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Fundamental equations of Thermodynamics

(1) The combined first and second law

From the first law: dU = dc] +dW
dgq
From the second law: as > —
T
dg . . .
Where, J§ > —=forirreversible system
T
and, 8§ = a9 for reversible system
T
For a closed system in which only reversible pV work is involved
dW =—pdV and (S :@
T

~.dU =TdS — pdV Fundamental equation

The internal energy is a function of Sand V

Where U, T, S, P, and V are state functions



~.dU =TdS — pdV

The differential of U

dU:(d—Uj dS+(d—Uj av
ds ), dv ).

Thus, we can calculate T and p as

3 W,
s = — and p=——
ds ), dv ),

S and V are natural variables of U represented as U(S,V)



The enthalpy was defined by: H=U + pV

by differential: dH =dU + pdV +Vdp

and dU =TdS — pdV
~.dH =TdS — pdV + pdV +Vdp

- dH =TdS +Vdp

The natural variables of H are S and p represented as H(S,p)

The last equation is the fundamental equation for H and for a closed system in
which only pV work, and since H is a state function:

dH H
s = (—j and V= (dj
as ), dp )



U and H provide criteria for whether a process can occur spontaneously in a system
when the corresponding natural variables are held constant.

From: ds > %,dW =P dV
And substitute in : dU =dqg+dW
We obtain: ~dU <TdS - p,_dV
At infinitesimal change (rev.) with constant Sandv -+ (dU )s,, <0

“A change in a process can occur spontaneously if the internal energy decreases
when the change occurs at constant entropy and volume”

The meaning: dU =zero equilibrium
dU < zero spontaneous

dU >zero non-spontaneous

At constant S and .
p ~(dH ), <0
dH=zero equilibrium

dH < zero spontaneous

dH >zero  non-spontaneous



Helmholtz Energy (A)

It is defined by: A=U-TS
By differentiating: dA =dU —-TdS — SdT
But ~.dU =TdS — pdV

~.dA=—SdT — pdV

T and V are the natural variables of A
If an infinitesimal change takes place in a system of constant T and V, thus:
(dA ), <0
For irreversible process, A decrease.

For reversible process, A is constant.

It is more practical to use the criterion (dA ), <0



The Helmholtz energy can be used to show that the
pressures of two phases must be equal at equilibrium

For two-phase system in a container of fixed volume surrounded by a heat reservoir

Suppose that the volume of phase a is increased by dV
and the volume of phase 8 is decreased by dV.

Ps

So, the total volume is constant

When the system at equilibrium .". dA =—SdT — pdV
dA=0=dA_ +dA,

-p,dV +p, dV=0
P.= Pr



The Gibbs Energy (G)

It provides a more convenient thermodynamic property than the
entropy for applications of the second law at constant T and p.

Example: for an isolated system consisting of system and
surrounding at constant T and p

ASWV — ASSyS + ASSW must increase for a spontaneous process
AH s
but AS =— at constant T
SUurr T
So that AH AG
AS — S — 5YS ~ Must increase
o T T

Or AG,, must decrease

This means that it is not required for specification what is happening in the surrounding



The Helmholtz Energy A=sU-TS convenient for a constant V path

The Gibbs Energy G=H-TS convenient for a constant p path

The differentials of A and G can be written
dA =dU - TdS - 54T dG=dH - Tds - SdT
If the ternperature is held constant for the process the result is

dA = dlJ - Tds dG=dH - Tds

The EHS of these expressions is exactly what was derived for the two new criteria Thus

constant T, V constant T, p

dAry = 0 dGy, £ 0

Thus for a spontaneous process at constant T and p the Gibbs
energy must decrease. If the process is at equilibrium then dG = 0.



Thus for a spontaneous process at constant T and p the Gibbs
energy must decrease. If the process is at equilibrium then dG = 0.

This criteria is the most important developed so far because it leads to all future
analyses of spontaneous and equilibrium processes such as equilibrium
constants, electrode potentials and the Nernst equation, gas, liquid and solid
equilibria, solution processes, etc. etc.

While there are now two separate conditions for the two different paths we will
focus almost exclusively on the Gibbs Energy since the constant pressure
path is so much more convenient to establish experimentally. We only need to
do it in the open under constant atmospheric pressure. Thus we will have tables
of values for AG rather than AA. Recall that this is exactly the same reason why
we focus on H and not U and why there are tables of AH and not AU.

