38.62 72.99 0.927 

 

 

Fig. 1. Influence of the moisture content on the packing density  of the coal batch (coke batteries 1—4) 

The surface tension of the water around those points tends to retain the particles in place, 
preventing their free motion and results in denser packing on charging in the furnace chamber. 

This behavior is observed with an increase in the moisture content to 6— 10%. With the 
further increase, the capillary forces cannot retain the moisture at the contact points. Under 
the action of the gravitational forces, the water breaks away from the meniscus and moves 
into the gaps between the particles. From that point onward, the packing density of the coal 
batch increases on account of an increase in the water mass [6]. 

The moisture content of the coal batch also considerable affects the expansion pressure 
and the shrinkage of the coke cake. The final shrinkage of the coke cake is between 230 and 
165% for a batch of moisture content between 8.1 and 14.5%. 
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The variation in packing density in the given period when water evaporates in the coke 
oven is also of interest. Recalculated for dry mass, the packing density of the coal batch (Fig. 1) 
is considerably less than the initial value, as indicated by Fig. 2. With an increase in the initial 
moisture content, we note a greater decrease in the packing density of the coal batch when 
the moisture evaporates in the coke oven of the battery. This will necessarily affect coke 

quality. 

 

Fig.2. Influence of the moisture content on the packing density of coal batch (coke batteries 1–4), after 

recalculation for dry mass 

It is evident from Figs. 1 and 2 that, when the mean moisture content of the coal batch is 
11.2%, its mean packing density is 0.780 t/m3. In the coke oven after evaporation of the 
moisture, it falls to 0.690 t/m3 (by 11.5%). 

To determine the packing density of the batch on drying (with determination of the moisture 

content on the basis of State Standard GOST 11041—81), we use batch of the following rank 
composition: 28% Zh, 41 % K, 8% K + KO+ OS, and 23% K + KO + KZh. 

The granulometric composition of the batch (after crushing) is as follows (%): 
 

>6 mm 6—3 mm 3—0.5 mm <0.5 mm <3 mm 
1.9 8.1 42.9 47.1 90 

Note that, in a batch sample containing 90% of the <3 mm class, the content of the <0.5 

mm class, which impairs clinkering, is 47.1%. 
In Fig. 3, we plot the dependence of the batch’s packing density on its moisture content in 

a drying chamber. As we see, on drying coal batch with initial moisture content 11.43% and 
packing density 0.760 t/m3, with a decrease in moisture content to 7.33%, its packing density 
increases to 0.819 t/m3 (by 7.8%). Further drying to 5% increases the packing density of the 

coal batch to 0.847 t/m3. 
We also are interested in the dynamics of drying (by the method in State Standard GOST 

11014—81). We find that 1g of a batch of initial moisture content 14% may be dried to 6% in 
2 min; to 4% in 4 min; and to 2.4% in 8 min. 

According to extensive literature data, the drying of coal batch decreases the heat con-

sumption in coking by 15—20%; increases coke-oven productivity by 30—40%; permits in-
crease in the content of poorly clinkering coal in the batch to 70%, without loss of coke quality 
(according to tests in the United States, Japan, Britain, France, Germany, and elsewhere); 
increases coke-plant profits by 50%; improves coke quality without change in batch compo-
sition (2.2— 2.27% increase in M25 and 0.8—1.4% decrease in M10).  

436



Petroleum and Coal 

                         Pet Coal (2019); 61(2): 433-441 
ISSN 1337-7027 an open access journal 

 

Fig. 3. Influence of the moisture content on the packing density of coal batch in a drying chamber  

We also studied the influence of the content of the 0-3 mm and 0-0.5 mm classes on the 
packing density of the coal batch. Analyses of the results show that with a mean moisture 
content of 11.2%, greater crushing results in lower packing density; note the high content of 
0-0.5 mm class in the batch (44—50%) and the decrease in packing density of the batch with 

an increase in its content.  
In Fig. 4, we show the influence of the ash content on the packing density of the coal batch 

supplied to coke batteries 1—4 at PAO ArcelorMittal Krivoy Rog. With the increase in ash 
content, the packing density of the coal batch increases, because the actual density of the 
coal’s mineral component is considerably greater than that of its organic mass. For example, 

the actual density of the organic mass of Donetsk Basin coal is1.16—1.39 t/m3, depending on 
its metamorphic stage, while the actual density of the mineral component is more than 1.8 
t/m3 [7]. Note also that the mineral inclusions are centers of internal stress: they weaken the 
coke structure. 

