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Effects of Nozzle Diameter and Holes Number on the 
Performance and Emissions of a Gasoline Direct Injection 

Engine

1*O. M. Yousif ,2M. A. Mashkour
1Mechanical Engineering Department, University of Technology -Iraq 
2Mechanical Engineering Department, University of Technology -Iraq

A B S T R A C T
The goal of the current study is to estimate how a gasoline direct injection (GDI) engine's performance 

and emissions are affected by the fuel injector nozzle diameter and hole number of its injectors. A 

thermodynamic mathematical modelling has been created utilizing a software program written in the 

MATLAB language to simulatethe two-zone combustion process of a four-stroke direct injection 

engine running on gasoline at (Rotation Engine Speed 3000 revolution per minute (rpm), 40 MPa 

injection pressure, compression ratio 9.5, and spark timing 145°). The first law of thermodynamics, 

equation of energy, mass conserving, equation of state, and mass fraction burnedwere all used in the 

creation of the software program. The study was carried out at five different nozzle diameters (0.250, 

0.350, 0.450, 0.550, and 0.650 mm) and nozzle hole numbers (4,6,8,10,12). The results show that the 

GDI engine's performance and emissions are significantly influenced by variations in nozzle hole 

diameter and number. It was shown that engine power, heat transfer, cylinder pressure, and 

temperature increased with increasing nozzle hole diameter and number of nozzle holes and the 

maximum value was seen with nozzle hole diameter 0.650 mm and (12) holes. The lowest value for the 

nozzle hole diameter and number of holes was found to be 0.250 mm and 4 nozzle holes, which resulted 

in the lowest emissions of carbon monoxide CO and nitrogen monoxide NO. The study was also 

conducted for different operating conditions (Rotation Engine speed of 1000, 2000, 3000, 4000, 5000 

rpm ,35 Mpainjection pressure , compression ratio of 11.5 , and spark timing of 140° ) and the same 

nozzle diameters and nozzle holes number mentioned previously to estimate the maximum values for 

temperature, pressure, power , heat transfer and emissions . The results of the second part of the study 

showed that the highest of maximum values of temperature, pressure, and emissions were at of 1000 

rpm, a nozzle diameter of 0.650 mm, and (12) holes. The highest values for maximum power at 4000 

rpm, a nozzle diameter of 0.650 mm and (12) holes, while the highest maximum values for heat 

transfer are at 5000 rpm, a diameter of 0.65mm and (12) holes.

Keywords: Gasoline direct injection engine (GDI); nozzle diameter; hole number; mathematical 

model; performance;emissions

INTRODUCTION

(GDI) engine technology has sparked considerable interest in recent years due to its several advantages 

over traditional fuel injection (PFI) engines, including reduced fuel consumption, improved efficiency, 

and lower hazardous emissions to comply with environmental requirements[1] , [2]. Although GDI 

engines provide rapid reaction and flexible control, several aspects impact engine performance and 



engine emissions, including ignition and injection timings, injection pressure, injection duration, 

diameter of nozzles, and aperture numbers, among others .Studying combustion engines 

experimentally is a very challenging issue because of the sophisticated experimental facilities that are 

required to perform the experiments. Therefore, researchers tend to perform theoretical or analytical 

analyses such as simulation and numerical analysis before conducting any experimental activity. 

Cost and time may be saved by using a simulation approach that enables GDI engine designers to adjust 

and examine a variety of factors with no need to actually create any real part or even an entire engine. 

Numerous mathematical models, including combustion phasing modeling, thermophysical property 

models, injector models, and flow models into and out of a cylinder engine, have been developed to aid 

in understanding, correlating, and investigating the process of engine cycles [3].

The impact of engine settings on a DI engine's performance and emission characteristics has been 

examined in several studies related to diesel and gasoline. Kumbhar et al. [4] used computation fluid 

dynamics CFD codes with a combustion model to test four different nozzle throat diameters and their 

influence upon the engine performance, emissions, as well as spraying features. They discovered that 

improvements in spray cone angle, fuel atomization, and effective air-fuel mixture resulted to a 0.230 

mm nozzle throat diameter, which led to the highest in-cylinder temperatures and pressures. 

Hydrocarbon (HC), Carbon monoxide (CO), and soot emission got decreased as nozzle hole diameter 

dropped; nevertheless, Nitric oxide (NO)emissions were reported to rise because of 

improvedatomizing as well as a general increase within cylinder gas temperatures of nozzle holes by 

smaller sizes. As a result, nozzle throats having smaller diameters have a tendency to lower emission at 

the cost of increased NOx emission. Lee et al. [5] investigated the development of fuel spray-air 

mixing, combustion, and emitting as the number of injector throats changed. The researchers found that 

there is a optimal number of holes for better efficiency and emission of the diesel engine. Furthermore, 

the findings demonstrate that evaporating, atomizing, and combustion are significantly impacted by the 

amount of holes present. On the other hand, when the number of injector holes exceeds a certain limit, 

the combustion and emissions deteriorate as a result of an absence of air entraining necessary to create a 

stoichiometric mixture. By using a flux dynamometer, a four-stroke single cylinder diesel engine, a 

water-cooled direct injection dieselengine operated by computer, a typical injection timescale of 23° 

before top dead center(BTDC), and a variety of throat diameters, Kumar et al. [6] studied the 

performance, combustion, and emitting of the engine for the different nozzles hole dimension (3 holes × 

Ø = 0.20 mm ), (3 holes × Ø = 0.28 mm ) and (3 holes × Ø = 0.20 mm ) as shown in figure 1. The results of 

this study showed that among all different nozzle throats, the 3 holes × Ø = 0.20 mm (adapted) 

improved the time. The findings were outstanding in terms of performance, combustion, and emitting. 
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 The only disadvantage was that NOx numbers rise when the aperture nozzle hole size is reduced.

