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ABSTRACT 

In this work, compressibility factor of saturated liquid, saturated vapor and critical 

compressibility factor of bulk and confined methane are investigated. We have first comparedthe 

experimental data of compressibility factor of saturated liquid, saturated vapor and critical 

compressibility factor with the corresponding simulation data of current work.The experimental 

compressibility factor of saturated liquid and vapor and critical compressibility factor are in good 

agreement with the data obtained using molecular simulation approach of current work.  Further, 

we have estimated the compressibility factor of saturated liquid and saturated vapor of 

nanoconfined methane at various reduced temperatures in a given pore width. Estimated 

compressibility factor of saturated liquid increases with increase in temperature and  the 

compressibility factor of saturated vapor  decreases with increases in temperature for all studied 

nanopore width, H = 40Å to 5.4Å. It has been observed that with increase in reduced 

temperature, change in compressibility factor of saturated liquid is comparatively less than the 

change in compressibility factor of saturated vapor. Critical compressibility factor is estimated 

for all studied nanopore width using critical point data obtained from the simulation.Critical 

compressibility factor of bulk methane and methane confined in 40Ånanopore width are 

approximately same. Further from 30Åto 8Ånanopore width critical compressibility factor is 

monotonically decreasing and then from 8Å to 5.4Ånanopore width it remains indifferent 

reflecting quasi-2D behaviour of nanoconfined methane. 

 

Key words: Compressibility factor, Monte Carlo simulation, Methane, Nanoconfinement, 

Pore width. 
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CHAPTER-1 

INTRODUCTION 

1.1 Compressibility Factor 

The deviation from ideal-gas behaviour at a given temperature and pressure can 

accurately be accounted for by the introduction of a correction factor called the compressibility 

factor. Compressibility factor is generally explained by the three factors pressure, volume and 

temperature. The equation of state for the gaseous phase is ordinarily written as, PV = ZRT 

where Z denotes the compressibility factor and R is universal gas constant. The Z factor for all 

gases is approximately same at the same reduced pressure and temperature. For vapor-liquid 

phase equilibria of single component, the compressibility factor of saturated liquid (Zl) and 

saturated vapor (Zg) is defined as 

𝒁𝒍 =
𝑷𝒗𝒍

𝑹𝑻
 = 

𝑷

𝒍𝑹𝑻
          (1) 

𝒁𝒈 =
𝑷𝒗𝒈

𝑹𝑻
 = 

𝑷

𝒈𝑹𝑻
          (2) 

In thermodynamics, cubic equation of states are extensively used to predict the thermodynamic 

properties of fluids. The compressibility factor (Z) for such cubic equations of states can be 

written as 1 

𝑍3 + 𝛼𝑍2 + 𝑍 +  = 0          (3) 

Where 𝑍 =
𝑃𝑣

𝑅𝑇
 

Cardan’s method, which is explained below can be used to estimate the roots of equation 3 as 

follows, 

𝛼 = −1 − 𝐵 + 𝑢𝐵          (4) 

 = 𝐴 + 𝑤𝐵2 − 𝑢𝐵 − 𝑢𝐵2          (5) 

 = −𝐴𝐵 − 𝑤𝐵2 − 𝑤𝐵3          (6) 
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𝐴 =
𝛼𝑃

𝑅𝑇2
            (7) 

𝐵 =
𝑏𝑃

𝑅𝑇
             (8) 

 

Substitute 

𝑍 = 𝑋 − (
𝛼

3
)            (9) 

In equation 3 to get 

𝑋3 + 𝑝𝑋 + 𝑞 = 0           (10) 

Where 𝑝 = − (
𝛼2

3
) 

𝑞 = (
2𝛼3

27
) − (

𝛼

3
) +            (11) 

Let 𝐷 = (
𝑞2

4
) + (

𝑝3

27
)           (12) 

If D > 0 there is only one real root and it is given by 

𝑍 = {−
𝑞

2
+ √𝐷}

1

3 + {−
𝑞

2
− √𝐷}

1

3
−

𝛼

3
        (13) 

If D = 0, there are three real roots and two of them are equal. They are given by  

𝑍1 = −2(
𝑞

2
)
1

3 −
𝛼

3
          (14) 