 

Fig. 4. Influence of the ash content on the packing density of coal batch 

Analysis of the characteristics of the coal concentrates used in coking batch shows that, for 
the foreseeable future, the batch will contain 25—30% Karaganda Basin coal, as well as con-
centrates from Ukraine and Russia and other imported coal. That results in 1% increase in the 
mean ash content of the batch and at least 12% increase in the ash content of the coke 
produced [8]. 
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To assess the aggregate effect of the moisture content, ash content, and granulometric 
composition (the content of the 0-3 mm and 0-0.5 mm classes) on the packing density of the 
coal batch, we select batch samples of the following rank composition: 10.8% G, 67.1% Zh, 
14% K, 5.5% OS, and 2.6% of other ranks. Table 3 presents the characteristics of the batch 
samples. 

Table 3. Characteristics of coal-batch samples 

Sample 

Packing  
density 

BDr, t/m 3 

Moisture  
content 
Wr, % 

Ash  
content Ad, % Content (%) of 

class <3 mm 
Content (%) of 
class <0,5 mm 

1 0,779 10,3 9,4 87,6 46,9 

2 0,779 9,5 9,4 87,56 46,5 

3 0,782 9,1 9,3 87,2 45,9 

4 0,783 9 9,5 87,3 46 

5 0,786 8,3 9,7 86,9 45,6 

6 0,788 7,5 9,5 87,0 45,5 

7 0,787 7,8 9,6 87,5 46,1 

8 0,79 7,7 9,5 85,6 42,9 

9 0,795 7,7 9,8 83,0 40,6 

10 0,797 8,2 9,8 82,4 40,6 

11 0,812 7,8 9,2 80,6 39,0 

12 0,805 7,3 9,2 82,5 39,3 

13 0,803 7,3 9,6 82,1 39,0 

14 0,804 7,9 9,7 82,2 39,7 

15 0,803 7,2 10 82,9 41,5 

16 0,798 7,5 9,4 84,0 43,2 

17 0,798 7,7 9,7 84,3 44 

18 0,796 9 9,4 84,7 43,4 

19 0,794 9,3 9,8 84,8 42,7 

20 0,797 9,3 9,6 84,7 42,6 

On the basis of correlation analysis, we obtain the pair correlation coefficients in Table 4. 

Their values indicate a close relation of the moisture content and granulometric composition 
of the batch with its packing density. The corresponding regression equation is as follows 

𝐵𝐷 𝑟 = 1.16 − 0.00174𝑊𝑡
𝑟 + 0.000553𝛾(< 0,5𝑚𝑚) − 0.00423𝛾(< 3𝑚𝑚) − 0.00274𝐴𝑑   (1) 

Table 4. Pair-correlation coefficients 

Parameter 
Pair-correlation coefficients 

r

t
W  Аd < 3 𝑚𝑚 < 0.5 𝑚𝑚  

Packing density BDr of batch, t/m3 -0,63 0,098 -0,95 -0,914 

For this equation, the determination coefficient D = 92% and the correlation coefficient r = 
0.96. That indicates its statistical significance. 

In Figs. 5 and 6, we show the influence of the packing density on the physicomechanical 
characteristics of the coke produced: the strength M25 and wear resistance M10. 

On the basis of industrial tests and multifactorial correlation analysis, we may write the 
following regression equations for M25 and M10 as a function of the batch’s packing density BDr 

M25 = -32.9939 +149.4599∙BDr with D = 72.4 %, r = 0.85;        (2) 
M10 = 44.46453 – 46.067∙BDr with D = 65 %,   r = 0.81.       (3) 

The moisture content of the coal batch significantly affects the processes in the coking 
chamber and the coke quality, according to research at OAO Zapadno-Sibirskii Metallkurgci-
heskii Kombinat [9]. The influence of the initial moisture content on the physicomechanical 
properties of the coke may be attributed both to change in the heat-transfer conditions within 
the batch over the height of the coke cake at different stages of coking and to some impair-

ment of coke quality on account of the temperature drop due to the heat consumption in 
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removing the extra moisture. Experimental coking of coal batch with different rank composi-
tion and moisture content reveals significant changes in the cake conditions and hence in coke 
strength. Increasing the moisture content from 7.3 to 12.6% increases M10 from 8.6 to 10.2% 
and increases the content of the >80 mm class from 29.9 to 49.9%. 