Jiang C and Parker M., et al. [7] studied the influence of injection nozzle design upon the (GDI) engine 

fuel spray features. Inside a pressure- and temperature-controlled constant volume chamber as well as 

outside, testing on two custom three-hole injectors were carried out. The measuring was made at 

intervals of 15 mm, 25 mm, and 40 mm from the injection tip, radially outwards from the injection axis 

to the external edge of the jet. The researchers found that the spray penetration length before collapsing 

is determined by the injection pressure rise within extending such length. To understand the 

performance during flash boiling circumstances, average velocity and droplet diameter information 

were also studied. Additionally, the results showed that droplet size decreases whereas droplet velocity 

greatly rises during flash boiling circumstances. Researchers discovered that various hole geometries 

had distinct effects on sprays when exposed to a flash boiling setting. Some hole configurations provide 

more protection from spray collapsing. The researchers discovered that the spray produced by the 

middle of the three-hole sizes studied dispersed more easily than the spray produced by either smaller 

and greater hole diameters. Moreover, the convergent hole was more likely to show spray collapsing 

during flash boiling circumstances. Ahmed and Mekonen [8] conducted a simulation study by using 

ANSYS the influence of different injector nozzle hole numbers (INHNs) and fuel injection pressures 

(IPs) of the performance, and emissions characteristics of engine .The study performed for different 

fuel IPs 190, 200, 210, and 220 bar with a change of INHN of 1 (default), 3, and 4), each 0.84, 0.33, and 

0.25 mm in orifice diameter , respectively as showing in figure 2 .The results show the increasing of 

INHNs and fuel IPs have an essential improvement of atomization and mixing rates, as well as 

combustion and engine efficiency as well as minimize of CO and HC emissions with a small raise in 

Nox .
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Reddy and Mallikarjuna [9] studied the impact of fuel injection settings on the performance, 

combustion, and emitting features of GDI engines by using CFD. For a variety of fuel injection 

pressures, spark timing, holes number, and multiple stage injection strategies, turbulence, combustion, 

and fuel spraying break-up analyses were carried out. The findings demonstrate that, relative to 110-bar 

fuel injectionpressure, soot emission decreased for various fuel injection pressures by roughly 77.8 and 

88.5% for 150 and 200-bar fuel injection pressures, respectively. When spark timing was advanced, the 

soot emission rose by an amount that was about 3.3 and 4.5 orders of magnitude more, correspondingly, 

at the spark time of 15° and 20° BTDC than at the spark time of 7.5° BTDC. Additionally, relative to a 6-

hole injection, the soot emission is lower when 8 or 10 fuel injection holes were employed. The soot 

emission dropped by around 72.8 and 76.1%,correspondingly, in comparison to single-stage fuel 

injection, when two different multiple stage fuel injection techniques were taken into account. 

Eventually, it was determined that a GDI engine's preparing of the mixture and soot emission are 

significantly influenced by the fuel injection pressure, amount of injection holes, spark time, and 

multiple stage fuel injection technique. Employing (CFD) research and information from literatures, 

Jadhav and Mallikarjuna [10] investigated the impact of fuel injectionhole diameter and fuel injection 

time upon the mix formation in a four-stroke, wall-guided GDI type of engines. GDI engine at a 

compression ratio of 11.5. CFD simulating is run at an engine velocity of 2000 revs per minute. Three 

crank angle measures, three fuel injection times, as well as three fuel injection hole sizes of 0.1, 0.14, 

and 0.18 mm were used. The findings demonstrate that larger nozzle-hole diameters produced 

extremely rich mixing zones close to the spark plug. Furthermore, a greater suggested mean effective 

pressure was seen with a smaller nozzle-hole diameter and delayed fuel injection time.

According to the preceding discussion, numerous researchers have concentrated on various elements of 

engine parameters of GDI engines utilizing various approaches and techniques. The injector setting 

effect upon the performance as well as emitting characteristics of a GDI engine, on the other hand, has 

not been well examined. As a result, the present work aims at using MATLAB to investigate such effect. 

This work will be useful in enhancing the GDI engine settings for optimal performance.
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2. Theoretical Model

This model examines a direct injection engine. The model depends on a two-zone thermodynamic 

study of the combustion process, which separates the combustionchamber into burned and unburned 

areas. The ideal gas law is assumed for the in-cylinder gases, and the first law of thermodynamics, state 

equation, and mass and volume conservation are used. For the temperature, pressure, mass, and volume 

of the burned and unburned gases, a set of equations may be constructed. The Wiebe function has the 

following definition. [11]:

here ϴ(i) represents the immediate crank angle, ϴ(o) represents the spark angle at the beginning of 

combustion, and ϴ(b) represents the combustion duration. The values of a and k represent adjustable 

constants (5 and 2 are typical values). The burn profile is engine-specific, and the constants a and k can 

be changed on a specific engine or application since the burn profile is engine-specific.The following 

equation is created by differentiating the ideal gas equation of state:

In which the instantaneous quantities P, V, T, are modeled in relation to the crank angle of the engine. 

The first law of thermodynamics, which has the following formal formulation, may be implemented 

using the same procedure: 

Here Q represents the overall heat input into the system, W represents the work output from the system, 

and U represents the change in internal energy inside the system. Equation 4 may be produced by 

diffusing “Eq. (3)” [11]: 

Here Cv denotes the specific heat of the gas in the combustion chamber. The change in temperature as a 

function of crank angle is given by “Eq. (5)”, which we get at by dividing the specific heat by the 

universal gas constant, utilizing Ƞ (the combustion efficiency), and L.H.V. (the lower heating values of 

the provided fuel):
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Computational Fluid Dynamics Analysis of a Solar Dryer with 
Various Phase Change Materials

1*C. Mamulkar , 2S. Ikhar , 3V. Katekar
1, 2 Dept. of Mechanical Engineering, Karamveer Dadasaheb Kannamwar College of 

Engineering, Nagpur, MH, India.3 Centre for Technology Alternatives for Rural 
Areas, Indian Institute of Technology Bombay, Powai, Mumbai, MH, India.

A B S T R A C T

A phase change material (PCM) is an organic (or inorganic) chemical that may store and release 

thermal energy in latent form as it changes physical states. This investigation aims to see how phase 

transition materials influence the thermal efficiency of the solar dryer. For the performance analysis, 

three PCMs were used: paraffin wax, lauric acid, and palmitic acid. As drying material, 5 mm thick 

potato slices were employed. According to the computational results, the total input thermal energy 

for the dryer for paraffin wax, lauric acid, and palmitic acid was about 17.36 MJ, 18.46 MJ, and 17.76 

MJ, respectively, for 2 kg drying mass. When paraffin wax, lauric acid, and palmitic acid were utilized, 

the overall efficiency of the dryer increased by about 87%, 40.2%, and 12.4%, respectively, compared 

to the conventional dryer. By comparing the results of simulations and predictions, it is concluded that 

paraffin wax is the best-performing PCM for solar dryers as the energy storage material.

