Class 17
Non-ldeal Gases

* Definitions
— Critical Temperature, Pressure
— Vapor
— Gas
* Van der Waals EOS
» Other Equations of State
» Compressibility Factor
* Principle of Corresponding States
» Kay's Rule

Water Phase Change

(set T, increase P until condensation occurs)

This point defines the critical temperature (T.) and pressure (P,) of H,0O!
« No condensation occurs as pressure increases
H,0O above T, and P, is called a supercritical fluid, not a gas or a liquid.

Definitions

Critical Temperature (T,):

— Highest temperature at which a species can coexist in
two phases (liquid and vapor)

Critical Pressure (P,):

— Pressure that corresponds to critical temperature
» Vapor:

— Gas phase

— Usually used in the 2-phase region where liquid is
present

» Gas:
— Gas phase
— Usually used when no liquid is present
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Definitions (cont.)

* Reduced Temperature (T,):

T,=T/T,
* Reduced Pressure (P,):
P.=P/P,

» Supercritical fluid:
T>T,andP>P,

Phase Diagram for H,O
(Thought Quiz)

1. Label the following:
a. 2-phase envelope
b. Critical point
c. P,

2. Draw 3 isotherms
a. Through 2-phase
b. Through P,
c. Supercritical

3. Label T,

<




Phase Diagram for H,O
(Quiz Answers)

Supercritical Fluid

1. Please draw
L 2. Label the following:
a. 2-phase envelope
b. Critical point
p

c. P,
3. Draw 3 isotherms
a. Through 2-phase
b. Through P,
c. Supercritical
4. Label T,

Liguid

Two-phase

Non-ldeal Gases

+ High Density

— Molecular interactions

— Volume of molecule becomes important
* Methods

— Equations of State

* More terms than ideal gas law
- Still relate P, T, and V/
— Generalized compressibility chart
PV
z=—1
RT

Ideal vs. Real Gases

N ideal

real gase

0

From p. 192, ideal when:
Vige > 5L/mol  (diatomic gases)

Vigear >20L/mol  (other gases)

J. D. van der Waals Idea

1. Real pressure gas = Ideal gas pressure minus the contracting forces per
unit area due to the intermolecular attractions
P =Pigeq —a/V?,  OF Py, = P +alV2

2. Actual molar volume = volume occupied by the ideal gas (with the molecules

occupying no space) + volume of the molecules
themselves

V = Vigeal * b, Or Vigeat =V — b

Plug Pj4e, @and Vg, into the ideal gas equation:
PigeaVidea = RT = (P + a/V2)(V - b)

Now solve for P: P= ART _%
V-b V*

Cubic form:

PV’ —(Pb+RT)V?+aV —ab=0

This is one of the “virial” equations of state
(meaning that it relates to molecular interactions)

Ideal vs. Real Gases

{8} PVIRRT at high pressures (b} PVIRAT #t low prassures

From p. 221, less than 1% error with Ideal Gas Assumption when:

4 kT 5 L for di i Hy, Ny, O
(_) 5 > ot Tor iatomic gases (H,, N,, O,, etc.)
Nideal o

L
> 20— for other gases
P mol

Non-ldeal Eqns. of State

(that are in the text)

 Virial A
— 1 constant PV =1+E (5.3.2) B":"“xl";?*z
— B=f(T,P,, o) RT Vi oo 172
— Table 5.3.1 for ® T
a=%(aame,>
* Van der Waals
2 = RT ,i (5.3.6) :z7R1'r;
— 2 constants ~ > a
- V-b V i
- a&b=1(T,P,)

_RT,
8P,

b

« Soave-Redlich-Kwong
(SRK) P aa

- s & (5.3.7)
— 3 constants V_-b VN+b

— a&b=f(T,P,)

~a= f(Tc’éi:w)c a=0.42747 (RT.P/P,

b =0.08664 (RT,)/P,
m = 0.48508 + 1.55171 - 0.1561 ?
a=[1+m(1-Te5)P




See Excel Example

See Mathcad Example

]

(A copy of this Mathcad file is on the ChEn 273 web page under Class Notes)

Van der Waals Results: CO,
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PV () M T=400K
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Does this increase in non-ideal behavior with increasing pressure make sense?

Van der Waals below T,
(3 roots)

PV?—(Pb+RTNV?+aV —ab=0

Cubic EOS

slope = (V)
bz
Guess |deal Gas
AV TN diquid root to start
N4 >

»v
[0 k
non-physical root

next guess
Vi ‘vapor root

Bottom line: EOS can be used to try to calculate liquid densities

How accurate are these non-
ideal equations of state?

* Need to compare against reliable data

+ Example in book for propane at 423 K and
70 atm
— Ideal gas Volume error = 92%
— SRK Volume error = 12%)!