  
Fig. 5. Dependence of the coke strength М25 on the 

packing density of the coal batch 

Fig. 6. Dependence of the wear resistance М10 

on the packing density of the coal batch 

Experiments at Yasinovsk coke plant with six different moisture contents of the batch also 

show that the coke quality declines with an increase in moisture content. Increase in moisture 
content from 8.1 to 14.7% reduces M40 from 75.8 to 73.5% and increases M10 from 6.7 to 
8.9%. Even a small change in moisture content of the batch considerably changes the physi-

comechanical properties of the coke [10]. 
In improving the physicomechanical characteristics of coke, it is important to decrease the 

moisture content of the coal batch. Therefore, we need to develop a method of decreasing the 
moisture content directly in the silos of the coal-preparation shop. 

Electroosmosis—the process in which liquid moves through capillaries or porous media un-

der the action of an external electric field—is widely used to remove excess moisture from the 
soil in road and dam building, to dry peat, and also to purify water and industrial fluids. The 
use of electroosmosis to remove moisture from coal in storage silos is of interest [11]. 

 

To that end (Fig. 7), a row of electrodes 2 
(annular plates) connected to the positive 

pole of current sources 3 is positioned at the 
internal surface of silo wall l. In the central 
part of the silo, the water drain is perforated 
pipe 4 connected to the negative pole of 
sources 3. The voltage applied to annular 

plates 2 from sources 3 increases from the 
upper to the lower plates—for example, from 
12 to 24 V. The number of current sources is 
equal to the number of annular plates. 
 
 
Fig. 7. Silo in enclosed coal store:  
1) silo wall; 2) electrodes (annular plates); 3) 

current sources; 4) perforated pipe; 5) vacuum 

pump; 6) conveyer belt; 7) dosing feeder; 8) 
output conveyer 

The vacuum pump 5 creates a low-pressure zone so as to accelerate the motion of the 
moisture from the coal at the silo wall 1 to the center and its extraction through perforated 
pipe 4. Coal is charged in the silo by means of conveyor 6. Coal is discharged from the silo 
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onto conveyor 8 by means of dosing feeder 7 in accordance with its rank composition, so as 
to obtain batch for coking. 

 

Fig. 8. Variation in coal’s moisture content at 
pressures of 3.5 (), 5 (), and 7.5 (о) mm Hg 

In Fig. 8, we show the experimental time 
dependence of the coal’s moisture content 
when using osmosis in a laboratory system 

(height 1 m, diameter 4 m), with a voltage 
of1.5 V at the plates, at an internal pressure 
of 3.5-7.5 mm Hg. We see that, at any pres-
sure, the loss of moisture is greatest within 
the first hour: after 0.5 h at 7.5 mm Hg. 

Thus, the laboratory tests show that elec-
troosmosis permits a decrease in moisture 
content of the coal to the optimal value for 
coking batch. That will increase the strength 
of the coke and decrease its consumption in  

the blast furnace while improving blast-furnace performance. Thus, we have established that 
in the blast-furnace shops at PAO ArcelorMittal Krivoy Rog, 1% decrease in M10 lowers the 

mean coke consumption by 5.5%. With the increase in M25 by 1%, the mean coke consumption 
falls by 2.1%, on average. 

3. Conclusions 

Thus, the high moisture content of the batch and its significant variability has the primary 
influence on coke quality. The moisture content of the batch supplied to coal-preparation shops 

at coke plants must be no more than 6—7%. Otherwise, the plant must take measures to dry 
the coal. At present, in accordance with the relevant technical specifications, PAT ArcelorMittal 
Krivoi Rog accepts coal concentrates whose moisture content is up to 13%, with consequent 
loss of coke quality. 