Thus to determine if a constant T, p process will be spontaneous we
only need to find whether the change in one state function dG is
negative i.e. that the state function G decreases.



How does G behave overall as the state of a system

changes?

Since the new criteria for spontaneous change is that G
must decrease, we can sketch how it must behave as a
system changes spontaneously. From the plot we can
see that the system naturally tends to roll down a Gibbs
energy hill until it reaches the lowest point. The system
is then at equilibrium. We can see that a system tends to
stay in a state G of equilibrium because it must climb a
Gibbs energy hill to get out. Thus the reason for change,
the lowering of the Gibbs free energy can be viewed as
a “driving force” or a tendency for change. The
steeper the hill the greater the tendency for the system
to change.

G

.\..Rf'.---. - .
v equalibrium state

State of the svstem

The Gibbs (free) energy driving force is relatively simple in that it is made
up of two recognizable factors, the enthalpy and entropy. It is useful in
analyzing how each of these factors separately behaves when a change

occurs i.e. the Gibbs energy changes.

G=H-T5



In general, any process in which the enthalpy (or energy)
decreases is favorable to a decrease in G and any process
iIn which the entropy goes up is also favorable to a

decrease in G.

In other words, systems, like most people, seek a position of minimum

energy and maximum disorder.

This leads to minimum Gibbs energy and a state from which a system

IS reluctant to move.

Thus the Gibbs energy, enthalpy (energy) and entropy
are the three main properties to keep uppermost in
mind when thinking about a change of state.



Maximum Useful Work

We can show that for a constant temperature and pressure process, a finite
change in the Gibbs energy AG is of great physical significance because it is
identical to the maximum work that we can extract out of a system. This would be
very useful in calculating the efficiency of a process and would set an upper limit
as to the maximum useful work available. This has wide applications in assessing
the efficiency of processes and reactions.

H=U+pV and G=H-TS
Foraconstant Tandp process dT=0 and dp=0 andthus
dH =dU + pdV dG=dH-TdS = dU + pdV - TdS
Also dU = dq,,, + dw,,, and TdS = dq,,,.

Substituting for dU and TdS

dG =dq,., + dw,, + pdV - TdS = dw,, + pdV

Where dw, ., represents all other
types of possible work e.g. electrical

Let dw,, = pdV + dw, ..,

dWrev= - pdv + dWe’maX —_ dG _— dwe,max .



When a process is carried out in the open under constant
atmospheric pressure, pV work is done by the system against
atmospheric pressure [e.g. in expanding the volume of the system]
and this work is wasted because it is not controlled.

Thus any useful work done by the system is above and beyond this
pV work and is given by the change in the Gibbs energy.

For example in some electrochemical cells gases are evolved which
expand against the atmosphere to do pV work which is not used.

It is only the electrical energy generated, dwe .., equal to dG which is utilized.

Thus the maximum useful net work that we can get from any
constant T and p process is

AG = w = AH - TAS

e,max

14



ANALYSIS OF AG IN TERMS OF AH AND AS

For useful work to be done, w, AG and (almost always) AH must be negative.

If the entropy term TAS is positive [ then - TAS will be negative] it
makes AG more negative than just AH and so increases the work
done for us.

In this case TAS = q,,, > 0 i.e. heat is transferred from the surrounding to
the system to help fuel the work.

In the reverse case where the system entropy decreases
TAS < 0 [ -TAS is positive and AG is not as negative as AH]
heat must flow from the system to the surroundings and so
all of the AH is not available to do work..

The heat flowing to the surroundings increases the entropy of the
surroundings sufficiently so that the process spontaneous.

Thus part of the energy of the system has to be sacrificed in order to
maintain spontaneity. .



(

For

adds to AH
AH TAS AH
AG
= AH-TAS
AS =10 max imum net work AG
AS =10
AS <

subtracts from

AH
TAS
AG
= AH-TAS
aqual to | AH |
more than | AH |
less than | AH |

16



Example: Check if this process is spontaneous or not?

NH,CI(s) + H,O — aqueous solution at 25 °C

AH®(solution) = + 34.7 kd mol! (endothermic) unfavorable to spontaneity

AS®(solution) = + 167.1 J K* mol" favorable to spontaneity

AG®(solution) =AH® (solution) - TAS® (solution)
= 34.7 kd mol-1 —298 K (.1671 kJ K-1 mol-1)
= -15.1 kd mol-1

In this case a favorable entropy change overcomes an unfavorable
energy change.

