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Abstract

To study various properties of a gas has been a subject of rational curiosity in
pneumatic sciences. A gaseous system, in general, is studied by using four
measurable parameters namely, the pressure, volume, number of moles and
temperature. In the present work, an attempt is made to study the variation of
energy of an ideal gas with the two measurable parameters, the mass and
temperature of the gas. Using the well known ideal gas equation, PV = nRT
where symbols have their usual meanings and some simple mathematical op-
erations widely used in physics, chemistry and mathematics in a transparent
manner, an equation of state relating the three variables, the energy, mass and
temperature of an ideal gas is obtained. It is found that energy of an ideal gas
is equal to the product of mass and temperature of the gas. This gives a direct
relationship between the energy, mass and temperature of the gas. Out of the
three variables, the energy, mass and temperature of an ideal gas, if one of the
parameters is held constant, the other two variables can be measured. At a
constant temperature, when the power or energy is stabilized, the increase in
the mass of the gas may affect the new works and an engine can therefore be
prevented from overheating.

Keywords

Hydrodynamics, Low Temperature Fluid Flow, Ideal Gas, Equation of State,
Energy, Mass, Temperature and Their Relation

1. Introduction and a Brief Review of the Field and Related

Areas

In this section, we present the introduction and review briefly the works done in
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the field and related areas. We know, heat and thermodynamics plays an impor-
tant role in understanding the nature and natural phenomena. To understand
the nature and natural phenomena regularly occurring in the Universe, gaseous
state is a very significant fundamental state of matter. The study of changes oc-
curring in a gaseous system with varying conditions has therefore been and is a
subject of interest in human curiosity. In general, a gaseous system is studied by
using the four measurable parameters namely, pressure (2), volume ( V), number
of moles (1), and temperature (7). Two types of gases namely, ideal and real
gases exist. An ideal gas is governed by a law called ideal or general gas law. This
law is expressed by a mathematical equation that relates all of these four pa-
rameters. The ideal gas law is a generalization of different gas laws that describe
the behaviour of gases, namely Boyle’s law, Charles’s law, Gay-Lussac law and
Avogadro law. Boyle’s law states that the pressure of a gas is inversely propor-
tional to its volume (P a (1/V)) at constant temperature and number of moles of
the gas. Charles law states that volume of a gas is directly proportional to tem-
perature (V a 7) at constant pressure and number of moles of the gas. Gay-Lussac
law [1] states that the pressure of an enclosed gas is directly proportional to its
temperature (P a 7) at a constant volume and number of moles. Avogadro law
states that the volume of a gas is directly proportional to number of moles (V a
n) at constant pressure and temperature of the gas. Clapeyron [2] in 1834 com-
bined all of these gas laws together and is called ideal gas law. The ideal gas law
relates all the four variables together, namely pressure (2), volume ( V), moles of
gas (1), and temperature (7) and is expressed by PV = nRT where R is a propor-
tionality constant, called the ideal gas constant or Universal gas constant and is
equal to 8.314 Joule per mole per Kelvin. The ideal gas equation, PV = nRT is
directly and implicitly contributing a lot in the direction. This equation deals
with measurable four significant parameters, the pressure, volume, number of
moles and temperature. This equation is based on basic assumptions that is,
ideal gas consists of a large number of negligibly small sized molecules compared
to the volume occupied by the gas; molecules are in frictionless random motion
obeying Newton’s laws of motion and are colliding elastically amongst each
other and also with the walls containing the gas for a negligible duration; and the
size of a molecule is significantly smaller than the distance covered by the mole-
cule between two consecutive collisions. The law can be derived from kinetic
theory of gases.