Keywords: Computational fluid dynamics; heat transfer; lauric acid; palmitic acid; paraffin wax; 

phase change materials.

Introduction

Since ages, food and agricultural harvests have been dried under the sun. On the other side, this 

procedure is troubled with issues, such as items hampered by weather conditions, including rain, wind, 

humidity, birds and dust. Besides this, the method is labor-intensive, time-consuming, and necessitates 

extensive product dispersion to dry. The alternative ways of drying those products using heat from 

electricity or burning biomass are expensive and not environmentally friendly. In this situation, solar 

drying can be applied. Small food processing businesses may employ solar dryer technology to create 

nutritious, premium food products. As per National Horticulture Database (3rd Advance Estimates) 

published by National Horticulture Board, during 2021-22, India produced 107.24 million metric tons 

of fruits and 204.84 million metric tons of vegetables [1-3]. 

Significant moisture levels may be found in various fruits and vegetables. The food sector uses high-

tech drying apparatus, including ice cream, drum, and steam dryers, which control the market for food 

goods. Such dryers have a high market value. Thus, only substantial businesses can afford them. Most 

small-scale grocery businesses that work with the farmer cannot pay for the pricing owing to the hefty 

start-up expenses. As a result, such companies and farmers have started to favor low-cost and simple 
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drying solutions. For thousands of years, farming and other foodstuffs have been dried in sunlight & air 

outside. In several developing nations, solar dryers are one of the most effective and efficient methods 

to use energy from the sun for drying and space heating. Solar dryers in emerging markets are 

widelyused for drying tobacco, tea, jaggery, coffee, grammes, grapes and spices [4-6]. 

Herbal and spice products are commonly dried in several South East Asian nations. However, because 

of weather circumstances, the application of sunlight for drying is restricted owing to loss due to the 

body’s reaction on unpredictable wet days. It has been found that prolonged contact of agricultural 

goods with the sunlight on hot days might cause hardening. Hardening occurs without the use of crop 

goods. It traps humidity within the exterior layer, causing crops to be spoiled. For these reasons, solar 

drying emerges as a novel method for its preservation [7-9].

2. Literature Review

Lower thermal efficiency is the primary reason behind the unpopularity of solar drying in society. 

Hence, some arrangement is necessary to improve the solar dryer's thermal performance. Therefore, a 

literature review was conducted to understand methods for improving the thermal efficiency of solar 

dryers. 

Hii et al., [1] showed that solar drying (placing the crops beneath direct sunlight) was feasible; however, 

the product obtained was of inferior quality due to contamination because of dirt, bugs, winged animals, 

dogs, and even precipitation. Furthermore, direct exposure to bright beams caused a depletion of 

vitamins and nutrients, dietary supplements, and have taken a long time to dry out. 

Umogbai et al., [2] investigated the difference between solar drying and sunlight-based drying. They 

discovered that sunlight-based dryers produce greater temperatures, lesser relative humidity, less 

product wetness, and lesser 
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degradation throughout the drying process. Rajeshwari and Ramalingam [10] showed that when sun-

oriented dryers were used instead of outdoor drying, drying time was reduced by roughly 20%, while 

the dried products were of a more excellent standard. 

Some of the publications on tunnel dryers, halfway and half dryers and even, vertical dryers, multiple-

pass dryers, and dynamically detached dryers are all investigated in various sizes and designs. They 

came up with common conclusions that their systems were energy efficient and will effective for drying 

applications [11-18]. 

The effectiveness of an indirectly conduction-driven solar chilly dryer paired with a thermal storage 

material was constructed by Megha S. Sontakke and Sanjay P. Salve [19]. The chilies were dried in the 

bottom and upper containers, ranging from a starting humidity level of 72.8% to ending humidity levels 

of 9.2% and 9.7% (wet premise), respectively.

Toshniwal et al., [20] demonstrated the design and construction of a direct natural convection sun drier 

for drying tapioca in remote places. The study showed that an entire batch of 100 kg of cassava had been 

dried in 20 hours (2-day drying cycle), which requires a solar panel with a minimum size of 7.56 m2. 

Seemingly, 79% and 10% moist basis were the first and ultimate moisture content rates. Given a peak 

everyday total radiation level from the sun on the ground’s surface of 13 MJ/m2/day, the typical 

surroundings are 320C air temperature and 74% relative humidity [21-22].

The primary goal of the current research is to maximize the efficiency of the solar dryer during off-

sunshine hoursUsing ANSYS flow simulation software, every aspect of assessment was completed. 

The novelty of this research is that PCM tubes were kept horizontally at the bottom of the absorber 

copper plate instead of vertically at the top of the absorber copper plate, which was generally found in 

the literature.

3. Methodology

The various steps used to conduct the analysis were as follows: 

a) Design of solar dryer equipped with PCM. 

b) Finalize the dimensions.

c) Drawing in Catia V5 software.
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d) CFD simulations

e) Analyzing the results.

SolidWorks flow simulation V-2020 was used to analyses the solar dryer. The computations were 

necessary to design the model to investigate the interaction of liquids and gases with the surfaces 

determined by boundary conditions. Software enhanced the precision and speed of complicated 

modelling situations, including turbulent flows, as the result of continuing studies.

3.1 Design Model

SolidWorks structures from the analysis system have been selected; then, the properties of the materials 

have been added from engineering data or material library. The material chosen for analysis was copper 

plate mounted on mild steel as the base part, clear glass, which produced a greenhouse effect and 

paraffin wax, lauric acid and palmitic acid for energy storage. The 3-dimensional sketch was designed 

in geometry and open design modeler. Figure 1 shows the 3D structure of a solar dryer.

A CAD model based on the phase change characteristics of several materials was developed to conduct 

a CFD analysis of the solar dryer. The solar dryer has two parts, mainly duct and drying cabinet. The air 

channel consists of glass, copper absorber plate and copper tubes filled with PCM. On the other hand, 

the drying cabinet where materials to be dried located, consists of shelves and exhaust fan used to intake 

the air from the atmosphere through the duct channel and the drying cabinet.