In fact, this process is spontaneous at any temperature above:

AH 4.7 kI mol

T= —
ASY 167 K1KY mol™

=208 K at which point AG" =0,

17



HOW SPONTANEITY DEPENDS ON TEMPERATURE

SIGN OF RESULT
AH AS -TAS AG
negative positive  negative negative spontaneous at ALL Temperatures
positive  positive  negative depends on T | Spontanecus at HIGH Temperatures
negative negative  posilive depends on T | Spontaneous at LOW Temperatures
positive  negative  posilive positive Mot Spontaneous at ANY Temperature

(reverse process spontaneous at all
lemperatures )

18



Example: One mole of an ideal gas at 300 K and 10 atm is
isothermally and reversibly expanded to 1 atm. Calculate q, w,

AU, AH, AS and AG.
Analysis
AU, AH - since gas s ideal and process is isothermal AU = 0= AH
W - since gas expands, work 15 done by gas W < (]
W, =—NRT ]n‘ f|_ _nRT In| 2o |
i\ 1"'| K i J.J-I' )
g - since iscothermal, hear must be absorbed to offset energy
loss due ro work done q =0
AU=0 s0 g=-w
AS - since gas expands and T is constant have greater disorder A5 > 0)
As= A=
T
AG - since AH = 0 there is only the -TAS term AG <)

AG=-TAS

19



q!'ll'

AS

—w_. =nRT In Pi |

i J_J-[ .'I
=1molx 83014 T K "mol' x 300 K Ini1/1) = 5.74 kJ

Qee 574 kI
T 300 K

=019 kI K

AG=AH-TAS =0 - 3W0KEx.019kI K 'mol = -5.74 KJ

20



STANDARD MOLAR GIBBS ENERGY

In the same way that standard heats of formation were defined for compounds
we define standard molar Gibbs free energy of formation.

This will allow us to calculate free energies of reactions at 298 K and hence
whether a reaction will be spontaneous IF the reaction is carried out at constant
temperature and pressure.

AG® = Standard Gibbs (free energy) of formation of a compound
[formed from constituent elements in their standard state]. Values
in tables are given for T =298 K

A{GP® = 0 for elements in their standard state i.e. for O,(g), I,(s), C(s; graphite)

The standard free energy of the reaction is obtained in the same manner as the
heat of reaction and the entropy of reaction.
AG = 3 v AG - 3 v AG
producis reac imn is
The standard Gibbs energy of formation of a compound and the standard

Gibbs energy of a reaction at constant temperature can also be calculated from
heats of reaction and entropies of reaction using:

AH® is almost independent of the temperature

8 AR AS® is moderately dependent on the temperature
AG’= AR TAS AG¢is strongly dependent on the temperature 21




Example: oxidation of a-D glucose
CeH1206(s) + 6 O5(g) - 6 CO,(g) + 6 H,0(l)

If the AG® for CO,(g) = -394.4 kJ mol-1, AG® for H,0(g)= -237.2 kd mol', AG® for
CsH.,04(s) = -910.9 kJ mol- - . .
oH1206(5) ™" Is this reaction is spontaneous or not?

Calculate AG® = AG®Product - AG°Reactants

AG® =[ 6 AG® CO,(g) + 6 AGOH,O(l))]- [AG® CgH,04(s) + 6 AG® O,(g)]
AG® = 6(-394.4) + 6(-237.2) - 1(-910.9) - 0 = -2879 kJ mol"

If this reaction is carried out at constant temperature and pressure it
would be spontaneous.

Example: lodine sublimes at 25 °C as l,(s) — I,(g) where the heat
and entropy of sublimation are AH = 39.37 kd mol-' and AS =86.19 J
K1 mol'. What is equilibrium sublimation temperature if AH and AS
are assumed to be independent of temperature.

We use the fact that at equilibrium AG =AH-TAS =0

AH 39370 1 mol™

=——= — _]=45TED[' 184 * C
AS  BA 19 T K ' mol

22



Maxwell Relations

(1) The combined first and second law

From the first law: dU = dc] +dW
dq
From the second law: as > —
T
dg . . .
Where, J§ > —=forirreversible system
T
and, 8§ = a9 for reversible system
T
For a closed system in which only reversible pV work is involved
dW =—pdV and (S :@
T

~.dU =TdS — pdV Fundamental equation

The internal energy is a function of Sand V

Where U, T, S, P, and V are state functions



~.dU =TdS — pdV
The differential of U

s.dU =(d—Uj das +(d—Uj dv
ds ), dVv )

Thus, we can calculate T and p as

T = (d—Uj and _p= (o‘lUj Equation |
as ), dv ),

S and V are natural variables of U represented as U(S,V)

Also since U is a state function we can apply the state function condition

S -EEL —& -5

This is a Maxwell Relation




Using the fundamental equation we can
obtain new equations for dH, dA and dG and
use the same procedures as above to obtain
three more equations like [I] as well as three
other Maxwell Relations. These turn out to be
particularly useful in manipulating partials as
will be shown shortly.