Symbols 

Wr
t  water content of the coal batch (or coke), %;  

Ad  ash content of the coal batch (or coke) in the dry state, %;  

St
d  sulphur of the coal batch (or coke) in the dry state, %; 

BDr  packing density of the coal batch, t/m3  

M10, M25  indices of resistance of coke abrasion and crushability, respectively, %; 
>80, <25  content of particles more and less 80 and 25 mm in coke accordingly, %;   

CRI, CSR  coke reactivity index and coke strength after reaction, % 
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Abstract 

The preferred base fluids for formulating synthetic-based mud (SBM) for drilling problematic and 

sensitive oil and gas wells are usually of mineral oils origin. However, the toxic, non-biodegradable and 

non-renewable properties of these oils increase the cost of treating drilled cuttings prior to their 
discharge. This has necessitated a diversion of research interests to alternative synthetic base fluids, 

of which ester is one.  In this work, the potential of isopropyl laurate and its blends as synthetic base 

fluids for oil well drilling mud formulation was investigated. The density, kinematic viscosity and flash 
point of the neat ester and the blends were compared with that of commercially available mineral base 

fluid, and API recommended values. The results obtained indicated that the additives led to an increase 

in the viscosity and density of the samples while lowering the flash point. Change in physical properties 
observed from the addition of menthol, however, was less than that from camphor. These values, 

however, are still within the acceptable API range for ester base fluids, the ester and its blends, therefore, 

possess suitable physicochemical properties appropriate for the synthetic base fluid application. 

Keywords: ester; additives; flash point; density; menthol; camphor; base fluid. 

 

1. Introduction  

The petroleum industry utilizes a large amount of drilling mud for maximization of offshore 
and onshore oil and gas drilling operations [1]. Oil based mud has always been preferable in 
drilling operations because of their better technical performance relat ive to water-based drill-
ing muds, especially when drilling through sensitive shale formations, and in the drilling of 
extended and deviated wells [2]. Their toxic, non-biodegradable nature, however, made them 

unable to meet the strict cuttings discharge requirements for aquatic environment [3-4]. Thus 
drill cuttings from a well drilled with mineral oil or diesel based fluid must be processed to 
reduce the percentage of residual base fluid to an acceptable level before disposal into aquatic 
ecosystems; a process that increases the overall drilling cost [5-7]. Synthetic base fluid (SBF) 
is a relatively new player when it comes to the formulation of oil and gas well drilling muds [8], 
and was introduced as a result of the search for base fluids that will combine the better tech-

nical properties of mineral oil base fluid with eco-friendliness [9-10]. Esters, together with poly 
alpha olefins (PAOs), internal olefins (IOs) and linear alpha olefins (LAOs) are the four major 
categories of SBFs that have been applied with success over the years. Esters have proved to 
be the most biodegradable of them all and has been employed in the drilling of several hun-
dreds of wells since their introduction. A lot of research efforts, therefore, have been expended 

in the search for suitable synthetic ester base fluids, a quest that led to the investigation of 
natural oils like soybean and groundnut oil, biodiesel from palm and coconut oils, and esters 
from esterification of free fatty acids for their suitability as synthetic base fluid for drilling mud 
with encouraging levels of success achieved [2,8,11-13]. Working with a free fatty acid has the 
advantage of yielding a cleaner ester with well-defined structure instead of a cocktail of fatty 

acid esters as obtainable from transesterification of fats and oils.  
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The properties of interest for base fluid employed in formulating drilling muds for oil and 
gas wells include flash point, density, kinematic viscosity, thermal and hydrolytic stability, and 
elastomer compatibility. Ideally, an ester base fluid should have high flash point, low pour point, 
low viscosity, high thermal and hydrolytic stability and be compatible with existing elastomer [3]. 
It has been established from the literature that these physicochemical properties of esters are in-

fluenced by blending with additives like polystyrene and waste plastics [14-15]. The United States 
Patent Nos. 8,414,717 and 9,932,533 disclosed a method that improves the flash point of  vola-
tile organic solvents including esters and petroleum products, by blending with α-terpineol [16-17]. 

Camphor is a white or transparent waxy solid obtained from the essential oil distilled out of the 
fragrant camphor tree (Cinnamomum camphora,L.) and other trees from the laurel family such as 

basil, rosemary and sage [18-19], while menthol is a naturally occurring monoterpene found in 
mint plants like menthol mint (Mentha arvensis,L.), spearmint and peppermint (Mentha piperita,L.) 
[20-21], These terpenoids have a long history of being used as perfumes, medicines and spices 
[22-23], their utilization as blends in esters, however, is a relatively unexplored area of research.  

