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Objectif S

= Ouvrage de référence contenant les outils
(formulaires, équations de base, ...)

® pour qu'un ingénieur procédé puisse se débrouiller
seul, et connaitre ses limites

= Non un ouvrage de cours
= Non un ouvrage pour experts
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Les chapitres

= Introduction: Philosophie générale

= 'From Fundamentals to Properties'

= 'From Components to Models'

n, France

= 'From phases to method (models) selection'’

lles, Rueil-Malmaiso

m Case studies
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La philosophie: Qu'est-ce qu'une méthode theW

DS — B
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Flash P, T

Hypotheses sur Ki, F

X = 4
. 1+ (K —1F
Condi ! K.z
-tions T (k- 0F
o |
entree ot
Ki = _V
A

équation avec F comme inconnue
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\
Se poser les bonnes questions

= Qu'est-ce que j'ai / qu'est-ce que je cherche?
m -> comprendre les principes
m -> propriétés intermédiaires?
= Quels fluides & comment paramétrer les modeles ?
= Constituants
= Les données
= Les modeles
= Ou se situe le procédé dans le diagramme de
phases?
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From fundamentals to prc;pﬁﬁi

= Définitions
= Les propriétés
= Les états thermodynamiques
= Les régles de phases

= Modes de calcul
= Relations entre propriétés
m Approches résiduelle et excés
= Les équilibres de phase
= Les équilibres chimiques
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Etats thermodynamiques

Temper | Pressure | Used by Known as (L/mol)
(K) (kPa)
273.15 101.325 | IUPAC (before Sandard conditions, 22.414
(0 ©) (1 atm) 1982), NIST Normal cubic meter,
DIN 1343
273.15 100 IUPAC (since 1982) | Sandard temperature and pressure (STP), 22.711
(0 © Sandard conditions, 1SO 13443
288.15 101.325 | European gas International standard atmosphere (ISA), 23.645
(15 ©) (1 atm) companies Normal cubic meter,
|SO 2533
293.15 101.325 | NIST [10] Ambient, Room 24.055
(20 ©) (1 atm)
298.056 101.325 | American gas Standard cubic feet 24.458
(60 F) | (14.696 psi) | companies, SPE
298.056 | 101.5598 | American gas Standard cubic feet 24.401
(60 F) | (14.73 ps) | companies, OPEC
298.15 101.325 Ambient, Room 24.465
(25 ©) (1 atm)
298.15 | 100 NBS[11] 24.790
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Regles de phases
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Les regles de phase

Table 2-7: Duhem’s phase rule: most frequently encounter ed
combinations of data types given

Flash type | Meaning Applications
PT pressure and temperature Basic case
given Used in all calculations
TOor PO temperature or pressure and Bubble point
vapour fraction given Dew point
Partially vaporised flash
TV temperature and volume given | closed vessel at known temperature
PH pressure and enthal py given adiabatic distillation columns
adiabatic expansions
PS pressure and entropy given ideal adiabatic compressors
puMmps
turbines
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Liens entre proprietes (Max ell)

= Premier et second principes donnent:
Table 2-1: Definition of the fundamental energy properties

Table 2.13  Molar residual properties as a funclion of temperature and pressume

_|!"-" |:i"|' '|"'. I'JF
- - Py Pl 265
W™ (T, P ﬂ1 FFLFF+RT P nﬁl?ﬂp FJm (2.65)

(r.p) = E

_[_{ -—lanrrm— @)
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L'approche résiduelle

Table 2.14 Total properties from a residual approach

Real mixture
Ideal mixture
Ideal gas Ids:laltgas Ideal gas Residual
state chanee state change property
(Pg. Tg) to (P. }“] to (P, T) at (P, T
T
U = U*(K.R.N) + 0 + [ G (T Nr + U™(T,PN) (2.73)
Iy
;
. n = H(R.R.N) + 0 + [ Ch(T.N)T t H'™(T,P,N) (274)
é o
%TS P r..
% 4 = A(%L,B.N) + MR ) j(s‘*‘{r,&mﬁm)dr t A®(T,P,N) (2.75)
g 2 h
\ r
G = G'(L.R.N) + Nﬂﬂ}ln% - [#(r.PN)ar  + @=(1,P,N) 76)
c ) i
| T (T,
- s = S*(G.RN) - Nﬂln[—] - jwr + §e(1,PN) (277)
i
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L'approche exces

© 2010 - IFP Energies nouvelles, Rueil-Malmaison, France

Table 2.15 Properties from an excess approach

Real mixture

Ideal mixture

Pure Mixing
component contribution

X,

2N, N 0

i=1

E .