𝑍2 = 𝑍3 = (
𝑞

2
)
1

3 −
𝛼

3
           (15) 

If D < 0, there are unequal three roots. They are given by 

𝑍1 = 2𝑟
1

3 cos(
𝜃

3
) −

𝛼

3
       (16) 

𝑍2 = 2𝑟
1

3 cos(
2𝜋+𝜃

3
) −

𝛼

3
       (17) 
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𝑍3 = 2𝑟
1

3 cos(
4𝜋+𝜃

3
) −

𝛼

3
       (18) 

Where cos 𝜃 = −
𝑞

2
(
27

𝑝3
)
1

2       (19) 

𝑟 = (
−𝑝3

27
)
1

2       (20) 

The value of u, w, α,, for the different cubic equation of states(EOS) are different. Following 

table shows the value of u, w, α, ,  for the different cubic EOS. 

Table1:  Value of u, w, α, ,  for the cubic equation of state (EOS) 

Equation of state  u w     

Vander Walls 0 0 -1-B A -AB 

Redich-Kwong (RK) 1 0 -1 A-B-B2 -AB 

Soave-Redich-Kwong (SRK) 1 0 -1 A-B-B2 -AB 

Peng-Robinson (PR) 2 -1 -1+B A-2B-3B2 -AB+B2+B3 

 

From above equations it is evident that if D = 0, there are three real roots of Z, out of which two 

are equal and they denote the critical compressibility factor, Zc. However, If D < 0, there are 

unequal three roots. Out of these three roots the least value denotes the compressibility factor of 

saturated liquid (Zl) and highest value denotes the compressibility factor of saturated vapor (Zg). 

The other value of Z, which is in between Zl and Zg, does not exist practically. 

In the current work, compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) of 

bulk methane and nanoconfined methane are estimated using the simulation data (saturation 

temperature T, saturation pressure P, saturated liquid density l, and saturated vapor density g) 

obtained from grand canonical transition-matrix Monte Carlo (GC-TMMC) simulations. Critical 

compressibility factors of bulk methane and nanoconfined methane are estimated using the 

critical point data obtained from simulations. 
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1.2 Nanoconfined fluid 

Fluids confined by solid surfaces with separation distances of the order of few molecular 

diameters are known as nanoconfined fluid. Nanoconfined fluids are of great importance in 

industrial applications. This includes emerging areas2-5 such as ionic liquid-

based supercapacitors. When molecules are confined in such small pores, their thermodynamic 

behavior can be reasonably different from that of the corresponding bulk fluid.2,6  In some earlier 

work, Gubbins and coworkers7 performed grand-canonical Monte Carlo (GCMC) simulations 

with umbrella sampling on the Lennard-Jones fluid confined between smooth walls. The fluids 

are replicate between parallel solid surfaces with varying pore sizes and wall-fluid interaction 

potential. The fluid-solid phase transition mode has been characterized through determination of 

the heat capacity. The results indicate that for pores of ideal-spacing, the order-disorder 

transition temperature is reduced as the pore size increases until values consistent with that seen 

in a bulk system. 

 The structure and properties of fluids confined in pores may show an affecting separation 

from macroscopic bulk fluids. The main reason for this change lies in the presence of system 

walls. In addition to the entropic wall effect, system walls can naturally change the energy of the 

confined fluid compared to bulk fluids. The efficiency effect of the walls on a confined fluid 

appears in two forms. The first effect is the isolate of the intermolecular interactions by the walls, 

which appears for example in the integrals for calculation of the thermodynamic properties. The 

second wall effect concern the surface-molecule interactions. In such nanoconfined fluids, the 

presence of wall forces and the competition between fluid-wall and fluid-fluid forces could lead 

to important thermodynamic properties, including new kinds of phase transitions not observed in 

the macroscopic fluid systems. In this work investigators have used the perturbative fundamental 

measure density functional theory to study energy effects on the structure and properties of a 

hard core Yukawa fluid confined in a slit pore. These results show the changes undergone by the 

structure and phase transition of the nanoconfined fluids as a result of energy effects.  
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1.3 Objective 

Objective of current work is as follows: 

 Estimation of compressibility factor of saturated liquid and saturated vapor of bulk 

methane using the data obtained from Grand Canonical Transition Matrix Simulations. 