The aim of this research therefore, is to investigate the effect of blending isopropyl laurate 
with menthol and camphor on the physical properties of isopropyl laurate and determine the 

suitability of the ester and the blends as synthetic base fluid for oil drilling mud by comparing 
these parameters with that of a commercial base mineral fluid which serves as reference. 

2. Materials and methods 

The reference base fluid utilized in this study was supplied by SNEP Co. Lauric acid was 
esterified with isopropyl alcohol over the sulphamic acid catalyst at a temperature of 120oC 

for three hours according to the method reported by Orji et al. [12]. The Fourier Transform 
infra-red (FTIR) spectra of lauric acid, isopropyl alcohol, and isopropyl laurate were obtained 
on a Shimadzu FTIR 8400S spectrophotometer, in the range of 4000-600 cm-1.  

Three different blends of isopropyl ester each for menthol and camphor were prepared with 
5, 10, and 15% of the additives. The kinematic viscosities of the neat ester, the blends, and 

the reference fluid at 40°C and 100°C were determined according to ASTM D445 method; the 
flash point was evaluated using Pensky-Martens closed cup method (ASTM D93) and the den-
sity determined according to ASTM D1298. Each of the samples was run in triplicates, and the 
average values rounded to the nearest whole number as reported.  

3. Results and discussion 

3.1. FTIR spectroscopic analysis of the synthesized ester 

The IR spectrum of isopropyl laurate was compared with that of standards in order to assign 
the absorption peaks to the respective functional groups. The characteristic absorption peaks 

of the ester functional group were observed at 1111 and 1180 cm-1 (C-O), 1720 cm-1 (C=O), 
and 2924 cm-1 (CH). The spectrum of isopropyl laurate was also compared with the spectra of 
lauric acid and isopropanol. The absence of the absorption peak of the OH functional group of 
isopropanol and the movement of the absorbance for lauric acid carbonyl (1720 cm-1) toward 
shorter wavelength (1697 cm-1) indicate that the synthesis of isopropyl laurate was achieved. 

These results are summarized in Table 1, while the spectra are shown in Figures 1 through 3. 

Table 1. Absorption peaks in the IR spectra of isopropyl laurate, isopropanol, and lauric acid 

S/No Functional group Wave number (cm-1) 

Isopropyl laurate Isopropanol Lauric acid 

1 C=O 1720 - 1697 

2 C-O 1180 

1111 

1126 1026 

1080 
3 CH2 2924 2970 2916 

4 C-H 1373 

1350 

1311 

1381 
1411 

1350 

1419 

5 O-H - 3340 - 
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Figure 1. FTIR spectrum of isopropyl laurate (IL) 

 
Figure 2. FTIR spectrum of lauric acid 

 
Figure 3. FTIR spectrum of isopropanol 
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3.2. Physical properties of the base fluids 

The flash point of the reference fluid and the ester with its blends are presented in Figure 1. 

The flash point of a fluid is the minimum temperature at which it can generate enough ignitable 
vapour in the air close to its surface. A liquid with a higher flash point is relatively more difficult 
to ignite and therefore is safer to handle at a higher temperature. Thus, a drilling mud formu-
lated with a base fluid with a high flash point will pose less fire hazard since less ignitable 
vapour is expected to accumulate above the mud. It has been suggested that the flash point 
of a base fluid for drilling mud application should exceed 100°C [24]. The result of the flash 

point determination for isopropyl laurate, its blends, and the reference indicates that the un-
blended isopropyl laurate has the highest flash point (118oC) whereas the blended isopropyl 
laurate with 20 % menthol has the lowest flash point (104oC). The isopropyl laurate with 10 
% menthol exhibited a better flash point compared to the one with 15 % and 20 % menthol. 
The flash point of the IL and its menthol blends, however, are higher than that of the reference 

(103oC). Addition of camphor to IL led to a higher degree of reduction in the flash point. At 
10 % addition of camphor, the flash point went as low as 61oC. The subsequent increase in 
the percentage of camphor; however, improved the flash point to 65oC (15%) and 79 oC 
(20%). The reduction in flash point on blending with additives could be attributed to the vol-
atile nature of menthol and camphor. 

