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1 Introduction

Inside of this handbook all models included inside the IK-CAPE Thermodynamics Package are documented.

Common abbreviations:

JOd7Uv4dx>

X <

gas constant in Jkmol/K
temperature in Kelvin
pressure in Pascal

critical temperaturein Kelvin
critical pressure in Pascal
volume in m3/kmol

mol fraction in liquid phase
mol fraction in vapor phase
activity coefficients

fugacity coefficients
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2 Description of the temperature dependency for pure

component property data

2.1 Equations

To describe the temperature dependency of any pure component property at current stage the following functions can be
used:

POLY : Polynom
f(Ty=a,+aT+a,T?+........... +a,T°

EPOL : Polynom in exponent

f (T) — :I_an+alT+azT2+....+agT9

WATS : extended Watson equation
f(T)=a(a, = T)* +a,

ANTO : Antoine equation

In(F(T) =2 -

ANT1 : extended Antoine equation

a4
T+a,

Inf(T)=a, + +a,T+a,InT+a,T™

KIRC : Kirchhoff equation

In(f(T)) = a, —%+a2DnT
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« SUTH : Sutherland equation

T
1+%
E

f(T) =

-« WAGN : Wagner equation

Inf(T)=1Ina, +_|_iE(a2r+a31ls +a,r +a,7°)

r

=1

a,
r=1-T,
8 =T
a=F

- CPL : Equation for the specific heat capacity of liquids

f(T)=a,+aT +a,T’ +aeT3+%
- ICPL : Equation for the specific heat capacity of liquids

f(T)=a0+a1T+azT2+a3T3+a4T“+%

« VISC : Equation for the dynamic viscosity
f(T)=ae" +a,
« RACK : Rackett equation

- %
f (T) - l+(1—l)a3
) &
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+ KIR1: extended Kirchhoff equation

In(f(T)) = a, +%+a2InT+a3Ta“

« ALYL : Aly-Lee equation

Oa O 0O a O

[l ? U U ? [l
f(T)y=a,+a0———0 +a,0——-0
%inh&D osh&D

TUO TO

« DIP4 : DIPPR function for HVAP and ST

fM=a@-T)"

with

h = a2 + aSTr + a4Tr2 + aSTr3
T

T =—
a,

a, =T,

DIP5 : DIPPR function for KVAP and VISV

a,T"

f(M)=—7F—+—
1+, %
T T2

2.2 Extrapolations

To avoid nonsensical results as well as program crashes, one can use the possibility to extrapolate the above given
functions beyond the proofed temperature range using one of the given extrapolation methods.

e Linear extrapolation

T >, and f'(T, ) >0

For linear extrapolation inside the f(T)-diagram applies for the case Upper

f(T) = f,(Tupper) D(T _Tupper) + f(Tupper)
F(T) = £ (Tpper )



andforthecase T <T,,, and ' (T, ) <O

FT) = T (Towee ) DT = Tiouee) + T(T,
(M) =1 Towe )

ower )

» Extrapolation to the value B

For T>T,. and f'(T,) <O applieswith 0< B < f (T,

upper pper )

O f ’(Tupper)

-B
) ]expr (T ) - B

Fmy=[f(r

upper

U
(T _TUDW)g B

. O £ (Toppe ) _ [
f (T) = f (Tuppa)expgm Tupper)%

For T <T,

lower

and f'(Toue) >0 giltmit 0SB < f(T,,,.)

F(T) = [ (o) - Blexpp——=)d_r 1 e
Of (Tower ) =B O

0 " (Tower )

f/(T) = f'(T,,,. ) EXPF——— 12
(M =1 )eXprCﬂowef)—B

T =T )
[l

¢ linear extrapolation inside alogarithmic diagram

Inf(T) = wé T=T,)+Inf(T,.)

