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What's the Equation of State?

N
* We can find a value for a state by using diagram or table
- often inconvenient

« Scientists seek an equation that can explain measured
variables from experiment

Boyle’s law: Charles's law: Avogadro's law:
P of an ideal gas is When the P is constant, the V and n(moles) of
inversely proportional V of the gas is directly the gas are directly
to the volume if the proportional to T proportional if T, P is
temperature is constant
constant. VT V<n
P 1 or or
V v, T, E B ﬁ
or V. T. n, n,
P,V = PV, ' '

Ideal Gas equation of state PV = nRT (or Pv = RT)

%538 No size(volume
g : : ( ) Benoit Paul-Emile Clapeyron
W= No intermolecular forces (1799-1864)
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Real molecule
S
« An atom contains positively charged
nucleus(+) surrounded by negatively
charged electron cloud.

1 A = 100,000 fm

®
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Dipole moment

6 v 8 HC 1.08
A ™~ H,0 1.85

H H H,. N5, O, 0
ot oF
Ne, Ar 0
CH4, C2H6, C3H8"' O

(methane, ethane,

propane---)
° Co, 0

H (H )
. ,-4 .__‘. £ f.;e
S - -— -- o
Hi C §¢H ) [ H! C 3/ C JiH
e e S .
Y / ' http://www.gcsescience.com/o010.htm
|I H ) h H I H -l 4
) . http://www.school-for-

champions.com/chemistry/bonding_types.htm#.VRHvsPmUdFo



Dipole-dipole force (Keesom force)

e 99

(a) Attraction (b) Attraction

P @

Attraction —P»<¢—
Repulsion ¢——»»

(c) Repulsion (d) Repulsion
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Dipole-induced dipole force (Debye force)

* Dipole-induced dipole force (Debye force)
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Dispersion Force

 Instantaneously induced dipole-induced
dipole force (London Force)

“E}" % SNU NAOE
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eory/Intermolecular_Forces/London_Dispersion_Interactions



Van der Waals forces

 Collection of
— dipole-dipole force
— dipole-induced dipole force
— induced dipole-induced dipole force (Dispersion force)

Intermolecular potential Energy
repulsion NON-IDEAL INTERACTIONS

- 90—
O O

~ distance between
molecules

SIZE attraction
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Equation of State

* |deal gas Pv=RT * Real gas

Pl . Pl

\ 1 lig

\
v Isotherm \ vap
. T, " Isotherm
B \ T
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- dome S~
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PT diagram and Pv diagram

Propane

Isotherm (5-2A)
v

Saturatjor T=340K

Pressur

Curve
/ E T=320K
10
5
320K T DD 05 0.5 5
340K ' '

v (m3/kmol)

v

M | .
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Pv diagram and isotherm

50
Propane

45

. Vapor-liquid dome
Vapor dome
Saturation dome

Isotherm

___.--Similar with ideal gas law
(P=RT/v)

0.05 0.5 N 5
v (m3/kmol) .

Cannot be described with ideal gas law
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van der Waals Equation

[
RT RT
P=— [ P =
v v+4b
Reflect the reducing volume Reflect the reducing pressure
due to the size of molecule. due to the interaction of molecules.
Number of molecules per unit volume: N «
Number of combination:
N(N —-1) N n?2 1
Then, if you adjust a and b, nC2 = X N* o (V) =2

You can make a shape that is similar to the isotherm!
v goes to very large

v nearb
/ RT  RT
RT -~ T

v_bZOO v_a vqu_
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Cubic EOS

« 2 parameters (a: attraction, b: size)
—Van der Waals

RT

. P=v_b—v2 or (Pv3 — (RT + Pb)v? + av — ab = 0)
2 2
. 5 — 27 (RT)® _ 0.42188R T,2 b= (RTY) _ 0.125RT. /P,
64 P, P, 8P¢

RT a ‘ 3 RT a ab
b=y 02 v <P+b tpvmp =0

— Redlich- Kwong

RT
.P_v b \/—v(v+b)

* a = 0.42748R?T,*>/P.,b = 0.08664RT./P.
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50

In this graph, the critical point
means that the number of roots
change.