 

Figure 4. Flash point of isopropyl laurate and its blends 

Rheological and hydraulic properties of drilling mud are affected by the kinematic viscosity 
of the base fluid from which it was formulated. Hence, a viscous base fluid tends to produce 
a viscous drilling mud which because of its poor pump-ability is more problematic to manage 
relative to low viscosity muds. Moreover, low viscosity base fluids when utilized in formulating 
drilling muds, exhibit better tolerance towards the presence of solids and water in the final 

formulation and increases the quantity of brine used, thereby reducing cost [25-26]. The effect 
of different percentage of additives on kinematic viscosity of the isopropyl ester samples at 
40oC and 100oC are presented in Figure 5. 

The result obtained from measuring the kinematic viscosity of the various blends indicates 
that inclusion of the additives led to an increase in viscosity at both temperatures. However, 

the highest viscosity values of 4.37 cSt at 100oC and 1.68 cSt at 40oC were recorded at 10 % 
menthol and 10% camphor respectively. The subsequent increase in the concentration of ei-
ther additive resulted in a decrease in viscosity values. The ester and its blends recorded 
higher viscosity values at both temperatures relative to the reference; this is to be expected 
since the reference fluid is a synthetic hydrocarbon base fluid. It has been suggested that base 
fluid for drilling mud formulation should have viscosity values ranging from 1 to 6 cSt at 40oC [27]. 
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Thus, the viscosity values of the ester and its blends are within acceptable values for base 
fluid application. 

 

Figure 5. Kinematic viscosity of isopropyl laurate and its blends at 40oC and 100oC 

The density of a base fluid affects the quantity of material required to achieve a particular 
standard of mud weight while formulating mud. It is required that the density of an oil base 
fluid be less than that of water which is 1 g/cm3. From the result of the density determination 

presented in Figure 6, the RBF has the lowest value of 8.1 g/cm3, followed by the unblended 
ester with 8.4 g/cm3. It was observed that blending with menthol and camphor led to a slight  
increase in density. Thus the density of the ester with 10 and 15 % camphor is 0.86 g/cm3. 
Increasing the percentage of camphor to 20 moved the density from 0.86 to 0.87 g/cm3. 
Addition of menthol also did not bring about a significant increase in the density of the ester. 
The values range from 0.85, 0.85 and 0.86 g/cm3 for 10, 15, and 20 % menthol respectively. 

These results are all within the recommended values for synthetic base fluid since they are all 
lower than the density of water. 

 

Figure 6. Density of isopropyl laurate and its blends at room temperature  

4. Conclusion  

From the results obtained in this work, it can be concluded that isopropyl laurate was suc-
cessfully synthesized as determined proved by FTIR analysis. Isopropyl laurate has a higher 
flash point than the RBF. 
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Blending IL with camphor and menthol reduced the flash point of the ester and increased 
the viscosity and density marginally. 

These results have demonstrated that isopropyl laurate and its blends possess properties 
which make them suitable for the base fluid application. It is recommended that the menthol 
ester blends they should be used in the formulation of inverse emulsion drilling muds for 

low-temperature shallow wells to avoid fire hazards since they recorded the lowest flash 
points of all the samples analyzed. 

List of symbols 

RBF Reference base fluid 
IL Isopropyl laurate 

UIL Unblended isopropyl laurate  

10%M Ester blended with 10% menthol 
10%C Ester blended with 10% camphor 

15%M Ester blended with 15% menthol 

15%C Ester blended with 15% camphor 
20%M Ester blended with 20% menthol 

20%C Ester blended with 20% camphor 

cSt Centistoke 
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Abstract 

In this study by using image logs (FMI, OBMI and UBI) of 5 wells in different sectors of Gachsaran oil 

field, located in SW of Iran, the number of fractures in each zone of Asmari reservoir of study well were 

calculated and then the fracture density chart of each zone was drawn and well No. 387 Zone 1 and 
2, shows a high fracture density (5.1). Mud loss data was also converted to charts so as to be compared 

with fracture density chart. Base in this study, the lowest Mud loss has been related to the well No. 

384 – Zone 4, and its fracture density is very low (0.2). The result showed that there was a good 
correlation between 2 groups of data. According to the findings of this story, although it is only image 

logs that are capable of showing the exact location and attitude of fractures in reservoir, but when 

unavailable, other data such as mud loss data can be used to predict and approximate the fracture 
condition in an oil well. 