H=U+pV and G=H-TS
For a constant T and p process dT =0 and dp = 0 and thus

G=U-TS +pV -.dG =dU - TdS -SdT + pdV + Vdp

Substitute the fundamental equation dU = TdS — pdV into the
equation fordGto get: 4@ = Vdp - SdT

This equation for dG suggests that we take p and T as the variables
for the Gibbs energy.

dG = a—G dp + (B_Gj dT  Comparing coefficients of dp and
ap T dT D dT for the two equations gives

Applyi th oV o
(an =V and (an =5 stFe)lE[)ey ngfunctioﬁ (—) = — —S
ap T oT p condition for G oT D ap T

This is a Maxwell Relation



The four Maxwell relations are

(p) (S (V) (oS
\JT )y, \dV/; \aT/p \ap/T

(9T (a\/\ (IT) /ap\
\ap/s

Maxwell relations allow us to develop different equations

a_S/P \aV/s \aS/V




Start with the fundamental equation dU = TdS — pdV.

Proof that [ jp T p
)=l

To get the LHS partial of the above equation we divide dU by dV

and hold T constant
dU (an ( oS j
— | —— =T — | — P
- \dV J, aV ).
oS

av
v

0
Substitute the Maxwell relation ( pj :( j to obtain the equation
\" T

oT

oU o

V) _p(9) _,

IV ). T ),
The physical significance of the LHS. It is the change in the energy when the
volume of a system, say a gas, is changed. i.e, when the distance between gas

molecules is increased or decreased. Thus it is a measure of the change in the
potential energy of molecules.
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EZE A Co N R G !
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particularly useful in manipulating partials as
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oU o
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IV ). T ),
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molecules is increased or decreased. Thus it is a measure of the change in th3e4
potential energy of molecules.



THE CHANGE of GIBBS ENERGY WITH T AND p

It is easy to determine the spontaneity of a reaction at 1 atm and 298 K
since we can get the free energy of a reaction from the free energy of
formation of compounds given in tables.

But, there are many reactions that are carried out at very different
temperature and pressure conditions.

It is important to know how the free energy changes
with temperature and pressure if we want to
determine spontaneity at any temperature and
pressure.

This is especially true for temperature changes since G is strongly
dependent on temperature for solids, liquids, gases and solutions.

Pressure effects on G are substantial only for gases.

35
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Change of G with temperature

G
The change of G with T was given by (BT

This is the slope of the plotsof Gvs T

The fact that the slope is just
the negative of the entropy
makes the interpretation of
the plots very simple.

[

G

constant pressure
Y,
oas
\
— ﬁll"
solid e N
Ei:'-.q-““--lj_gll-i.d
.1.. :
TEMPERATURE
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=—AS
p
“what will happen to the equilibrium which exits between
water — steam at 100 °C and 1 atm if we raise the
temperature to 110 °C”?

0AG
For the change of AG with T we can write 3T

It is known that: at 100 °C, 1 atm there is equilibrium and
AG® = G8(steam) - G®(water) = 0.

We need to see whether the value of AG® becomes positive or
negative when the temperature increases by +10 °C.

From aaA—TG = —AS , write the equation for a small finite change o as
" SAG®
(aA_Gj - = _AS? - SAG® = (—AS")ST
oT ), OT

Since AS® [= S9%(steam)> S°(water)] >0 and that 6T >0, 6AG® <0 at 110

°C, 1 atm and hence , the process water — steam will be spontaneous.
38



a) The Gibbs Helmholtz Equation
SAG®

oT

The above temperature dependence of the Gibbs energy on entropy is OK but it would be

even better if it depended on enthalpy since we usually have more heat data than entropy
data. This can be shown as follows:

G=H-TS s_ﬂ (an

| (a G/Tj 1( j (a 1/Tj l(an G
Consider — ==l == | —==
o T oT ) T\oT) T

= —AS® - SAG® = (—AS®)ST

| 0G) G-H (a G/Tj _-H
Substitute for | — 2
( oT jp T oT ) T’
For any process: initial state — final state with AG = G;- G; and AH=H,- H;
JAG/T — AH This is Gibbs Helmholtz Equation
dT 2
p I




Change of G with pressure: constant t2 mperature

It was proved before that (H_G] =V yd =
op )y :

The slope of the plot of G vs p is just the

volume of the system. Since V is always liquid

positive, the free energy must always

iIncrease with pressure.