For T>T,. and f’(T,) <O appliesexpressed in f(T)

() = expr =) (17 Y inf (T, )0
Gf (Tupper) i ™8

)

FO=10+
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Extrapolation of the Wagner equation for vapor pressure
a, =T,
a, =R,

Above the critical point the Wagner equation is extrapolated linear inside the In(p) vs. /T diagram

01 10

apag=——0
f(Ty=ae 7 *°
f’(T):‘a-zl-?of(T)

at T > T the vapor pressure represents a virtual value.

2-5






3 Calculation of averages

- MOLA: average based on mole fractions

average = z X (Walue

MASS: average based on mass fractions

Z Xessi VAILE

Yoo

average =

MOLG: logarithmic average based on mole fractions

In(average) = z x; OIn(value )

MALG: logarithmic average based on mass fractions

Z Xmassi N(value )
In(average) = —
z Xmass,i

- LAMB: average for the heat conductivity of gaseous mixtures

0
A 1

A :o.SDEinD/\i —
25

- VISC: average for the viscosity of gaseous mixtures

I o |

_iZXiD\/WDm
S TEN
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+ VOLU: average for density based on volume

1
X

24

Pm =
- WILK: average from Wilke for viscosity of gaseous mixtures

average= y 2——
. ZyiFm‘

J
ED1+ valug, Olj%F
g \value | Mol g
F,=

%J"O'H

Mol H

« WAMA: average from Wassiljewa,Mason,Saxena fur die heat conductivity of
gaseous mixtures

-val
average = .Z —§Vyj ‘lii
J

H n, |\/|O|j ﬁ
200 v, B
1 ol;
F = = j =
8 + Mol
Molj

n = gas viscosity

DIST: average for the surface tension based on DIPPR

4
xVol 4/value B

average= —
* 0 inVoIi A

H a
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DIKL: average for the heat conductivity of liquids based on DIPPR

2XV XV
average = Z Z T S T
1 ] +
value,  value,

x;Vol,
XV, = ———
Z x;Vol,
]
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4 Activity coefficients

4.1 NRTL model

2 11iGiX «G

— j i

]
Iny, = +Z D”_ '
ZGk,iXk ] ZGk,jxkg ZGk,ij @

G, =e %

1l

b .
_ ji
T =a +—_r +e; InT + f“T

S, =c¢;; +d;; (T -2731Y)

4.2 UNIQUAC model

The volume part is defined by:
r.i Xi

\/i:
erjxj

The surface part is defined by:

X, X
Fi — qIXI and F’. - ql [

| )
Z ;X; Z a; X
]
For the activity coefficient applies:

Iny, =Iny” +InyF
with
KZ F V,
InyS = In—+—qIInV +| - ~ ijlj

i i

and

I:I]:I:II:II:I

D
R — 1|:| ’ J'J
Iny. —qlg InZF ZZF -
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b; ;
aj+—+cj; InT+d; ;T

_ 1 T
I, =€

4.3 Wilson model

A

[l .
Inyizl—lnEZx./\i.D— =
J J vJD ZZX]/\K]
I

b
_ a|‘]+?+CI,JInT+dI,JT
A =e

4.4 Flory-Huggins model
11
Iny, :1+Inr:_r:+(l_¢1);¢2i)(l,2i

— Mok _ Tk 0
Iny, =1+ lan_rT+¢1r2kBXl,2k - z ¢2i)(1,2i
Pl

with
— Xl
¢ =
_ Xy
by =22

r=x+ ZXZirZi
7

_ 0 1
Xiai = X ¥ X2 =
T
I segment number of component i
9, volume fraction of component i

X1  interaction parameter
solvent(1)-solved species(2i)

4.5 UNIFAC model

The volume part is defined by:

r

V=
erxj
]

r :ZUE’RK

4-2
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The surface part is defined by:

F = g
> 94X
]
=y oo
For the activity coefficient applies:
Iny, =Iny +Inyf

with the combinatorial part

InyS =1-V. +InV. 5qu —V‘+I —V‘E
ny:- =1-V. nV. —5q.[1- n
4 ! 0 R RO

and the residual part, that describes the interactions between the different functional groups.