Keywords: Image log; Fracture Density; Gachsaran oil field; Mud loss; SW of Iran. 

 

1. Introduction  

A reservoir rock is one that, in addition to high porosity to store hydrocarbons, has an 
appropriate permeability to drive oil fluids [1]. By this description, sandstone is commonly 

referred to as a good reservoir rock .However, it should be noted that more than 65 percent 
of the Middle Eastern hydrocarbons are located in carbonate reservoirs, and in Iran, according 
to the number of hydrocarbon reservoirs and regardless of the volume of hydrocarbons, about 
90 percent of the large reservoirs, carbonate and 10 percent are sandy limestone. In carbonate 
rocks, ultimate porosity is often very low, and fracturing in these rocks is very important in 

increasing porosity [2], especially in permeability [3]. They are important in the carbonate 
reservoirs due to their high influence on the reservoir’s rock properties [4-5]. Therefore, in 
determining the reservoir properties of carbonate rocks, fractures have a special position [6-7] 
and accurate determination of fractures location and determining the depths with the highest 
fracture rates for reservoir designation with high production potential, providing a suitable 
method for recycling projects, and Reconstruction, design of diversion drilling, the determina-

tion of the location of acidity and the location of the lattice operations with the completion of 
the well to have the highest production and also the avoidance of excessive costs in the com-
pletion of inappropriate reservoir zones has great importance [8]. 

In this research, by identifying zones with higher fracture density in the Asmari reservoir 
of the Gachsaran oil field, sections with higher production potential are introduced. Meanwhile, 

considering the high cost of image log, their use is limited to specific wells of a field. In the 
following, we have tried to find the relationship between fracture density and mud loss from 
studied wells, the use of these data as a substitute for estimating and predicting fractures 
conditions when there is no image log, are presented. 
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2. Geological setting 

 
 
Fig.1 UGC map of Gachsaran oil field based on 
the upper border of the Asmari Formation and 

the position of the studied wells No. 378, 383, 

384, 386 and 387 on it. 
 

Gachsaran oil field is one of the most im-

portant oil fields of Iran, which is located in 
the southwest of Iran. This oil field has situ-
ated on Dezful Embayment. Dominant struc-
tural trends in this area are NW-SE. From 
tectonics view, it contains the over thrust 
and simple fold belts of Zagros that formed 

on the northeastern part of Arabian plate’s 
passive margin. Zagros Mountains have con-
tinued to East Taurus Mountains in Turkey 
and have named Zagros-East Taurus hinter-
land. Zagros-East Taurus hinterland is exter-

nal platform (fold and thrust belt) of north 
margin of Arabian Craton.  

Gachsaran oil field is an asymmetric anti-
cline with NW-SE trend (Fig. 1). This oil field 
at the Asmari horizon is 70 km in length and 

11 km in width [9]. This field as a giant oil 
fields in Iran, consists of Asmari, Bangestan 
and Khami reservoirs, which were discovered 
in 1965 by means of seismic operation and 
drilling of the first well in Asmari formation. 

Because of tectonic activity, there are highly 
fractured area in this oil field, which causes 
upward migration of hydrocarbon [10]. 

3. Research method 

The best methods for fracture evaluation are image logs and core. However, cores have 
vital limitations such as low recovery factor, being undirected, and high cost of coring [6,11]. 

The raw data obtained from the wellhead charts after loading in GEO FRAME-CPS3 software 
and performing several stages of software processing, are presented as a virtual image of the 
well wall. In wells drilled with a water base drill, FMI image log and in the wells where the 
drilling mud is based on oil, OBMI and image log UBI are used simultaneously. In this image, 
plate phenomena in the well wall, such as layering and fractures, are recognizable and can be 

compared to the direction, length, and gradient of these phenomena. In Fig. 2, for FMI image 
log, refers to well 387, with a scale of 1:1000 has been presented. 

After plotting the image log for each of the studied wells in the Gachsaran oil field, fractures, 
layering and other plate phenomena were determined in it [12], and then the density of open 
fractures in each zone was calculated from the Asmari reservoir. 