 Estimation of critical compressibility factor of Bulk methane. 

 Comparison of above compressibility factor of saturated liquid & saturated vapor and 

critical compressibility factor of bulk methane from experimental data. 

 Estimation of compressibility factor of saturated vapor and liquid of methane confined in 

different nanopore width of graphite slit pore. 

 Estimation of critical compressibility factor of methane in different nanopore width of 

graphite slit pore. 
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CHAPTER-2 

 

Review of Literature 

 

Largo Jet al.8 has worked on the first-order perturbative contribution to the compressibility factor 

of square-well (SW) fluids from Monte Carlo simulation and integral equation theory. In this 

work they studied canonical ensemble Monte Carlo simulations. The zero- and first-order terms 

in the expansion of the compressibility factor of SW fluids in the power series of the inverse of 

the reduced temperature for different densities and well widths. In addition, the values of the 

compressibility factor obtained from the perturbative expansion, truncated beyond the first-order 

term, are compared with those obtained directly by Monte Carlo simulations performed on the 

SW system, which were reported previously. The aim of their work is to establish the limits of 

validity of this truncated expansion in terms of densities, temperatures, and potential widths. In 

this work they have found that this approximation is very accurate for any value of the potential 

width, density, and temperature, except perhaps for small potential widths at very low 

temperatures. Moreover, the values of the first-order contribution are compared with those 

obtained from the Tang and Lu9 perturbation theory based on the integral equation theory as well 

as with those from the Barker-Henderson perturbation theory. The aim is two-fold: on one hand, 

to establish whether the pressure route used in the Tang-Lu theory provides better accuracy than 

the energy route used in the Barker-Henderson theory and on the other hand to determine 

whether the Tang-Lu theory, which is more complicated, is advantageous compared to the 

Barker-Henderson theory. In this work they have found that the Barker-Henderson perturbation 

theory is advantageous compared to the Tang-Lu theory with regard to the calculation of the 

thermodynamic properties, whereas the contrary is true for structural properties. In another 

work10 researchers have worked using compressibility factor as a predictor of confined hard-

sphere fluid dynamics. They studied the correlations between the diffusivity and the 

compressibility factor of bulk hard sphere fluid as predicted by the ultra-local limit of the barrier 

hopping theory. Their specific aim is to determine if these correlations observed in the bulk 

equilibrium hard-sphere fluid can be used to predict the self-diffusivity of fluid confined between 

a slit-pore or a rectangular channel. In this work, they consider a single-component and a binary 

mixture of hard spheres. To represent confining walls, they use purely reflecting hard walls and 
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interacting square-well walls. Their results clearly show that the correspondence between the 

diffusivity and the compressibility factor can be used along with the knowledge of the confined 

fluid’s compressibility factor to predict its diffusivity with quantitative accuracy. This work also 

suggests that a simple measure, the average fluid density, can be an accurate predictor of 

confined fluid diffusivity for very tight confinements (few particle diameters wide) at low to 

intermediate density conditions. Together, these results provide further support for the idea that 

one can use robust connections between thermodynamic and dynamic quantities to predict 

dynamics of confined fluids from their thermodynamics. Further in a work 11investigators has 

worked on virial expansion providing of the linearity for a unit compressibility factor. They 

showed that the law of linearity for a unit compressibility factor testifying a lot of experimental 

data for many substances can be provided by appropriate procedure following from the rigorous 

consequences of statistical mechanics, namely, the virial expansion. An equation of state (EOS) 

that includes the terms up to the fourth power of density is obtained by using second and third 

virial coefficients. The critical point parameters, phase densities, and pressure along the liquid-

gas coexistence curve for the Lennard-Jones (LJ, 6-12) and exp-6 Buckingham potentials are 

defined. The results corresponding to the LJ potentials are in good agreement with the solution of 

integral equations and simulation results. For the Buckingham potentials, their predictions agree 

well with the experimental data for the group of real substances, satisfying the law of 

corresponding states. 
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CHAPTER-3 

METHEDOLOGY 

3.1 Potential Model  

In this work united atom approach12 is used to model the methane molecule. Methane-methane 

interactions are described with the Buckingham exponential-6 intermolecular potential13.The pair 

interaction energy, U, for exponential-6 intermolecular potential is represented by following 

equation. The interaction energy between methane-methane molecules are shown in figure 1. 