2. Nitg ’ 0

i=1

A

2Nk 0
i=1

R

X, X
Y N +  RTY.N; ln(:l:;-
i=1 :

i=l

R

N %
YNg  +  RTSN, ln( %
i=l i

i=l

Az A
2N - RY.N; ]n(x,-]
i=1 '

i=l
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/'L'équilibre de phases

= Le coefficient de partage
= Approche homogene — hétérogene
= Approche symétrique — asymeétrique
m Types de flash et méthode Rachford-Rice

Summing up, the unknowns in a PTflash are K; and & (i.e. & +1 unknowns), and the
eguations to be solved are:

L
K =2
) i (2.1)
i (Ki-1)z _
T 1+ 0(K;-1)
One possible procedure to solve the equations (known as successive substitution) is as
follows:
1. Estimate the missing piece of information, &
2. Estimate the distribution coefficients K;
3. Use(2.143) to calculate x; and y;
4. Improve the evaluation of K; using equations (27127), (2.128) or (2.129)
5. Evaluate abetter #from (2.144)
6. If isdifferent from its previous value, return to 3, otherwise the answer is reached.
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'From Components toI\/I\ocfEEH e

Model (not always true)

/\

{Mathematical Equation +

Parameters }

regression

Predictive
theoretical development

Compare with
experimental
data

little data needed
not very accurate

Correlation
(polynomial, ...)

Many data needed
may be accurate
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= Les corps purs: comment caractériser?

= Les mélanges: quelles données?
= La régression: son fonctionnement
= Les modeles et leurs parametres

= Composants clés et domaines de concentration
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Les corps purs

= Propriétés et parametres
m Constantes caractéristiques
= Fonctions de la température

= Le type de corps
= [ssus de base de données
= Complexes (par contribution de groupes)

m Pseudo-constituants pétroliers: courbes de distillation et
regroupements

= Quelques astuces pour évaluer la qualité des
données
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Types de corps

= Les corps issus de base de données
m Des parametres sont disponibles et
= des données existent le long de la courbe de saturation

= Les corps lourds
= |es données sont indisponibles, mais la structure chimique
est connue
= Les pseudo-composants

= mélanges de corps se comportant de maniere semblable du
point de vue thermo, et qu'on considere comme si c'était un
corps pur
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évaluer la qualité des données

Interét de dlag
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— Choose a model Select a data basa
1 {fix the others! Traming set Validation set
3 Identity initial values
for the parameters to be regressed

L &

Regress = minimise the objective function

Local minimum?

Reconsider training set
Reconsider parameters to be adjusied

Reconsider choice of modsl
]

I

O for using the modal
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Je Figure 3.21
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Les modeles pour les melanges

m Modeéles de coefficient d'activité

"Predictive” "Correlative"

Enthalpic Hildebrand NRTL

Margules

Van Laar
Entropic Flory Wilson

Staverman-Guggenheim
Enthalpic + entropic UNIFAC UNIQUAC
Flory-Huggins (Flory-Huggins)*

* The Flory Huggins model is presented here as predictive, but it is very often used with a
correlated parameter for solvent-polymer mixtures.

= Les équations d'état
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Les modeles pour les melan

— ] iy o o _—

1es

m Modeéles de coefficient d'activité
= Les équations d'état

corresponding

correlative states group contribution
-_g Hydrocarbons cubic +o(T)
= slightly non-ideal
?;)—(enthalpic) cubic + kij mixing rule cubic + Jaubert kij
o PC-SAFT (Tihic)
@ strongly non-ideal cubic + GE-type GC-PPC-SAFT
o (enthalpic) mixing rule (Passarello)
CPA (water,
alcohols, gases) VR-y-SAFT (Lymperiadis)

GCA (bio-applications)

enthalpic + entropic non-
ideality NRHB GC-Lattice Fluid

VR-SAFT Lee Kesler

phase
properties

Starling - BWR
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Qr%'?de la dilution sur |

modele

Le comportement d'un corps depend
de maniere tres importante

de son degré de dilution:

souvent, les modeles

n‘arrivent pas a décrire simultanément
dilution intermediaire et dilution infinie!

Methanol
(NRTL and experimental points)

n-Hexane )
(NRTL and experimental points)

Activity coefficient
w
o

%,

R
.--©

m

0 0.2 0.4 0.6 0.8 1
Molar fraction of methanol

=S
E—EEHE
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IFedeie:  From phases to
selection

Enveloppe de phase

1.2

Zone critique : MBWR

1
Ailleurs: Equation d'état cubique avec regle de mélange MHV2
ou, partout, ou BWR

0.8
£
g
5 06
w
 :
o 04
S Propriété du liquide saturé —
8 pondération sur les enthalpies de Le Viriel : P<15 bar
° 0.2 : , :
2 condensations en tenant compte de I'enthalpie
o d'exces
S Gaz Parfait: P<5 bar
S0 ‘