Law of Corresponding States

» Physical properties of a gas depend on the
proximity to its critical state
— Basis for using T, and P,

Compressibility Factor

« Simple equation, similar
to ideal gas law
« z accounts for real gas

PV PV -
7 — — behavior
RT n RT z = 1 for ideal gas

z # 1 for nonideal gas

p\i — ZRT * How do you get values
for z?
_ — Look up for particular
PV - ZnRT compounds (e.g. Perry’s

Handbook)
— Law of Corresponding
States




Ideal vs. Real Gases
z!
{a} PYIRRT at high pressures. b} PVImAT at low pressures
From p. 221, less than 1% error with Ideal Gas Assumption when:

RT L _ .

(K) 5 > Sm for diatomic gases (H,, N,, O,, etc.)

M/ ideal

o RT > ZOL for other gases

P mol

oo [ [] 03 [0 [T o8 (1] [T} [T} 10
e p—

FIGURE 8.4

Law of Corresponding States

« Physical properties of a gas depend on the proximity to its critical
state
— Basis for using T, and P, to get z

» Objective: Know two of T,P, and V, and want to find the third for a
real gas

» Procedure
— Calculate the reduced T, P, and/or V

T.=T . p =P and/or Vi =

Note: the author uses
Vrideal and l‘/;_idzal

VP,
T interchangeably

. P, RT,

c

— Use the reduced values to find z from Figs. 5.4-1 to 5.4-3
— Use z to find the missing value from eq. 5.4-2
Adjustments for H, or He:  Teaguses = Tc +8K

P, agiuses = P +8atm

Use adjusted values on compressibility charts

This one is correct!

(From D. M. Himmelblaw, Fasie
1574, p. 175, Reprinted

Only good for this value of z,, —___|
(i.e., most simple fluids)




From Mathcad example, P, = .686, T,=1.315

z=0.91 (Van der Waals = 0.89)]

Nonideal Gas Mixtures

* Mixtures require “mixing rules”
— These can get quite complicated
» Mixing rules for Law of Corresponding States (z)

— Use Kay's rule to calculate a “Pseudo-critical”
Temperature and Pressure for the mixture

— Determine the “Pseudo-reduced” Temperature and
Pressure

— Find z,, for the mixture from the compressibility chart
as before
+ This mixing rule not good for other EOS
approaches

— You will get mixing rules for EOS in Thermo or on
web

Corresponding States: Mixtures
(Kay’s Rule)

Note that these are weighted by mole fraction

Tc' = yATcA + yBTcB + yCTcC +...
Pcy = yAPcA + yBPcB + ycPcc ...

T =T/T,
P =P/P

’Hint: We will be using this a lot for mixtures!

Corresponding States: Mixtures
(Kay’s Rule Example)

Kay's rule example

P= 21 atm
T= 650 K

yi Tc(K)  Pc(atm) MW
n-Decane 0.2 619 20.8 142.28
n-Octane 0.5 568.8 245 114.22
Isopentane 0.3 461 329 72.15
Pseudocritical (Tc'and Pc') 5465  26.28 avg MW= 107.2
Reduced Pseudocritical 119 0.80
z= 0.84
PV=znRT
Density = n*MW/V = P*MW/(zRT)
R= 0.08205 L-atm/(K-gmol)
Density= 503 g/L
Ideal = 422 ¢g/L

Hint: We will be using this a lot for mixtures!

Corresponding States: Mixtures
(Kay’s Rule Example)

Kay's rule example

p= 21 atm
T= 650 K Wrong Way!!!

yi Tc(K)  Pcfatm)  Tr Pr zi Mw
n-Decane 02 619 208 095 099 044 142.28
n-Octane 05 5688 245 088 117 08 114.22

03 461 32.9 071 157 72.15
Pseudocritical (Tc'and Pc') 546.5 26.28 @avg Mw= 107.211
Reduced Pseudocritical 119 0.80
2= 0.84

PV=2nRT
Density = n*MW/V = P*MW/(zRT)

R= 0.08205 L-atm/(K-gmol)
Density= 50.3 g/L @
Ideal = 22g/L

Hint: We will be using this a lot for mixtures! ‘




Mixing Rules for SRK EOS

Next year in
thermodynamics.
You can find the

mixing rules on the
web as well

Summary

L4
« Non-ideal equations of state are iterative if you are
calculating V

— Use ideal gas as first guess

— Use T, and P, to get parameters

— Alternate: Calculate P at a lot of different \V’s and interpolate
« Compressibility factors are alternate approach

— UseT.and P toget T, and P,

— Use z in modified ideal gas equation
» Mixing rules required for mixtures

— Kay's rule for compressibility factor calculations

* Use T ,xand P . togetP, ., and T, ., then get z for mixture

— Other mixing rules available (not in our book) for equations of
state

Homework
(all workbook problems)

1. SRK Eq. of State
2. Compressibility Chart
3. Kay’s Rule