 

 (21) 

 

 

Fig.1 Interaction Potential between methane-methane molecule 

where ε, rm and α are interaction potential parameters. The variable rm is radial distance at which 

U(r) reaches a minimum, and the cutoff distance rmax represents the smallest radial distance for 

which d[U(r)]/d(r)=0. The radial distance for which U(r) = 0 is denoted by σ, which is same as 

the diameter of the methane (CH4) molecule. The parameters ε, σ and α for CH4 are 160.3K, 3.73 

Å, and 15 respectively.  

6

max

max

6
( ) exp 1     for    
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m
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



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  
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In this work, nanopore is of slit geometry with smooth surfaces. In the current work wall-

fluid interaction is described by the 9-3 Steele potential14 

𝜑𝑤𝑓(𝑧) = 2/3𝜋
𝑤
𝜀𝑤𝑓𝜎𝑤𝑓

3{
2

15
(
𝜎𝑤𝑓

𝑧
)
9

− (
𝜎𝑤𝑓

𝑧
)
3

}      (22) 

 

where z is the distance of the fluid particle from the wall surface and w, εwf, and σwf are the 

parameters of the Steele potential. For methane, σwf for graphite surface is 3.7995 Å.15 Following 

figure shows the interaction potential between graphite surface and methane molecule. 

 

 

 

 

 

 

 

 

 

 

Fig.2 Wall-fluid interaction of 9-3 Steele potential 

 

3.2 Simulation detail 

In this work, molecular simulation is performed using grand-canonical transition-matrix 

Monte Carlo (GCMC) technique 16,17. In this approach, Monte Carlo simulations are conducted 

in standard grand-canonical ensemble, where the simulation volume (V),chemical potential (μ), 

and simulation temperature (T) are held constant and the particle number (N) or particle density 

() and energy (U) changes. The maximum number of particles considered for bulk methane 

simulation is around 400, except near the critical point where maximum particle numbers are 

around 800 to minimize any error because of larger fluctuations near the critical point. On the 

other hand, the maximum number of particles for confined methane is varied from 300 to 1200, 

depending upon the nanopore width (H). During a simulation, attempted transitions between 

states of different densities are monitored18,19. At regular intervals during a simulation, this 
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information is used to obtain an estimate of the density probability distribution, which is 

subsequently used to bias the sampling to low probability densities. Over time, all densities of 

interest are sampled adequately. The result is an efficient self-adaptive method for determining 

the density probability distribution over a specified range of densities (typically a range that 

corresponds to the densities of two potentially coexisting phases). Once a probability distribution 

has been collected at a given value of the chemical potential (μ0), histogram reweighting 

technique20 is used to shift the probability distribution to other values of the chemical potential 

using the following relationship: 

 

𝑙𝑛𝜋(𝑁, 𝜇) = 𝑙𝑛𝜋(𝑁, 𝜇0) + (𝜇 − 𝜇0)N       (23) 

 

To determine the coexistence chemical potential, we apply the above relationship to estimate the 

chemical potential that produces a coexistence probability distribution as shown in figure3. 

Saturated density of vapour phase is related to the first moment of the vapor peak and saturated 

density of liquid phase is related to the first moment of the liquid peak of the coexistence 

probability distribution, Πc(N).  

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Coexistence probability distribution 

 

To calculate the saturation pressure, we use the following expression: 

  𝑃𝑉 = ln [
𝜋𝑐(𝑁)

𝜋𝑐(0)
] − ln⁡(2)       (24) 
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In this work we have estimated the vapor-liquid critical properties by fitting the 

coexistence densities to the law of the rectilinear diameter21 and the simplified form of scaling 

law of the density22 

 


𝑙
− 

𝑣
= 𝐵(1 −

𝑇

𝑇𝑐
)          (25)             

 

𝑙+𝑣

2
= 

𝑐
+ 𝐴(1 −

𝑇

𝑇𝑐
)         (26) 

where l, v, c, Tc, and  are the liquid-phase density, vapor-phase density, critical density, 

critical temperature, and critical exponent, respectively. Here, A and B are fitting parameters. 