The ideal gas law is applicable for various gases under nearly ideal conditions
of high temperatures and low pressures. Ideal gas under the basic assumptions
does not become liquid at room temperature. It is found that many gases deviate
from the ideal behaviour and become liquid at room temperature. It is to men-
tion here that a real gas is described on the basis of considerations that gas
molecules have significant volume and the molecules interact among themselves
and also with the walls of the container. In 1873, Van der Waals [3] [4] gave an

equation of state for the real gas by considering finite size of molecules and in-
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teractions between the molecules (intermolecular interactions) of the gas as (P +
a(12/ V?))-(V — nb) = nRT where “a” and “b” are constants for a gas, also called
Van der Waals constants, and are determined experimentally. The parameter “a”
represents intermolecular interactions whereas “5” represents a fraction of vol-
ume occupied by gas molecules (due to finite molecular size) and therefore “nb”
is subtracted from the actual volume of the gas Vin the equation. At constant
temperature, an increase in pressure decreases the volume of a gas. Therefore,
for gases with strong molecular forces, “a” has larger value whereas for gases

« _»

with weak intermolecular forces (like, in inert gases) “a” has smaller value. That
is, larger the value of “a”, the larger the pressure (force) and smaller the volume,
and for smaller value of “a”, the pressure (force) decreases and volume increases.
The parameter “5” represents volume occupied by one mole of the gas and it af-
fects (adjusts) the net volume of the gas. Volume of a gas is large compared to
the volume occupied by molecules of the gas. Therefore, for larger value of “57,
volume of the gas decreases and pressure (force) increases, and for a smaller
value of “b”, the volume increases and pressure decreases. Pressure of a gas de-
pends on density and temperature of the gas molecules. Therefore, in the equa-
tion, when pressure becomes low (P-> 0); nb < Vand “a(s#/ V*)” becomes negli-
gible, and the real gas equation reduces to the ideal gas equation. Thus, a real gas
behaves as an ideal gas at extremely low density (high temperature). When
pressure becomes very high (2 -> infinity); V'becomes very small (high density),
and approaches the value “nb”. At high temperatures and low pressures both the
constants “a” and “b” become zero (negligibly small), the Van der Waals equa-
tion reduces to ideal gas equation and real gases behave as an ideal gas. It is to
mention here that plasma scientists study gases at very high temperatures
whereas particle physicists study particles at extremely high temperatures and/or
density. Behaviour of matter at extremely high densities and/or temperatures,
being explained also on hydrodynamical model, is an exciting field of research,
has wide implications and is beyond the scope of the paper. As the study of
changes occurring in a gaseous system with varying conditions is a subject of in-
terest, various attempts in this context are being made these days. J. Lungu et al
[5] have studied a correlation between performance, engine speed, load and ex-
haust gas temperature of a spark ignition gasoline engine by performing experi-
ments and by numerical simulations using an advanced computational fluid dy-
namics modeling code, Kiva4. It is shown that how the performance of an en-
gine is affected by the exhaust gas temperature. The engine is fairly maintained
at a constant working temperature by a cooling system but the actual engine
temperature varies due to a number of reasons. In the experiment, engine torque
is measured using an eddy current dynamometer. Torque of a motor is directly
proportional to the energy or power. Torque varies with mass and temperature.
When an engine works continuously for a specific time a stage would reach
where the temperature reaches the maximum value and if the temperature ex-
ceeds the value the engine may get damaged. It is to mention that the model has