The function of air heaters is to heat the air. Therefore, the hot air from the atmosphere enters the duct 

bottom area, which releases heat to the PCM tubes and furthers the air exhaust through the drying 

cabinet. Hence, in this way, PCM materials store heat from the hot air and release it during offsunshine 

hours for drying. Palmitic acid, lauric acid, and paraffin wax were the investigated materials. They were 

placed in copper tubes on the underside of the absorber copper plate.

Properties of several materials used in the construction of solar dryer are depicted in Table 1.

The absorber tubes have been modelled for the material’s types and boundary conditions. According to 

the fluid condition (hydraulic diameter and fluid velocity), turbulence conditions are applied for 

investigation. The mesh size in this analysis is kept at standard state. The properties of PCMs used are 

listed in Table 2.
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As seen in Table 2, lauric acid has a higher latent heat of fusion than palmitic acid and paraffin wax. In 

contrast, paraffin wax has a far higher density, specific heat, and thermal conductivity.

3.2 Boundary Conditions

The air input velocity is 1 m/sec at the atmospheric temperature of 25°C; the solar irradiation intensity is 

observed to be 733 W/m2. The following Table 3 lists all boundary conditions.

3.3 Heat Transfer Rate

In a given system, heat transfer is the movement of heat across the system's boundaries due to a 

temperature difference between the system and its surroundings. As a result, it is an indicator of the 

particle’s kinetic energy when there is a difference in temperature between a hot and cold body (or 

bodies). For a particular system, the rate of heat transfer relies on the mass (m) of the system, the 

specific heat capacity ©, and the temperature differential (∆T) between the hot and cold bodies. As a 

result, the sensible heat transfer equation is as follows:
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However, the heat transfer rate is governed by the wellknown three modes of heat transfer. They are 

described as below:

i) Heat transfer by conduction is the process of transmitting energy from one medium particle to another 

when the particles are in touch with each other.

This is called Fourier’s law of heat conduction.ii) Heat transfer by convection is described as the 

movement of fluid molecules from higher to lower temperature zones.

The equation 3 is called Newton's law of cooling.

iii) Heat transfer by radiation refers to thermal radiation. The emission of electromagnetic waves 

produces thermal radiation. These waves carry away the energy from the producing body. Radiation is 

transmitted via a vacuum or a transparent material, whether solid or liquid. Thermal radiation is caused 

by the random movement of molecules in materials. The movement of charged electrons and protons 

causes the emission of electromagnetic radiation.

This equation is called Stefen Boltzmann's law.

4. Results & Discussions

This section illustrates the computational results obtained and its consequences on the performance of 

solar dryer.4.1 Temperature Distribution for Different PCMFigures 2 (2a, 2b, 2c) and 3 (3a, 3b, 3c) 

show the temperature distribution of lauric acid, palmitic acid and paraffin wax in the duct area. 

Nevertheless, Figure 4 (4a, 4b, 4c) shows that the temperature distribution of paraffin wax in the drying 

cabinet is satisfactorily greater than lauric acid and palmitic acid, respectively, because paraffin wax 

has higher thermal conductivity and specific heat than the othertwo.
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4.2 Air Flow Velocity Contours Inside Chambers

Figures 5 (5a, 5b, 5c) and 6 (6a, 6b, 6c) show the airflow velocity contours inside the whole system and 

only inside the drying cabinet. It illustrated that although the air flow velocity is constant for all the three 

cases; the outlet temperature of air coming from duct fitted with paraffin wax has highest temperature as 

compared to other PCMs. The reason behind this is the superior thermo-physical properties of paraffin 

wax.

4.3 Temperature Distribution of Air

Figure 7 shows that the air temperature distribution in the entire system is better in paraffin wax 

compared to lauric acid and palmitic acid because it has high density and high thermal conductivity 

compared to the other two.

4.4 Temperature Distribution of Air at Chamber

Temperature analysis of air on the fluid at the drying chamber for lauric acid was an average of 530C, 

while in the case of palmitic acid, it was 51.20C and for paraffin wax, it was 56.30C as shown in figure 

8.4.5 Model AnalysisOverall airflow and temperature distribution results clearly show the results in 

comparison between all three materials for PCM during the experiment in the solar dryer in CFD. Air 

temperature at the exhaust surface is shown in 
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Figure 2. Temperature distribution of Copper Plate of Solar Dryer (Top View) in (a) Palmitic acid, (b) 

Lauric acid, © Paraffin.

Figure 9., where the Y axis denotes the change in temperature at 0o C. In contrast, the X axis indicates 

lauric acid, paraffin wax and palmitic acid. It has been concluded that paraffin wax has a much better 

temperature rise, as shown in Figure 9.

Heat transfer rate from paraffin wax has higher ascompared to lauric acid and palmitic acid, 

respectively, shown in Figure 10.
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Figure 3. Temperature Distribution (Schematic View) in (a) Lauric acid (b) Palmitic acid & (c) Paraffin 

wax.
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Figure 4. Temperature distribution in drying cabinet in (a) lauric acid (b) palmitic acid (c) paraffin wax.

The heat transfer rate observed during analysis is represented by the Figure 10. It shows that the heat 

transfer rate of the paraffin wax is 252W, much more significant than lauric acid having 225W and 

palmitic acid having 210W, since paraffin wax has higher thermal conductivity, specific heat and 

density.

5. Conclusion

The present research investigates the best-performing PCM for solar dryers and air heaters. The three 

distinct PCMs, palmitic acid, lauric acid and paraffin wax, were analyzed using the latest simulation 

technology. From this investigation, the following conclusions are drawn:According to the 

computational analysis, the dryer needed about 17.36 MJ, 18.46 MJ, and 17.76 MJ of heat energy to dry 

2 kg of potatoes using paraffin wax, lauric acid, and palmitic acid.
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Figure 5. Air flow velocity contours (Top View) in (a) palmitic acid, (b) lauric acid, (c) paraffin wax.
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Figure 6. Air flow velocity contours inside the chamber for(a) palmitic acid, (b) lauric acid (c) paraffin 

wax

When paraffin wax, lauric acid, and palmitic acid were used, the dryer was 87%, 40.2%, and 12.4% 

more efficient than a traditional dryer. Paraffin wax absorbs and transmits heat faster than lauric acid 

and palmitic acid.