The method used in this study to calculate open fracture density is to count all open frac-
tures in a zone or sub zone of the Asmari reservoir, and then divide the fracture number by 
the depth of that zone or sub zone, which is showed by 1m [13-14]. 

Mud loss information for wells studied in Gachsaran oil field using Excel software is pre-
sented in graphical way in different zones that comparing this chart with other information 

related to fractures can be about the possibility of using mud loss information to detect broken 
zones. 
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Fig. 2. The schematic representation of all the identified complications in well 378 base on FMI  

4. Results and discussion 

In this study FMI, OBMI and UBI image logs in wells No. 378, 383, 384, 386 and 387 were 

analyzed in order to identify and describe different types of fractures. The open fracture den-
sity of the oil-containing zones, the ratio of the number of open zone fractures to the drilled 
distance in that zone in meters was calculated in well 378, according to which zone 2, 4 and 
zone 7 have a fracture density of 2.7, 3.1 And 3.3 respectively that it is indicating of a high 
fracture density in both zones (Fig. 3). Meanwhile, as shown in Fig. 2, the depth distances 

from 2460 to 2510m, 2595 to 2620m, 2720 to 2780m, were described as reservoir zones with 
maximum fracture rates and with high production potential in well 378. 

In well 383, zone 2 and zone 4, have  1.1 and 1.3 fracture potential, respectively .The 
fractures are roughly uniformly distributed at all depths of each zone (Fig 3). Open fracture 
density in zone 2 and zone 4 of wells 384 are 0.4 and 0.2, respectively, which indicates the 
very low fracture density in both zones and the very low production potential in this well (Fig. 3). 

Based on the calculations performed in the well 386, zone 1 of this well has a fracture 
density of 2.1, zone 4 with a fracture density of 2.2 and zone 7 with a fracture density of 3.1. 
Meanwhile, in zone 5, due to the lack of log UBI information only fractures that were found in 
log OBMI have been seen that have a fracture density of 1.8 (Fig. 3). As can be seen, this well 
has a relatively high fracture density in total. In this well, the depth intervals of 2450 to 2485 

meters, 2550 to 2580 meters and 2680 to 2730 meters are described as reservoir zones with 
maximum fracture rate and with high production potential. 

The open fracture density in the well 387 shows a high fracture of this well in all depths, so 
that zone 1 and zone 2 each have approximately a fracture density of 5.1, sub zone 4 with a 
fracture density of 3.2 and zone 7 has a fracture density of 4.2, and this well has a very high 
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production potential (Fig. 3). Comparison of Figures 3 (Fractal Density Chart) and 4 (Mud loss 
Chart) shows a good correlation between fracture density and Mud loss. 

The lowest Mud loss has been related to the well 384 (Fig. 4), and its fracture density is 
very low. Wells 378, 383, 386 having a fairly high fracture average in all depth distances, show a 
good correlation with the Mud loss. The well 387 has the highest fracture density among all 

studied wells, which is due to the under balanced drilling, the mud loss has been prohibited. 
As you can see, the above shows that when number of fractures in a well increases, the 

greater the amount of mud can escape through them, and they can enter into the structure, 
which, in addition to damage to the structure, can cause problems and also for drilling oper-
ations, so that it can cause the drill string to be stuck in the space around the drill by decrea-

sing or not circulating and preventing further drilling operations. The amount of mud loss in a 
particular zone of the reservoir can be a criterion for proving the presence of fractures and 
thus indicating reservoir zones with potential production. 

 

Fig. 3. Relative frequency of open fractures in different zones of Asmari structure in investigated wells 
base in fracture number vs. meter 

 

Figure 4. Mud loss average in different zones of Asmari structure from wells studied with barre l units 

per each hour. 
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5. Conclusion 

Due to the fact that the Asmari reservoir characteristics are various in different parts of the 

Gachsaran oil field, this field is based on the characteristics of the lithology, porosity and 
permeability, reservoir pressure history, the amount of mud loss from each section and other 
reservoir properties are divided into the 3 East, Middle and West parts. This research showed 
that the image log is a good tool for determining the precise location and position of fractures,  
as well as calculating the density of fractures in order to determine the reservoir zones with 
high production potential. At the same time, the results of this research proved that, in the 

absence of image log, mud loss data can be obtained to predict and estimate the relative 
position of fractures can be benefit. 
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