 

 

3.2 Estimation of compressibility factor of saturated liquid and saturated vapor of bulk 

and confined methane 

 

After knowing the saturated liquid and saturated vapor densities of methane at 

coexistence from simulation and the critical properties estimates of the methane, the 

compressibility factor of saturated liquid, saturated vapor of methane is estimated using 

following expression 

 

⁡𝑍𝑓 =
𝑃𝑣𝑙

𝑅𝑇
=

𝑃

𝑙𝑅𝑇
          (27) 

𝑍𝑔 =
𝑃𝑣𝑔

𝑅𝑇
=

𝑃

𝑔𝑅𝑇
          (28) 

where P is saturated pressure, T is saturated temperature, l and g are saturated liquid and vapor 

densities and R is universal gas constant. 

Critical compressibility factor, Zc is estimated as 

𝑍𝑐 =
𝑃𝑐𝑣𝑐

𝑅𝑇𝑐
=

𝑝𝑐

𝑐𝑅𝑇𝑐
          (29) 

where, Pc, c and Tc are critical pressure, critical density and critical temperature respectively. 
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CHAPTER-4 

Results and Discussion 

4.1 Estimation of compressibility factor of bulk methane 

0.0 0.2 0.4 0.6 0.8 1.0

0.6

0.7

0.8

0.9

1.0

 

 

 Experimental data

 Simulation data (with r-cut)

T
/T

c

Z (Zl, Zg)

Bulk Methane

 

Fig.4 Reduced temperature vs. compressibility factor of saturated liquid and saturated vapor of  

bulk methane 

In this figure we compare experimental data of compressibility factor of saturated liquid 

and vapor with the corresponding simulation data. It is evident from the figure that experimental 

and simulation value are in good agreement. The experimental critical compressibility factor (Zc 

= 0.288) is in good agreement with the data obtained using molecular simulation. The Zc value 

obtained with the simulation is 0.283. This also indicate that the model used for alkane to study 

the compressibility factor of saturated liquid and vapor is reasonably correct. 
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4.2 Compressibility factor of methane confined in 40 Å pore width 

 

 

 

 

 

 

Fig. 5 Reduced temperature vs. compressibility factor of saturated liquid and saturated vapor of 

methane in 40 Å pore width 

Fig.5 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 40 Å and the reduced temperature is 

varied from 0.88 to 0.96.The Zg decreases with increases in temperature. However the 

corresponding Zl of saturated liquid increases with increase in temperature. Moreover the change 

in Zl with change in temperature is comparatively smaller with change in Zg The critical 

compressibility factor is estimated using critical point data (Tc,c, Pc) obtained from the 

simulation. The critical compressibility factor of methane confined in graphite slit pore of 40 Å 

pore width is 0.282.  
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4.3 Compressibility factor of confined methane in 30 Å pore width 

 

 

 

 

 

 

 

 

 

Fig. 6 Reduced temperature vs. compressibility factor of saturated liquid and saturated vapor of 

methane in 30 Å pore width 

Fig.6 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 30A and the reduced temperature is 

varied from 0.79 to 0.96.The Zg decreases with increases in temperature. However, the 

corresponding Zl of saturated liquid increases with increase in temperature. The critical 

compressibility factor is estimated using critical point data (Tc,c, Pc) obtained from the 

simulation data. The critical compressibility factor of methane confined in graphite slit pore of 

30 Å pore width is estimated 0.311.  
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4.4 Compressibility factor of confined methane in 25 Å pore width 

 

 

 

 

 

 

 

 

 

Fig.7 Reduced Temperature vs compressibility factor of saturated liquid and saturated vapor of 

methane 25 Å pore width 

Fig.7 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 25 Å and the reduced temperature is 

varied from 0.76 to 0.88.The Zg decreases with increases in temperature. However the 

corresponding Zl of saturated liquid increases with increase in temperature. Moreover the change 

in Zl with change in temperature is comparatively smaller with change in Zg. The critical 

compressibility factor is estimated using critical point data (Tc,c, Pc) obtained from the 

simulation. The critical compressibility factor of methane confined in graphite slit pore of 25 Å 

pore width is 0.302.   
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4.5 Compressibility factor of methane confined in 20 Å pore width  