Hence, paraffin wax emerged as the best-performing phase change material for solar dryers as the 

energy storage system.

These research findings are helpful for researchers and industry personnel in designing effective heat 

storage systems to reduce heat loss from solar dryers and solar air heaters. In future, multi-objective 

optimization and thermoeconomic analysis will be required to estimate the precise quantity of PCM for 

further investigations.
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Figure 7. Temperature distribution of air at chambers for lauric acid, palmitic acid and paraffin wax 

respectively in (a) palmitic acid, (b) lauric acid, (c) paraffin wax. 
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Figure 8. Temperature distribution of air (top view) in (a) palmitic acid, (b) lauric acid (c) paraffin wax.
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A B S T R A C T

The assessment of gas behavior in chemical engineering systems necessitates a profound 

understanding of thermodynamic principles that govern the interactions among the components 

within a given system. To this end, the deviation from ideality in a single gas or gas mixture is 

associated with the disparity between the actual behavior of the gas or gas mixture and the behavior 

anticipated by the ideal gas model. This study is aimed at scrutinizing the deviation from ideal 

behavior in a gas mixture composed of CH4 and CO2. The analysis employs the cubic equations of 

state: Van Der Waals, Soave-Redlich-Kwong, and generalized Virial equations, truncated to the third 

term. These equations are widely recognized for their utility in characterizing substance behavior 

under specific thermodynamic conditions. The investigation involves an evaluation of the mixture's 

behavior by assessing variations in compressibility factor concerning pressure, volume, and pressure, 

using a thermodynamic calculator at 296.15 K and 15 bar. The findings of this study reveal the 

prevalence of attractive intermolecular forces at higher pressures and repulsive interactions at lower 

pressures. An analogous examination of the effect of altering the composition of Ch4was undertaken 

using the Soave-Redlich-Kwong equation, which incorporates parameters allowing for an evaluation 

of the impact of molecule size and intermolecular interactions within the mixture. Furthermore, 

experimental data were employed to validate the results obtained in this study. Consequently, it can be 

inferred that these equations provide insight into the influence of pressure on molecular interaction 

forces, encompassing repulsive and attractive forces, which in turn can define the new volume of a real 

system. Thus, based on the corroboration established herein, these equations demonstrate a high 

degree of consistency and applicability, thereby expanding the realm of thermodynamic inquiry.

Keywords: Equation of state; real gas; ideal gas; compressibility factor.

1. Introduction

The instruction of Chemical Engineering is founded on the examination of predicting the 

thermodynamic properties of both pure substances and mixtures of components within a given phase, 

which play a crucial role in separation systems capable of achieving phase equilibrium. The majority of 

the properties under discussion here pertain to the behavior of pure components, disregarding 

molecular interaction forces among various constituents within a given mixture.

Furthermore, separation operations, notably distillation, absorption, and liquid-liquid extraction, entail 

mixing phases in equilibrium, with process performance heavily contingent on an understanding of the 
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thermodynamic interactions between these phases. In such cases, employing equations of state for ideal 

gases (of the cubic, Virial-type, or generalized variety) is a common practice to enhance comprehension 

of the thermodynamic relationships at play. These equations establish a connection between the 

compressibility factor (Z) of either a pure substance or mixture and macroscopic, measurable 

parameters—Pressure, Volume, and Temperature, commonly referred to as PVT.

As posited by Muachia et al. [1], the thermodynamic relationships associated with PVT provide the 

means to assess the thermodynamic behavior of systems, as they offer mechanisms for experimental 

determination that yield knowledge of various physical relationships linked to perturbations of each 

one. The authors contend that pressurized systems, characterized by elevated pressure levels, lead to a 

reduction in system volume, thereby intensifying molecular interactions and augmenting the attractive 

and repulsive forces between the system's molecules.

Consequently, an examination of thermodynamic systems should initially be grounded in an 

understanding of the behavior of an ideal gas—a theoretical gas characterized by the absence of 

intermolecular forces, where collisions are non-existent or negligible. These phenomena are rooted in 

the principles of conservation of momentum and kinetic energy [2].

To comprehensively determine the state of a system composed of a mixture of pure components, it is 

imperative to possess knowledge of the intensive variables, with particular emphasis on pressure (P), 

volume (V), and temperature (T), as well as an understanding of the composition of the constituent 

components of the mixture slated for separation. The relationships between these intensive properties 

remain constant within the system as long as the composition remains unaltered. These relationships 

are predicated on the connections between volume, pressure, and work, as established by the principles 

of the first law of thermodynamics.

However, it is important to note that the behavior of most gas mixtures deviates from ideality, primarily 

due to the diverse interactions occurring among their constituent molecules. Moreover, variations in the 

shapes and sizes of the molecules within the mixture can also exert influence on the non-ideal behavior 

observed in gas-liquid mixtures.In such cases, Mamedov et al. [3] posit that the ideal behavior of gases 

can be represented by Clapeyron's equation (Equation 1), which is grounded in the fundamental 

principles of physics and frequently applied to address a wide array of practical challenges, particularly 

in the domain of chemical engineering. Equation 1 establishes a direct correlation between its principal 

parameters, thus characterizing thermodynamic ideality.
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When analyzing the ideal gas equation (Equation 1), Costa [4] asserts that it describes a gas composed 

of numerous molecules represented as rigid spheres with a diameter 'd.' These molecules exhibit 

random or disordered motion, governed by Newton's Laws. The author further contends that these 

particles possess a non-zero mass 'm' while their individual volumes are negligible relative to the 

container's volume.

In this context, intermolecular interactions involving attraction and repulsion are considered 

negligible, except during collisions with each other and with the container walls. Within this analytical 

framework, it is evident that the internal energy of the involved molecules is associated with 

translational kinetic energy, which propagates in a linear fashion. Finally, according to Costa [4], the 

collisions among these molecules are perfectly elastic, as kinetic energy is not converted into other 

forms of energy.

In alignment with this analysis, Mahan & Myers [11] propose that the macroscopic properties of an 

ideal gas entail the independent motion of molecules, particularly evident when measurements of 

pressure, molar volume, and temperature deviate from the behavior described by the Clapeyron 

equation, which represents non-ideal behavior. Deviations from ideality are observed in pure gases and 

mixtures of unreacted gases. At room temperature and low pressures, deviations from ideality are 

nearly nonexistent. However, as pressure increases, gas behavior deviates from that of ideal gases.