The slopes of the plot for the gas, liquid and solid should decrease in that order
since the molar volumes of these phases decreases as we go from gas to liquid to
solid.

0AG
For a finite change in AG when p changes : =AV
T

solid

PRESSURE

op
This equation can be applied to the water <~ steam equilibrium at 100 °C, 1 atm.
What will happen to the equilibrium if the pressure is decreased to 0.5 atm?

(BAG] _ 3AG _
T

—— | = ——=AV .~ 8AG=(AV) 5
I 5 (AV) op

40



BUT AV = V(steam) - V(water) >>0 and op =0.5-1.0 =-0.5 <0
and as a result
OAG < 0

Water turning into steam (water vapor) will occur spontaneously

Deriving equation for the change of Gibbs energy with pressures at
constant temperature:

From the above partial derivative, at constant temperature:

B
dp ). dp

Thus [dG = IVdp the understanding that for this integration, T is constant

=V and dGl.=Vdpl,

T

G(p;)-G(p,) = T V(p,T)dp Always true for any isothermal process
Pi

41



G(p,)-G(p,) = [ V(p,T)dp

a) For solids and liquids ( V is independent of p)

#G, =G, +V(p, ~D,) mmms G=G"+V(p —p° )

Where, G° and p° are the standard value

Since for most solids and liquid, the molar
volume is small the value of AG is also very
small unless the pressure change is huge.

Thus as a first approximation we can say that
G is independent of pressure for solids and
liquids. This is seen in the plot of G vs p
where the lines for liquid and solid are almost
flat.

constant e mperatue

Zas

ligguid

solid

PRESSURE
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G(p,)-G(p,) = [ V(p,T)dp

b) For gasses ( V is dependent of p), ideal gas

P P1 dp
~.G,=G +nRTIn>: p2
P,
M = —nRTlnL =W
VZ Vl
p
D

This equation shows that at constant temperature the free energy goes up with
the pressure. This means that for an isothermal expansion the Gibbs energy
decreases (due to a dispersal of energy)

43



The effect on G of a gas due to changing the pressure
is much greater the the effect on G of the
corresponding liquid or solid, because the molar
volume of the gas is much larger.

Example: Calculate the free energy change AG when one mol of
an ideal gas at a constant temperature of 300 K is compressed
from 1 atm to 100 atm.

Analysis:
AG should be positive since this is a compression which concentrates energy.

AG = nRT In(p/p;)
=1 mol x 8.314 J K'* mol-' x 300 K In(100/1) =11.5 kJ

44



A{G° (Standard Gibbs energy of formation) for liquid CH,OH at 298K is
-166.27 kdmol-!, and that for gaseous CH;OH is -161.96 kdmol' . The
density of the liquid methanol at 298K is 0.7914 g.cm-.

Calculate A;G (CH;OH, g) and A;G (CH;OH, liq ) at 10 bar at 298 K and

AG (CH;0H, g)

AG = A{G° +nRT In(p/p°)
=-161.96 kdmol'+(1 mol x 8.314J K-! mol-'x 298K In(10/1)
=-156.25 kdmol-

AG (CH50H, liq) 1 bar = 100 kPa
AG = AG° + V_(p-p°) and

V.= molar mass/ density = 32 g mol' / 0.7914 g.cm-3= 40.49 cm3 mol-’
V.= 40.49 x 10® m3 mol"

V..(p-p°) =40.49 x 10 m3 mol' (10 x 10°- 1 x 10°)Pa x (1 x 103 kdJ)
AG =-166.27 kdmol'+ 40.49 x 10 m3 mol (10 x 10°- 1 x 10°)Pa x (1 x
10-3 kJJ-') = -166.23 kdmol-!
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An ideal gas at 27°C expands isothermally and reversibly from 10 to 1
bar against a pressure that is gradually reduced. Calculate q, W, AU,
AH, AG, AA, and AS.