 

 

 

 

 

 

 

 

 

Fig. 8 Reduced Temperature vs compressibility factor of saturated liquid and saturated vapor of 

methane in 20 Å pore width 

Fig.8 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 20 Å and the reduced temperature is 

varied from 0.80 to 0.90. The Zg decreases with increases in temperature. However, the 

corresponding Zl of saturated liquid increases with increase in temperature. Moreover the change 

in Zl with change in temperature is comparatively smaller with change in Zg. The critical 

compressibility factor is estimated using critical point data (Tc,c, Pc) obtained from the 

simulation. The critical compressibility factor of methane confined in graphite slit pore of 20 Å 

pore width is 0.308.  
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4.6 Compressibility factor of methane confined in 15 Å pore width  

 

 

 

 

 

 

 

 

 

Fig. 9 Reduced Temperature vs compressibility factor of saturated liquid and saturated vapor in 

15 Å pore width 

Fig.9 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 15 Å and the reduced temperature is 

varied from 0.79 to 0.96. The Zg decreases with increases in temperature. However the 

corresponding Zl of saturated liquid increases with increase in temperature. Moreover the change 

in Zl with change in temperature is comparatively smaller with change in Zg. The critical 

compressibility factor is estimated using critical point data (Tc,c, Pc) obtained from the 

simulation. The critical compressibility factor of methane confined in graphite slit pore of 15 Å 

pore width is 0.252.   
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 4.7 Compressibility factor of methane confined in 10 Å pore width  

 

 

 

 

 

 

 

 

 

Fig. 10 Reduced Temperature vs compressibility factor of saturated liquid and saturated vapor in 

10 Å pore width 

Fig.10 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 10 Å and the reduced temperature is 

varied from 0.87 to 0.97. The Zg decreases with increases in temperature. However the 

corresponding Zl of saturated liquid increases with increase in temperature. Moreover the change 

in Zl with change in temperature is comparatively smaller with change in Zg. The critical 

compressibility factor is estimated using critical point data (Tc,c, Pc) obtained from the 

simulation. The critical compressibility factor of methane confined in graphite slit pore of 10 Å 

pore width is 0.186.   
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4.8 Compressibility factor of methane confined in 9 Å pore width  

. 

 

 

 

 

 

 

 

 

Fig. 11 Reduced Temperature vs compressibility factor of saturated liquid and saturated vapor of 

methane in H=9 Å 

Fig.11 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 9 Å and the reduced temperature is 

varied from 0.93 to 0.97. The Zg decreases with increases in temperature. However the 

corresponding Zl of saturated liquid increases with increase in temperature. Moreover the change 

in Zl with change in temperature is comparatively smaller with change in Zg. The critical 

compressibility factor is estimated using critical point data (Tc,c, Pc) obtained from the 

simulation. The critical compressibility factor of methane confined in graphite slit pore of 9 Å 

pore width is 0.161.  
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4.9 Compressibility factor of methane confined in 8 Å pore width  

 

 

 

 

 

 

 

 

 

 

Fig.12 Reduced Temperature vs compressibility factor of saturated liquid and saturated vapor of 

methane in H=8 Å 

Fig.12 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 8 Å and the reduced temperature is 

varied from 0.85 to 0.98. The Zg decreases with increases in temperature. However the 

corresponding Zl  of saturated liquid increases with increase in temperature. Moreover the change 

in Zl with change in temperature is comparatively smaller with change in Zg .The critical 

compressibility factor is estimated using critical point data (Tc, c, Pc) obtained from the 

simulation. The critical compressibility factor of methane confined in graphite slit pore of 8 Å 

pore width is 0.138 
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4.10 Compressibility factor of methane confined in 6 Å pore width  

 

 

 

 

 

 

 

 

 