Under known temperature and pressure conditions, a real or non-ideal gas comprises material particles 

engaged in chaotic motion, subject to forces of attraction and repulsion, with significant mass and 

volume [6].

To assess the PVT (Pressure-Volume-Temperature) behavior of real gases, cubic equations of state and 

generalized correlations are employed. These mathematical models account for intermolecular 

interactions and describe actual behavior across various pressure ranges. Notable among these 

equations of state are Van der Waals, RedlichKwong, and Soave-Redlich-Kwong, alongside the Pitzer 

and Virial correlations [7].

The fundamental premise underlying deviations from ideality is attributed to intermolecular forces, 

both attractive and repulsive, which exert a predominant influence on the PVT behavior of a given fluid 

(Equation 2).
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In this scenario, repulsive forces contribute positively to pressure (PR > 0), while attractive forces yield 

a negative contribution to pressure (PA < 0). Consequently, the cubic Van der Waals (VDW) equation of 

state alters the ideal gas equation by incorporating the intermolecular forces present in a specific gas or 

gas mixture. Equation (3) characterizes this approach, taking into account intermolecular interactions, 

albeit with certain limitations. Nonetheless, Equation (3) proves valuable for depicting the behavior of 

real gases under conditions closely approximating those of ideal gases [8].

Equation (2) can be applied to compute the thermodynamic parameters for gas mixing, which entails 

the utilization of the mixing parameters am and bm, as detailed in Equation (3).

Where P represents the pressure of the gas in atm, V is the molar volume of the gas in cm3/mol, T is the 

temperature of the system in Kelvin (K), and R is the universal gas constant. Additionally, am and bm 

are the Van der Waals constants, which are defined according to Equations 5, 6, 7, 8, and 9.

In the collision of gas molecules with any surface, the unopposed attractive forces of the molecules 

diminish the collision velocity. The additional term incorporated into the pressure equation serves to 

rectify the absence of counterbalancing attractive forces.

Conversely, the equation put forth in 1972 by SoaveRedlich-Kwong (SRK) represents one of the most 

extensively employed equations of state for elucidating the characteristics of both pure substances and 

gas mixtures (Equation 10). It is distinguished as an extension of the Van der Waals equation [6].
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The utilization of Equation (10) is expanded to compute the thermodynamic properties of gas mixtures, 

encompassing the incorporation of mixing parameters am and bm, as delineated by Equation (11).

In this context, P represents the gas pressure (in atm), V stands for the molar volume of the gas (in 

cm3/mol), T denotes the system's temperature (in K), while R signifies the universal gas constant. 

Additionally, a and b represent the substance-specific constants, and α serves as a temperature

dependent correction factor, in accordance with the descriptions provided in Equations (12), (13), (14), 

(15), and (16).

For Van Wylen et al. [9], assessing the departure from gas ideality involves the computation of the 

compressibility factor. This thermodynamic property quantifies the deviation of real gas behavior from 

ideal gas behavior. It is defined as the ratio between the molar volumes of real and ideal gases under 

identical temperature and pressure conditions. A compressibility factor of 1 (one) indicates ideal gas 

behavior, while values different from 1(one) suggest non-ideal behavior.

Given the aforementioned complexity, numerous equations of state have been developed to study gas 

behavior. Prominent among these are the cubic equations, including Van Der Waals, Redlich-Kwong, 

and Soave-RedlichKwong, among others [10].

Notably, Pitzer's correlation stands out among various approaches. It expresses the compressibility 

factor (Z) as a function of temperature (Tr), reduced pressure (Pr), and the acentric factor (w) for each 

component.
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The generalized Pitzer correlation serves as an empirical model that aids in comprehending molecular 

interaction forces, particularly in solutions where interactions occur between molecules of different 

sizes. Kenneth Pitzer introduced this correlation [10], which or ionic interactions in solution using 

linear combinations of parameters in a Virial-type expansion of the excess Gibbs free energy.

Consequently, the virial-type equation with emphasis on the third coefficient is employed to calculate 

the compressibility factor, as defined in Equation (17). 

On the contrary, the generalized equation incorporates the acentric factor (w), a parameter inherent to 

the molecular structure of the gas, which exhibits a significant correlation with the system's pressure 

and temperature. This factor is also interconnected with the dimensions of the constituent molecules 

within the examined mixture [14]. All functionsherein are interdependent with the reduced pressure 

and temperature, as elucidated in Equations (20), (21), (22), and (23) [11].

Based on the provided theoretical framework, a thermodynamic assessment was conducted to analyze 

the behavior of the compressibility factor as a function of gas mixture pressure consisting of carbon 

dioxide (CO2) and methane (Ch4). This investigation explored the influence of varying proportions of 

these gas components. The obtained results were evaluated within the context of attractive and 

repulsive forces under isothermal conditions, employing two distinct cubic equations of state and a 

generalized equation of state.
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2. Procedure and Methodology 

To carry out this study, a logical algorithm was developed for solving a sequence of equations essential 

for determining properties such as volume, compressibility factor, entropy, internal energy, enthalpy, 

Gibbs free energy, and Helmholtz free energy for a binary gas mixture. These calculations were 

performed under predefined conditions of temperature, composition, and pressure.

The algorithm incorporates a comprehensive database, facilitating the exploration of diverse gas 

mixtures with varying compositions and the assessment of concentration effects on the compressibility 

factor within a specified pressure range under isothermal conditions. Additionally, it permits an 

examination of the impacts of molecular size and attractive/repulsive forces on the behavior of the 

compressibility factor, irrespective of the equation of state or correlation utilized. Figure 1 illustrates 

the algorithm created.

For the implementation of this algorithm, a software program was developed using Microsoft Excel, 

creating a thermodynamic calculator with a user-friendly graphical interface. This interface enables 

adjustment of input parameters, evaluation of output conditions, and correlation of various types of 

equations of state, thereby enhancing comprehension of the parametric interactions involved in the 

evaluated cases.

The thermodynamic calculator investigated the cubic Van Der Waals equation, the Soave-Redlich-

Kwong (SKW) equation of state and the generalized Virial-type equation truncated to its third term.

This exploration was conducted to assess the parametric attributes associated with each equation, 

elucidating the physical and molecular interactions within the system, and their impact on the mixing 

behavior.