Analysis: Isothermally and reversibly, AU, AH, equal zero
Gas expand, W is negative, q = -W, AA is negative, AS is positive and AG is
negative

Calculations:
W._.. = AA = -RTIn(p,/p,) = -(8.314 JK- mol-")(300 K) In (10/1) = -5746 J mol-'

q=-W,.=5746 J mol
AU=AH=0

AS = (q,.,/T )= (5746 J mol' )/(300 K) = 19.14 J K-' mol"

AG = AH - T AS= 0 - (300 K) (19.14 J K mol-' ) = 5746 Jmol-"
OR AG = RTIn(p,/p,) = (8.314 JK-* mol*)(300 K) In (1/10) = 5746 Jmol-!
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INTRODUCTION OF THE CHEMICAL POTENTIAL

The change in number of moles of any substance must be considered.

Starting with pure substances and determine how the Gibbs function will
change if infinitesimal amount of the same substance is added at constant

temperature and pressure. 3G
This partial derivative is defined as the Chemical Potential : L = (anj
T,p

For a pure substance , u is just the molar free energy G,..

G=nG =(anGm) =G +n(aGm)
S H= on Jr, " on Jr,

But for a pure substance G, is constant with respect to the n and thus p = G;,.

This is true of any molar quantity.

For example, the molar volume V_ of water is 0.018 L mol" and is
independent of whether we are talking about 1 mole or 23 moles. Molar
quantities are “intensive” like density - they don’t depend on the amount.
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The chemical potential is the most fundamentally important
function for general systems because it indicates how a system
will change with a change in temperature, pressure AND
composition.

As applied to ideal gases we can obtain the chemical potential of an
ideal gas at any temperature and pressure p,T from the previous
equation for G:

u=u’+RTmL OR pu=u’+RTn

D
p? latm

In the most general formulation u is a function of T, p and moles of
each component in the system ie

Also rewrite the equilibrium criteria for a constant T and p process
AG =0 as Au =0
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FUGACITY

It is simply a measure of molar Gibbs energy of a real gas .

Modify the simple equation for the chemical potential of an ideal gas by

introducing the concept of a fugacity f.

The fugacity is an

11

effective

pressure” which forces the equation below to be true for real gases:

wp,T) = ue(T) + RT ln(fej where p®=1 atm

Y

A plot of the chemical potential for an ideal and
real gas is shown as a function of the pressure
at constant temperature.

The fugacity has the units of
pressure. As the pressure
approaches zero, the real gas
approach the ideal gas behavior
and f approaches the pressure.
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If fugacity is an “effective pressure” ie the pressure that gives the right value

for the chemical potential of a real gas. The only way we can get a value for

fugacity and hence for pu is from the gas pressure. Thus we must find the

relation between the effective pressure f and the measured pressure p.

let f=0p

¢ is defined as the fugacity coefficient. ¢ is the “fudge factor” that modifies
the actual measured pressure to give the true chemical potential of the real gas.

w(p,T)=p®(T) + RT ln(pf—eJ

By introducing ¢ we have just put off finding f directly. Thus, now we
have to find ¢. Substituting for ¢ in the above equation gives:

wp,T)=u’(T) + RT In (p%j +RT In¢=p(ideal gas)+RT In¢

w(p,T) —u(ideal gas) = RTIn¢o

This equation shows that the difference in chemical potential between the
real and ideal gas lies in the term RT In ¢. This is the term due to molecular
interaction effects.



The equation relating f or (]) to the measured pressure p:

Note that as p — 0, the real gas — ideal gas, so that f—p and ¢— 1

The chemical potential for an ideal gas and a real gas at two pressures p and p’ is

p
.[\]ideal,mdp = j-duideal = uideal (p’ T) _ uideal (p,’ T) =RT In (%j
e

p , f
Idep = Idu =P, T)—upp,T)=RT In (f—j
o’

Subtracting the first equation from the second gives

p

[ (Vi = Viun) dp =RT In (fij _RT In (E,]
' p
p

f 1%
or hl //p/ = (Vm_Videalm) dp
' /p RT?, ’

Let p” — 0, then in the initial state the real gas — the ideal gas. Thus ' — p’
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Since foranidealgas v - andforarealgas V, = (sz
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where Z is the compressibility factor
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The fugacity coefficient ¢ = f/p is given by

T'Z(pm—l'
L0 P

- —_ J

\

¢ = exps dp;

Thus the fugacity of a gas is readily calculated at same pressure pif Zis
known as a function of pressure up to that particular pressure.