Iny=3% v®(Inr, ~Inr?)

[l
O.%., O

Inl, —ng—ln Ol D =]
ﬁz H ZG)LIJan

Hereinis © ., the areafraction of the functional group m

— mem

O =
" ZQHXH

with the mole fraction X, of the functional group m.
> U)X,
X, ==
S ITE
] n

The parameter LIin contains the group interaction coefficient between the groups j andi:

aj;

Y =e T

Jil






5 Poynting correction

InF,, :@
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6 Henry correction

> X;InH;
InH, =

J
i ij
J

whereas means:
i Index of the Henry components
i Index of the non Henry components

b
InHJ=a+?+cmT+dT

6-1






7 Equations of state

7.1 Redlich-Kwong-Soave equation

The fugacity coefficients can be calculated using the following equation:

a, Uas BLO v +b
—_ m ___Il m m
meTEIZam bm%n Vv

Ing. :?(zm —1) -Inz, +InV V_mb

m m m

using the following mixture rule:

am:inijqj
as =ija«,,-

and
B =2bs -b,
b, = in szibi,j
bs :ijbi,j

Herein means:

am-=v”§511—ku)

b, = : ;bj (1_ kbu)

The pure component parameters a, b can be received from:
AT =aa,

a, = [1+ m(l—\/f)]2

m = 048 +1574w - 0176w’

2 2

R
a, = 042748

c
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RT,
b = 008675

c

7.2 Peng-Robinson equation

Pressure explicit representation:

po RT _ a(T)
v—-b v(v+b)+b(v-Db)

Normal form of the cubic equation for the volume explicit representation:

0

; RTO, 3Pb?+2RTb-a  [OPb®+ RTb? —ab[]
P P 0 P 0

Calculation of compressibility:

= PVm
m RT
7 = Vi A&V
" v,=b, RT[v,(v,+b,)+b,(v,-b,)]

using the following mixture rules:
a, =) > XX,

o
b, =3 xh

I

Herein means:

a;=JAMAMA-k ;)

The pure component parameters a, b can be received from:

AT =aa
o, g [re
ai—El+mD— T_CI%

m = 0.37464 + 1542260, — 0269920,
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a, = 045724

RTC
b = 007780

2

Pc

2
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8 Fugacity coefficients

8.1 Redlich-Kwong-Soave equation

0
¢i:¢l\/
9
P A(T) Ov, +h O
Ing° =z -1-In——(v, -h In4t 0
N9 =2 ~1-inpr (v -h) - e nE =
and
Vm _ @ 85 B v,th,
Ing’ = m(z ) -Inz, e e e L

The mixture rules can be find in the previous chapter ,Equations of state”.

8.2 Peng-Robinson equation

hS
o

S
I
S
<

with

ngo=2 -1-1 L AM | ()2
ng’ =z nﬁ?(v RPN Y= 3, +(1-v2

for a pure component at saturated vapor pressure

and

b OpP O a 02 b O E‘L/m+(1+\/§)bm
Ing,' =— -1 -1 - —— a —-—UnB
"y, G TG e B 5 T, 2% T, ¢ ()l

for a component inside a mixture

8.3 Virial equation
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o_ €
¢i - B”
1+—
v
0 4p°B U
V= R-I; + 1+ i |,|D
2P RT H
%ZVJB,,-
v_8€ ]
9 5
1+
\%
RT U 4pPB_0
v=_——0+,1+—"0
2P [ RT 0O

B,=> > VB,
o

=1+ Bm

Z _m
\%

m

with

B.; = Pure component virial coefficient
B, ; = Crossvirial coefficient

8.4 Association in vapor phase

Prerequisites.