2.1 Resolution Method

To derive the compressibility factor and molar volume using the cubic equations outlined in this study, 

the first step involved determining the constants 'a' and 'b' for each equation. These constants were 

calculated through the correlations provided by Equations (5), (6), (13), and (16), respectively, as 

specified in the Van der Waals and Soave Redlich-Kwong equations.

International Journal of Thermodynamics(Volume - 28, Issue - 1, January - April 2025)                                                                             Page No  - 63



Figure 1. Proposed algorithm for determining the thermodynamic parameters of gas mixtures.

Subsequently, armed with the known operating conditions in terms of pressure (P) and temperature (T), 

the equations were restructured into a cubic equation format, with the molar volume (Vm) serving as 

the variable of interest.

Upon structuring the cubic equation, the Newton Raphson method was employed to ascertain the 

mixture's volume using the Taylor series expansion. In this context, the maximum volume identified 

corresponds to the volume of the gas under examination. This value was employed in determining the 

compressibility factor (Z), as supported by Equation (24).
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Maxwell's relations were employed to compute the energy variation within the system. This process 

entailed utilizing the definitions stemming from the equations of thefirst and second laws of 

thermodynamics. The outcomes obtained through these calculations provided valuable insights into the 

behavior of these parameters within the systems under investigation.

3. Results and Discussions

The thermodynamic calculator, developed in the context of this study, systematically investigates the 

parametric behavior of a mixture consisting of carbon dioxide (Co2) and methane (CH4) under the 

prescribed initial conditions, as detailed and specified in Table 1.

The algorithm proposed (Figure 1) served as a foundation for the development of the Thermodynamic 

Calculator (Figure 2), which was utilized for data input and solution display for the specified problem. 

Under the operational conditions employed, the molar volumes and compressibility factors were 

determined under the prescribed conditions. 

Furthermore, the behavior of the compressibility factor was assessed over a predefined pressure range 

(0 to 1000 bar), utilizing the three aforementioned equations of state.The acquired data exhibited 

notable similarity, yielding an average compressibility factor of 0.944 for the three equations, resulting 

in an average deviation of merely 0.5% from this computed average.

An analysis of the compressibility factor profile indicated analogous qualitative patterns: attractive 

forces were substantial up to 500 bar, with repulsive forces assuming greater significance beyond this 

pressure range. Conversely, when employing the cubic Van der Waals equation of state, attractive 

forces exhibited reduced significance, while repulsive forces became more pronounced. This 

discrepancy can be attributed to the absence of parameters related to molecular size in the Van der Waals 

equation.
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At lower pressures, molecules are generally distanced from one another in these scenarios, with 

negligible intermolecular forces at play, causing the fluid to behave akin to an ideal gas (Z=1). As 

pressure increases, molecules draw closer together, and attractive intermolecular forces dominate. 

Consequently, the gas's volume decreases more significantly than it would if no intermolecular 

attraction forces were present, resulting in Z<1. 

Conversely, at very high pressures, molecules approach each other to an extent where repulsive forces 

become dominant, causing a more substantial increase in volumethan expected in the absence of 

intermolecular repulsive forces, leading to Z > 1. While a value of Z=1 is attained at high pressures in all 

cases, it does not correspond to ideal gas behavior [9], [11], and [12].

The examination of the results presented in Figure 2 and Table 1 unveils a level of molecular disarray 

characterized by the entropy change (ΔS). This observed molecular disarray emanates from the reduced 

operational pressures and temperatures taken into account under the assessed operating conditions. 

These factors significantly impact the stochastic movement of the molecules. A similar pattern is 

discerned when analyzing the changes in internal energy (ΔU) and Helmholtz free energy (ΔA), both of 

which exhibit negative values, as recorded in Table 2, acquired at 296.15 K and 15 
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The analysis of enthalpy (ΔH) and Gibbs Free Energy (ΔG), which represent the energies associated 

with the system, provides insights into non-spontaneous processes. This analysis supports the 

molecular behavior of the system, which is influenced by both attractive and repulsive forces between 

the system molecules. It elucidates the disparities in values between the Van der Waals (VDW) and 

SoaveRedlich-Kwong (SRK) equations.

Numerical results derived from these equations reveal a deviation of approximately 7%. This deviation 

is noticeable when comparing data from these two equations, with the cubic Soave-Redlich-Kwong 

equation demonstrating greater accuracy. This enhanced accuracy is attributed to its consideration of 

the molecular size as a dominant factor in dictating the thermodynamic behavior of gas mixtures.

3.1. Non-ideality Analysis

The deviation from gas ideality can be observed through the analysis of the compressibility factor (Z), 

which is a dimensionless measure describing the behavior of a gas concerning its pressure and volume. 

According to Elechi et al. [9], when the compressibility factor (Z) deviates from the ideal gas standard, 

the gas or gas mixture exhibits non-ideal behavior.

Figure 3 illustrates the behavior of the compressibility factor (Z) as a function of pressure (P) for the 

cubic Van Der Waals, Soave-Redlich-Kwong, and generalized Virial-type truncated equations of state 

at a temperature of 296.15 K.

The operational conditions employed for the Z calculations (Figure 3) are elucidated within Table 1. 

The scrutiny of Figure 3 unveils that when subjected to elevated pressures, the methane (CH4) and 

carbon dioxide (CO2) gas amalgamation demonstrates non-ideal gas behavior, characterized by the 

preeminence of repulsive intermolecular forces.
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Conversely, under reduced pressures, attractive forces hold sway, marked by their heightened efficacy 

in the intermolecular collisions between CH4 and CO2 molecules, manifesting as a counterintuitive 

phenomenon at lower pressures.

Furthermore, an examination was conducted to assess the pressure-volume relationship of the studied 

gas mixture. This analysis indicated that within the high-pressure regime, spanning from 600 to 1000 

bar, negligible fluctuations in volume were observed with incremental pressure increments within the 

stipulated range. Conversely, a conspicuous volume fluctuation was noted within the pressure range of 

0 to 300 bar. This phenomenon is attributable to the increased intermolecular spacing induced by 

compression, leading to pronounced volume alterations within the system. Notably, for all three 

equations of state examined, a confluence in volume behavior as a function of system pressure was 

ascertained across the considered pressure spectrum.