0 0.2 0.4 0.6 0.8 1 1.2
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Les systemes d'interét mdustrlel
= Les fluides organiques
m ELV, ELLV
= Asphalténes
= Crystallisation de Paraffines
= Les mélanges avec gaz 5. Pour chaque cas,
= ELV proposition de modeles
= Les mélanges avec de -points importants
m ELV

= Phases solides (glace; Triyuro
= Les mélanges avec gaz acides

= En présence d'eau

= Solvants physiques

= Solvants chimiques

= Les mélanges de fluides polaires (bio-molécules)
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e-MATL Hanry
[e-UNICUAC Pitzar
e-LINIFAC

Pitzer

k"‘_‘-.-‘—""'
Risk for LLE? Risk for LLE?

watch for data watch for data
watch for data
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Arbre de décision

Crus=s tiomn

Lall=zl

Explanation

In the presencs ol s mixture of véery polar components (a4 1 ecumple discussed in sechion 4,26, pge 316, it 15 genenlly

re comrurie nded 1o use an act sty coetlicient model, with well-documented Wnary nteractim parameters, m the condition thal
prressine s net oo high, UNTOUAC and MR TL are often used mdifferentdy, and UNIFAC (sectim 34,240, ¢ 184 the Dodmamd
wersion is corsidered better) is prefimed when mo parameters are avail able, Mote that itis often posg ble to Gl aom at call ¥ the
LIBIEIAC or BRT L. parameter matnx ugng UNIFAL, Incas: ol ngk of gaid-ligud phase sphit it s esental o shdate the model
with ex penmental daty, becnsea shightchangs m conclibons may lavea great effect on LLE, The vapowr phase 1 o fen oo nsiclered
1cle=l, but the Flayden -0 Cannell vinal coatficient Guin be nésled far hydmgen-hancding syvileims, Sometmes, spacial approaches are
required (hexamer forming of HF, lorexample), The equation s of gate discussed under label E are increasinggly used For | ow pressure
ciloulation s,

]
F = 1 MPa

In the presence of o mistare of very polar compone nis (as for example dscussed mosection 4,26, page 316), the actie iy o2t cent
i cd2ls are limided m presiure, Al pressoes higher than 1 BPa, an equati on of statée should be wsed, & cubic EoS can dothe job i an
approprake act vty coefMicient model is imeluded in the GE-type mixing rde (a5 in the case ol the PARK Eo®), The SAFT model is
increas ngl v used in this conbest,

s

The process may be feusing on components that are dlose (o their critical points (eithe r guses, as OOy or H,5, o light
hydmcarhang), Oaly a hamogenais method with anequatan of stte can he used, Cubic Eo%are Eu.rh'-:ldu.rl:.' et |5 sl hescin e
their very comtuction makes that the pure companent crtical paintis exact, Far mixctures, the precicaan shoukl be used with
caution, The PPRTR EcS hasbeen desagmed fior thistype of prolems, The other properties (enthalpic or densty), require a high
quality wrial EoS (asre commended by NIST, see also section 34,3 3, page 199),

In same cases, chemical renctions in the aqueons phase strongl ¥ atted the vapour-liquid equilibeiwm (@4, aming treabment ),
Specific packages (that mchode sorohaneous phase and chemical equilibriwn cal cul ations ) musd be wied For these reacting syuiems,
They sery olen use the electrd 3te version of BNRETL or UNIQUAC as discussed inosecton 3425, Some simud alors propose

a special Ywour gs” package B acid gas 4 owate r mistores,

2!
=01 MPa

If pre ssure is larger than 01 BMPa, and o specific azeoropic conditionis feared, the madidonal cubic EoS canbe usedwithoat great
danger, This is the case for stablh zation col um e, for example,

In sime Guies, very low preisure s kubibons are needed, which memins that the liquel 1% a heavy Shmpaneént, Very atlen, petmalewnn
paeud cecompments are used (typcally for swacuwm distillation), Inthis case, the mtom aed AP nomograph BE 10 (which s nothing
Bt an improead Racult™s Law) i traditi omal Ly recomrmen ded,

I the case the heavy end is paraffinic, for example (wax reatment), it 05 rather re comme fded W use acubic Eas, for which the
walidity ol the al pha funct on has Been exb: rded o heayy components (as in PR7E),
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Case studies

m Sélectionner le modéle (la méthode)

= Choisir en fonction des propriétés recherchées, le mélange et
les conditions opératoires

= Evaluer les données les plus adaptées
= Pour régression (si nécessaire)
= Pour évaluation

= Comparer le modéles aux données

= Repérer les déviations moyennes par rapport aux incertitudes
des données

= Repérer les tendances de ces déviations pour estimer les
risques en extrapolation
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+ site web

= Ony retrouvera:
= Les chapitres + résumé + références

= Les exercices + fichiers excel a télécharger
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