» The vapor phase behaves ideal, temperature, pressure and concentration are given

¢ upto 5 components can build Di-, Tetra- and Hexamers as well as mixed dimers among each other
» any desired number of inerts is allowed

Notation:

"true" concentration Z,
i,j ... components
n association degree n=1,2,4,6fori <5
Zip=2j4=2jg=0fori>5

Mixed dimers Z,,; Ij<5

Equilibrium constants:

For each association reaction ni) « ()p
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) +0) - (i)

S — Zin
equilibrium constants Kin=——3
Z;p
_ %
KMij =
Z,Z;,P
B
are generated. For each applies: InK,, = A, + _I'_“

Kyij = 2\/ Ki2K;,

Set of equations to calculate the true monomer concentrations:

Material balance: K. zip"t =1
IZ Z n=i

Material rate for each component i:

Z nK,z; p"t + Z KwijZ1Z1P

j#1,]<5

z nK,,z; p"t + Z KwijZuZpP Vi

j#1,]<5

- Set of equations for the variable Z;; to be solved iterative. Afterwards all Z, and z,; can be calculated.

The fugacity coefficients can be calculated afterwards as follows:

¢, =4
Yi
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9 Enthalpy

The following abbreviations are used:

h_O
h
hy
ri

Cp;

Ah

Reference enthalpy of the pure component
Enthalpy of the liquid, component i

Enthalpy of the vapor, component i

Enthal py of vaporization, component i

specific heat capacity of the ideal gas, component i

9.1 Enthalpy of liquid with starting phase in liquid

The enthalpy of the liquid follows from:

h =h* +zxihl

with

]
h =1+ [cl,dT

9.2 Enthalpy of the liquid with starting phase in vapor

TO,l

The enthalpy of the liquid follows from:

h =h* +zxihl

If the temperature for the phase change is set equal to the systems temperature, the enthal py of the pure component can
be calculated using:

T 0 EB v |:|
hl :h0+ICpidT— Bah [dp_ri (T)
To.i P.(T)D P 0

If the temperature for the phase change is predetermined, the enthal py of the pure component has to be calculated using:

W=+ fopdT~ |

F ¢ o' v
E’%Eﬂp - (Tui ) + 'T[Cli dT

Toi P (Tai)
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9.3 Enthalpy of a gas with starting phase in liquid
The enthalpy of the gas follows from:

Bh, O

m=igaﬂyp+2ymv

If the temperature for the phase change is set equal to the systems temperature, the enthal py of the pure component can
be calculated using:

T 0 EBth
"=h+ [cdT+r(T)+ [ =
h h f[ 1 I( ) RJ(T)Dapr

If the temperature for the phase change is predetermined, the enthal py of the pure component has to be calculated using:

hV—hiO+TmcIdT+r(T)+ ( Eﬁﬂ% +Tc dT
= T'!-. i i Ul pf'(j;u,)D pr T_[pi

9.4 Enthalpy of a gas with starting phase in vapor

The enthalpy of the gas follows from:

" oh, O ,
m=!gaﬂyp+2ym

with

h =h"+ j’cpldT

TO‘I

9.5 Enthalpy of a solid component

The enthalpy of a solid component follows from:
h, =) sh
1
with

w:W+}@dr

TD,l

9-2



9.6 The excess enthalpy

E

()g

hE = -T>—— RTZ g;aTy@ RTZ 10y'

The excess enthal py can be calculated using different methods.