shown significant predictability for combustion characteristics. An appreciable
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agreement with a percentage error of 2% to 3% is obtained between the experi-
mental results and the results obtained from the simulations using the kiva4.
Whereas L. Titelman has considered [6] [7] energy as a generalized product of
forces (gas pressures and mechanical strengths) and displacements (textural
properties of adsorbent, the surface area, volume and size of pores) and obtained
the energies of a gas and sorbent as generalized variables. The interrelationships
between them and the storage capacity for metal-organic frameworks, polar or-
ganic polymers and activated carbons have been studied. It is found that the
generalized variables of adsorbents for gas correlates well with sorbent capacity
and gives an improvement in the relationship between energy and capacity. It is
to mention here that in the work, for calculating the forms of energy in porous
materials in the equation PV = constant at a constant temperature 7, (PV) is
considered [8] as energy (work) with P as force and V as displacement in a
broad sense. Kelvin M. Tenny and Jeffrey S. Cooper [9] have studied in detail
various aspects of ideal gas behaviour and its implications in related areas espe-
cially in medical care even in emergencies like operations, anaesthesia etc. and
for details on it we refer the references therein. It is pertinent to note here in the
light of the above discussion that energy of a gas depends on its temperature. We
also find in these works that a direct relation among the three variables of a gas,
namely energy, mass and temperature is missing although we know that the
number of moles is related to the mass of the gas. Therefore, in the present work,
we have made an attempt to understand the variation of energy of an ideal gas
with mass and temperature of the gas. For this, we have computed the variation
of energy of an ideal gas in terms of mass and temperature of the gas by using
well known ideal gas equation and some mathematical operations in the next
Section. A list of all symbols used in the work is given in Section 3 whereas

summary and results of the work are presented in Section 4.

2. Present Model

Consider an ideal gas having mass m is kept inside a container having surface
area S, height 4 and volume V. The gas is at pressure P and temperature 7. We

know the ideal gas equation is

PV =nRT (1)

where P is the pressure of an ideal gas, V the volume of the ideal gas, n the
number of moles (total amount of the ideal gas is measured in terms of moles),
R the Universal gas constant and 7'the temperature of the gas. Taking derivative
on both sides of Equation (1), we have

4
dt

(PV)= %(nRT)

The L.H.S. of the equation is equal to

)
P, L4 _,\s

—t _
de de dt dt
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where P= (F/S), V= Shwith Fis the force, Sthe surface area and 4 the height of
the gas container. Therefore, we have

Vd(F/S)+Pd(Sh):R[Td—n+nd—T} )
dt dt de - de

We know the number of moles, 7 = m/M where m is the mass of the gas and
M the molar mass and V'= Sh. Substituting these and P= (#/S), PS= Fand Ph=
(#8) A, in Equation (2), we have

pin_
E_F_hg_f_F_hd_S_;’_F%:R TM.}.nd_T (3)
d S dt S dt dr M dt

As M is constant, Lﬂ =~ ( and therefore from Equation (3), we get
t

dFF Fdh RT dm dr
h—+—="—"——+Rn—
dr dr M dt dt

= hdF + Fdh = %dm + RndT (4)

We know F = ma, where a is the acceleration. Taking derivative on both sides
of this equation, we get dF = adm+mda . Substituting this in Equation (4), we

have

(hadm+hmda)+madh =%dm + RndT (5)

Dividing both sides of the Equation (5) by (mahT ), we get
ldm 1da 1dh R dm Rn dT
——t——t=——= + —

= huiad 6
Tm Ta T h Mahm mah T ©)

Integrating both sides, we get

%ln(mah):A/Zh(ln(m)ﬂn(T)):Mlihln(mT)

As F=ma, = mah= Fh= E,theenergyand n=m/M = M= m/n, we get
= BT (1) = B 2 () = "R 1 ()
Mah ah m E

ln(E)

= EIn(E)=nRTIn(mT)= E* =(mT

)nRT

(7)
Now, PV=nRT = (FS)(Sh)=nRT = Fh= E= nRT Substituting nRT =

Ein Equation (7), we have

E=mT (8)

where m = nM = E = mT = nMT, mis mass of an ideal gas, n number of
moles, M molar mass, Eenergy and 7 temperature of a gas in a container having
surface area S, height 4 and volume V. Equation (8) implies that

El _ E2 _ E3

mTy  mT, mT;

=... 9)