Fig. 13 Reduced Temperature vs compressibility factor of saturated liquid and saturated vapor of 

methane in H=6 Å 

Fig.13 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 6Å and the reduced temperature is varied 

from 0.88 to 0.98. The Zg decreases with increases in temperature. However the corresponding Zl 

of saturated liquid increases with increase in temperature. Moreover the change in Zl with change 

in temperature is comparatively smaller with change in Zg. The critical compressibility factor is 

estimated using critical point data (Tc,c, Pc) obtained from the simulation. The critical 

compressibility factor of methane confined in graphite slit pore of 6 Å pore width is 0.137 
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4.11 Compressibility factor of methane confined in 5.7 Å pore width  
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Fig. 14 Reduced Temperature vs compressibility factor of saturated liquid and saturated vapor of 

methane in H = 5.7 Å 

Fig.14 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 5.7 Å and the reduced temperature is 

varied from 0.90 to 0.98. The Zg decreases with increases in temperature. However the 

corresponding Zl of saturated liquid increases with increase in temperature. Moreover the change 

in Zl with change in temperature is comparatively smaller with change in Zg. The critical 

compressibility factor is estimated using critical point data (Tc,c, Pc) obtained from the 

simulation. The critical compressibility factor of methane confined in graphite slit pore of 5.7 Å 

pore width is 0.140  
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4.12 Compressibility factor of methane confined in 5.4 Å pore width  

 

 

 

 

 

 

  

 

 

Fig.15 Reduced Temperature vs compressibility factor of saturated liquid and saturated vapor of 

methane in H=5.4 Å 

Fig.15 shows compressibility factor of saturated liquid (Zl) and saturated vapor (Zg) at 

various reduced temperatures. In this case pore width is 5.4 Å and the reduced temperature is 

varied from 0.88 to 0.98. The Zg decreases with increases in temperature. However the 

corresponding Zl of saturated liquid increases with increase in temperature. Moreover the change 

in Zl with change in temperature is comparatively smaller with change in Zg. The critical 

compressibility factor is estimated using critical point data (Tc,c, Pc) obtained from the 

simulation. The critical compressibility factor of methane confined in graphite slit pore of 5.4 Å 

pore width is 0.141 
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4.13 Variation of critical compressibility factor with pore width 
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Fig.16 Variation of critical compressibility factor (Zc) with pore width 

This figure shows critical compressibility factor (Zc) at various pore width (H). Zc of bulk 

methane, which correspond to 1/H = 0, is also included for the comparison. The critical 

compressibility factor of 40 Å is approximately same as the critical compressibility factor of 

bulk methane. There is a small (10.7%) increase in critical compressibility factor when pore 

width changes from 40 Å to 30 Å. Moreover, from 30 Å to 20 Å pore width insignificant 

change in critical compressibility factor is observed. The critical compressibility factor for 20 

Å to 8 Å pore width is monotonically decreasing. Further, when pore width changing from 8 

Å to 5.4 Å, the critical compressibility factor remains unaltered which indicates quasi-2D 

behaviour of the confined fluid. 

 

 

 



25 
 

CHAPTER-5 

Conclusions 

We investigated in this work, the compressibility factor of saturated liquid (Zl) and vapor (Zg) 

and critical compressibility factor (Zc) of bulk and confined methane. Firstly we compare the 

experimental data of compressibility factors of saturated liquid and vapor of methane with the 

corresponding simulation data of current work. The experimental compressibility factor of 

saturated liquid and vapor and critical compressibility factor of methane are in good agreement 

with the data obtained using molecular simulation. Further, we have estimated the 

compressibility factor of saturated liquid and saturated vapor of confined methane at various 

reduced temperatures in a given pore width. Estimated compressibility factor of saturated liquid 

increases with increase in temperature and  the compressibility factor of saturated vapor  

decreases with increases in temperature for all studied pore widths, H = 40 Å, 30 Å, 25 Å, 20 Å, 

15 Å, 10 Å, 9 Å, 8 Å, 6 Å, 5.7 Å and 5.4 Å. With increase in reduced temperature (T/Tc), change 

in compressibility factor of saturated liquid is comparatively less than the change in 

compressibility factor of saturated vapour. Critical compressibility factor is also estimated for all 

studied pore width using critical point data obtained from the simulation. Variation of Critical 

Compressibility factor with pore width shows that for bulk methane (i.e., with infinitely large 

pore width) and with methane in 40 Å pore width remains approximately same. However, from 

30 Å to 8 Å pore width the critical compressibility factor is monotonically decreasing and from 8 

Å to 5.4 Å it remains almost constant indicating quasi-2D behaviour of confined methane. 
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CHAPTER-6 
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