9.6.1 NRTL equation

gE ZXGII I

- ZXG

— _-I-zRiZ X A’Bi B_ZBIA

with

ZXG“ y
GA =A= Z ( JTi,i+Gj,iT’J,i)

B :ZGHX]

0B :

— 1 - B| - X-G’-i
51 =B =2 %0,
Gj,i :e_Sj'iTj'i

S, =c¢;; +d;; (T -2731Y9)

b..
_ i
T, =a; + T +e InT + f“T

e TS IS
T M “OoT M oT MO
o, b, €

or et th

0S;;

T
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9.6.2 UNIQUAC equation

E

F : :
%:in InV, +5|Zqixi InV—Zqi X IanjF (T

O ot | A A O
O i T O
hE:R-I-Z J 'Eﬁ_'_ F’- aT |:|
.zq'KDA Z J A? 0
= =
with
AZZF’jTJ,i
J
ot ..
A=SF —=
=3F
X
F = CI.’|
PULIRY
and
bji
aj; +—'+cJ i InT+dJ‘,T
r;; =e T
9.6.3 Wilson equation
gE
?:—Rinanxi/\ile
J /\’..r].—/\..r]’.D
hE = RT?2 Xi?_i_ X Y| LN
.Z n, Z' n: %
on, _ , _ :
a_T_ni_ZXj/\i,j
,7|_ij/\|]
J
a/\"—/\’ =A E—b"j+c”+d 2
oT Mo tHg T T MO

_ a,-vj+qT—"+qvj InT+d, ;T
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9.6.4 Flory-Huggins equation

g ¢2|

~— =X In—+Zx2I -

RT +X Z¢Z|X12|

h® = RTX z G5 X2
21

9.6.5 Redlich-Kister equation
E _ O,5lz ZHE]

e = XXTX(A(U +B(T)X, +C(T)x: + D(T)x¢ + E(T)x; + F(T)x)
Xy =X —X]-

The temperature dependency of the coefficients in most cases can be characterized well by a polynom:

A(T)=a,+aT+a,T>..

9.7 The isothermal pressure dependency of the enthalpy in vapor phase

9.7.1 Redlich-Kwong-Soave equation

The pressure dependency of the pure component is characterized as follows:

T dial - |:| h S |:|
dT P
Ah =RT(z-1) b InE+ mTH
The pressure dependency of the mixture
da,
T T -a,
dT b, P
Ah =RT(z-1) b, In§+ T

9.7.2 Peng-Robinson equation

The pressure dependency of the pure component is characterized as follows:
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s - PR
with
T
A(T) = aélﬂnn \/;%
oAm 5, B [TH-am

EL+mE1L

T A Tczg\/F

The pressure dependency of the mixture:

B 1 da_ 1 v +(1++2)b_ D
A = RT (& =D 2 %m_T oT an%/rﬁ(l )b,

with

A (T) LA OA(T)

or T2 2 Ak A(T)A(T)EA(T) oT ]

9.8 The enthalpy of a gas with simultaneous association

h, = RE + Z i’
z Z 2,80, + 5 Y 2,8,
Ty, 222 2
Ah, =-RB,

AhMij = _g(BIZ + sz)
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10 Chemical reactions

10.1 Equilibrium reactions

&

Infﬂ):afh?+agnT+%T+@J2+%T3

EQLM

|_| x* = f(T)

EQVM

My = 1M

EQLC

1R 1o

)

EQVC

n%g:fm

z[ROO
P

V =

EQLA

[1(rx)" = (1)

EQVP

[1(Py.)" = £(T)

EQLF
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O s |j’

EQVF
P
|‘|D¢fop v =M

10.2 Kinetically controlled reactions
—a +2
Inf(T)=a, + = +a,InT+a,T

Ing(T) = a, +%+a2InT+a3T
KILM

(:Vﬁz kai_l x{’"*%j §L+¢| Zyilei%

KIVM

c=VﬁZ fkﬂ yf"*%j @%Zm yi%

KILC

X
Vs=§
=25
KIVvC
:VD f, o 0.4 [
C gvszakll_lyi | H‘ VslzyllylEH
vs= T
P
KILW



KIVW

Vs= Z y: Mw,
_RT
P

10.3 Reactions of general nature

COOR

¢ =value

CONV

ratio* M, = -G, U,4
STAT

ratio* M, = ¢,u, (ratio 1)
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