Thus, from Equation (8) we find that the energy F of an ideal gas is equal to
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the product of the mass m and temperature 7 of the gas. Equation (8) shows that
the energy of a gas is proportional to the temperature of the gas when mass of
the gas is kept constant. For example, for a fixed (constant) value of a 10 kg of an
ideal gas at different temperatures, say at 7'in °C = —200, —150, —100, —50, 0, 50,
100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700 (or, 7'in K = 73,
123, 173, 223, 273, 323, 373, 423, 473, 523, 573, 623, 673, 723, 773, 823, 873, 923,
973, as T'in K = T'in "C + 273); the value of energy in kilogram-Kelvin (kg-K),
from Equation (8), will respectively be 730, 1230, 1730, 2230, 2730, 3230, 3730,
4230, 4730, 5230, 5730, 6230, 6730, 7230, 7730, 8230, 8730, 9230, 9730. Likewise,
when the temperature is kept constant, the energy of a gas changes with the amount
of mass of the gas. This gives a direct relationship between the amount of matter
(mass) and energy. It is to note here that an increase in the amount (mass) of a sub-
stance when the power or energy of an engine is stabilized, may affect new works
and therefore prevent the engine from overheating. Moreover, out of the three
variables, the energy, mass and temperature of an ideal gas, if one of the pa-

rameters is held constant, the other two variables can be measured.

3. List of all Symbols Used in the Work

P - Pressure, V- Volume, n - Number of moles, R - Universal gas constant, 7 -
Temperature, F - Force, S - Surface area of a gas container, 4 - Height of the gas
container, m - Mass of an ideal gas, M/ - Molar mass, a - Acceleration, and £ -

Energy of the gas.

4. Summary and Results

Study of material substances (having mass), energy associated with and their in-
terconversions form basis of all natural phenomena occurring in nature in the
observable universe and probably beyond too. Study of properties of a gas to
understand the nature and natural phenomena is of paramount importance.
Therefore, various properties of gases under ordinary and specific conditions as
per requirement are studied by physicist, chemical scientist, engineer, techno-
crat, and others. We know that an ideal gas differs from a real gas and four fun-
damental parameters namely, pressure P, volume V, number of moles n» and
temperature 7 are in general required to deal with the behaviour of a gas. An
ideal gas is described by the equation PV'= nRT, where symbols have their usual
meanings and R is the universal gas constant while a real gas is described by (P +
a(r?/ V?))-(V — nb) = nRT, where the parameter “a” represents intermolecular
interactions and the parameter “b” represents a fraction of volume occupied by
gas molecules and nb is subtracted from the actual volume of the gas V. In gen-
eral, we thus find that a gaseous system is studied by using all the four measur-
able parameters namely, pressure (P), volume ( V), number of moles (1), and
temperature (7). It is observed that a direct relation among the three variables of
a gas, namely the energy, mass and temperature is missing although we know

that the number of moles is related to the mass of the gas.
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Therefore, in the present work, we have made an attempt to study properties
of an ideal gas in terms of the three variables, the energy, mass and temperature
by considering the ideal gas equation and some mathematical operations widely
used in physics, chemistry and mathematics in a transparent manner. For this,
we have computed the energy of an ideal gas in terms of mass and temperature
of the gas. An equation of state relating the energy, mass and temperature of an
ideal gas is found. We find that the energy of an ideal gas is equal to the product
of mass and temperature of the gas. This shows a linear variation of energy of an
ideal gas with mass and temperature of the gas. The main outcome of the study
is the direct relationship between the amount (mass) of the gas and the energy at
a constant temperature. It is pertinent to mention here that when the power or
energy is stabilized, the increase in the mass of the gas may affect the new works
and can therefore prevent an engine from overheating. Thus, out of the three
variables, the energy, mass and temperature of an ideal gas, if one of the pa-
rameters is held constant, the other two variables can be measured (quantified)
and a table containing energy, mass and temperature of a gas can be made. Thus,
in a closed system the mass of the gas can be kept constant and the energy of the
gas changes with its temperature. This methodology can also be applied to real
gases, mixture of different gases in varying proportions, automobiles, the work

in this direction is in progress, and we hope to address it in coming days.
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