Then how about decide a and
b to make the equation has
triple roots at the critical point?

a ab
P P P

Let’s set a and b to make the
equation becomes a form of

(v - vc)3 =0 0
0.05

RT
v3—<—+b>v2+—v——=0

If T>=Tc, only one v for all P

<N

T=500K>Tc

. | T=340K<Tc \

I
|

| T -

If T<{Tc, v must have at
least two different roots =
at the saturation pressure.

U5 5
v (m?/kmol)

27 (RT,)?> 0.42188R?T,*
— C —_

“T6a P P,
. _(RT)
8P,

= 0.125RT,/P.
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Analytic solution of cubic equation

T
Ax3 +Bx*+Cx+D =0

B
lx—t_ﬂ
t3+Pt+Q =0
lu+v=t
2 P3 3 Q Q2 3
Z +Qz_ﬁ 0 z1=u =-5t T+ﬁ Z, =V = —— —+—

b —B?* + 3AC _ 2B3 —9ABC + 274D
S\ 34 ¢= 2743

Case 1, D& + — > 0 = O0ne real root for x

B B °* o |02 pP3 * Q [0 P3 B
¥l T U YT T _E+‘/T+ﬁ+ 2 % 27 3

Case 2, D + — < 0 = Three real roots for x

=t B—Z £ . 3¢ > +2k b k=012
Xjg =t =37 = 3 C0s| zarccos| oo [—5 Sk | =37 = 0,1,
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Example with real Pv diagram

 When T)=Tc
1 P M

Saturation
Pressure

—
. T=400K
BGBR sNU NAOE
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We are finding this area

0.5
v (m?/kmol)



Example with EOS
TOTC

T
o T=400K
LY Youngsub Lim

(1) T>Tc, EOS has only one root when you solve it.
—useitasv

Solve EOS
B RT a
v—b V2

Get one root: v

v (m3/kmol)
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. (1) T<Tc, P=Psat
Exam p|e Wlth real PV —>smallest one for v2t, largest one for v, st

T<Tc with real isothermal line ~ (3) T<Tc, P>P*, one v for liquid
(3) T<Tc, P<Psat  one v for vapor

e are finding this area
P A)/ ——
45

»
>

(3) P<Psat§

E > T 0
T=320K 0.05
PR SNU NAOE
Youngsub Lim

0.5 5
v (m?/kmol)
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Examp|e Wlth EOS (1) T<Tc, P=Psat] three roots for v when you solve EQS
—>use the smallest v as v, and the largest v as v,

T<TC (2-1) T<Tc, P>Psat] three roots for v when you solve EOS
—use the smallest v as v,
(2-2) T<Tc, P>Psat] one root for v when you solve EQS
—use the v as v,

% opat Fg PSR i ——
(3r2) e S

(3-1) T<Tc, P<Psat three roots for v when you solve EO

T=370K *T o Suse the largest v as v, < (ko
HERS s\U Naoe (3-2) T<Tc, P<Ps2t, one roots for v when you solve EOS,
:‘4;} ¥ Youngsub Lim

—>use the v for v,



Flowchart for solving vdW EQOS for pure substance

Start with T, P

Read database for given substance

Calculate EOS coefficients

= — , b:
=64 P 8P,

with given T, P

Tc; Pc; (A; B, C)for Antoine eq.

Calculate cubic eq. coefficients of EOS Solve cubic eq. and calculate v

p= RT a
T v—b 2
Pv3® — (Pb+RT)v?  +av—ab =0
A=P
B =—(Pb+RT)
C=a
D= —ab
_34C-B? _ 2B®—9ABC +27A?D
P="34 1= 2743
2 3
q° p
D=—+5>=
z 27

@ if D>=0,
B
v=3\/—g+\/ﬁ+3—g—\/_——A
2 2 34
@ if D<O,
_2\/7 1 3g | 3 zk B
vy = —Ecos §arccos E —E +§ T _ﬁ

(k=0,1,2)
Calculate P2t at given T from Antoine eq.

B
Psat = 10° exp (A — —>

T+C
if P < PS%, return Max[v; ] as vapor volume
if P > PS¢ return Min[v] as liquid volume
if P = PS% return Max|[v;] as sat. vapor volume
and Min[v;] as sat. liquid volume
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