Nevertheless, the ideal gas model exhibited more pronounced deviations within the pressure range of 

100 to 400 bar, possibly owing to its inherent gas properties.Figure 4 presents an analysis of gas mixing, 

entailing the blending of two gases comprising 32% and 68% fractions of CH4 and CO2, respectively. 

These studies were conducted to gain deeper insights into the mixing phenomena across various 

compositional ratios.

3.2 Influence of Composition on the Compressibility Factor

For the analysis of the influence of the gas mixture composition, CH4 and CO2, data from the Soave-

Redlich Kwong equation were utilized due to the qualitative similarity in the behavior of the three 
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equations studied and the incorporation of the acentric factor into this correlation. 

Thus, the effects of mixture concentration were investigated, with an examination of systems 

containing pure CH4 and the progressive increment of CO2, up to maximum CO2 purity. This analysis 

was conducted under isothermal conditions at 296.15K, as indicated in Figure 5.

In general, it is observed that the compressibility factor of pure CH4 is higher than that of pure CO2, 

indicating a greater prevalence of attractive forces in CO2 gas compared to CH4 gas. 

Conversely, repulsion forces become more significant when analyzing the behavior of CH4 gas, 

predominating above 300 bars. This phenomenon is also noted for pure Co2gas at pressures exceeding 

580 bars. 

The 25% CH4 and 75% CO2 mixture exhibits a pronounced influence of attractive forces, surpassing 

the behavior observed when analyzing the compressibility factor of the individual components, 

prevailing up to a pressure of 530 bars. 

Beyond this threshold, it is observed that this parameter behaves more prominently than that of pure 

CO2 but less so than pure CH4. The other curves obtained from this evaluation demonstrate mixing 

effects based on the proportions established in each analysis of this process.

The evaluation depicted in Figure 5 illustrates the behavior of an ideal gas mixture comprising CO2 and 

CH4 at varying proportions as the system pressures approach zero. As pressure increases, the effects of 

attractive forces become increasingly apparent, irrespective of the gas fractions' composition within the 

mixture. 
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Conversely, when pressures exceed 400 bar, the influence of repulsive forces becomes dominant across 

all compositions considered and persists throughout the entire range of operating conditions 

investigated in this study. For all cases analyzed, a transition point is discernible, marking the shift from 

attraction to repulsion phenomena. This transition point is characterized by a calculated 

compressibility factor equal to 1 (one), indicating a departure from the conditions of an ideal 

3.3 Validation of State Equations

The consistency of the data derived from the state equations employed in this study was validated 

through a comparison with experimental data obtained by Hwang et al. [13]. This comparison was 

conducted for two distinct cases, with a focus on the specific weight of the gas mixture. In the first case, 

the data was extracted from experiments conducted at a temperature of 225K, utilizing a mixture 

composed of 9.826% CO2 and 90.174% methane, respectively. In the second case, experiments were 

performed under different thermal conditions, specifically at 350K, while maintaining the same 

composition ratios for the components.

The results for the first case are presented in Figure 6, where a noteworthy approximation between the 

experimental data and the Soave-Redlich-Kwong (SRK) model data is observed, with an average 

deviation of 2.27%.

On the other hand, the comparison between experimental data and Van der Waals data in these analyses 

exhibited an average deviation of 11.59%. In this scenario, smaller deviations in specific mass values 

were observed for pressures exceeding 100 bar.

Regarding the data derived from the generalized Virialtype equation truncated to its third term (EEG), 

within the pressure range assessed in this study, the deviation was 10.68% when comparing 

experimental data with GEEderived data.
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In the second case, when comparing experimental data with state equation data at 350 K, a significant 

approximation was observed for all cases evaluated, as depicted in Figure 7. Nevertheless, the Van der 

Waals equation displayed an average deviation of 3.69%, whereas the Soave-RedlichKwong (SRK) 

and EEG exhibited deviations of 1.78% and 1.74%, respectively.

The results presented in Figure 7 demonstrate a high degree of consistency when utilizing state 

equations to evaluate the thermodynamic profiles of gas mixtures, particularly when employing the 

SRK equation.

On the other hand, both the EEG and SRK equations rely on the acentric factor, a parameter associated 

with molecular size, as a crucial determinant for assessing the thermodynamic characteristics of gas 

mixtures.

4. Conclusions 

Based on the results obtained in this study, the following conclusions can be drawn:

a) Real gases exhibit ideal gas behavior as system pressures approach zero.

b) The influence of gas mixtures can be assessed by examining the behavior of compressibility factors. 

These factors depend on the fractions of each component in the mixture and the specific type of gas 

involved in the process.

c) The equations of state analyzed in this study demonstrate compatibility with the analysis of gas 

mixing behavior. They account for both attractive and repulsive forces between constituent molecules 

within the system and consider the size of molecules as predominant factors influencing the 

thermodynamic behavior of gases.

d) The behavior of gases can be characterized by examining the relationship between pressure and 
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volume. Under high pressures, significant changes in system volume are not observed due to the strong 

interaction between system molecules, resulting in their close proximity and alterations in the system's 

physical state.

e) Experimental data corroborate the equations studied in this work, with the best consistency observed 

when employing the SRK equation within the evaluated temperature and pressure range.

f) At low pressures, the impact of pressure on the system's volume becomes significant, primarily due to 

the increased distance between constituent molecules within the system under investigation.

Nomenclature:

P: pressure of the gas (bar);

V: molar volume of the gas (cm3/mol);

Vm: molar volume of the gas mixture (cm3/mol);

T: temperature of the system (K);

R: universal gas constant;am and bm: mixture constants of state equations;

PA and PB: attractive and repulsive pressure;

SRK: Soave-Redlich-Kwong cubic equation;

VDW: Van Der Waals cubic equation;

PC: critical pressure (Bar);

TC: critical temperature (Kelvin);

a and b: pure constants of state equations;

W: acentric factor;

Z: compressibility factor;

Tr: reduced temperature;

PVT: pressure, volume and temperature;

ΔS: variation of entropy (Joule/(mol K));

ΔU: variation of internal energy (Joule/mol);

ΔA: variation of Helmholtz free energy (Joule/mol);

ΔH: variation of enthalpy (Joule/mol);

ΔG: variation of Gibbs Free Energy (Joule/mol).
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