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ABSTRACT The basic pnnciples of phase diagrams are treated 1n such a way that they can be used as
a 100} to construct schematic phase diagrams based on limited information This tool can be used by the
engineer for the interpretation of often humuted experimental data and by the expenumentalist to design
expeniments By means of the phase rule of Gibbs 1t 1s shown how phase equilibna are represented 1n
P T x projections and P x- and T x sections The six basic types of fluid phase behaviour according to the
classification of van Konynenburg and Scott are discussed In addition an example of a system 1s given
where the formation of a solid phase interferes with critical phenomena

1 Introduction

For an understanding of the fundamentals of processing with near cntical fluids and for the
design of supercntical extraction processes a thorough knowledge of the phase behaviour of the
mixtures involved is necessary Often one 1s dealing with two phase equilibria 1 e solid fluid or
hquid-vapour equihbria but also multiphase equiibria hke solid hquid vapour or
liquid-hquid-vapour equilibria play an umportant role These equuibria are strongly influenced
by pressure temperature and composition of these mixtures The 1deal situation 1s that complete
knowledge of the phase behaviour 1s avaiable either from experiments or from a quantitative
thermodynamic model This 1deal situation 1s hardly ever met

Based on limited experimental information, however, 1t 1s often possible to predict
quahtatively the phase behaviour of the system of interest at other than the experimental
conditions These predictions can help to design additional experiments or to perform the right
type of phase equilibrium calculations In order to make these qualitative predictions one should
master the basic concepts of phase diagrams and one should be aware of the different possible
types of phase behaviour

In this contribution the basic concepts of phase diagrams are treated Many of the features
of phase diagrams can be derived from the phase rule of Gibbs (1] The representation of phase
equiibriain P T-and T x projections and 1n T x and P x sections 1s discussed Special attention
will be paid to special points 1 phase diagrams, hke critical points and also to monovariant
equihibria These monovariant equilibria and special points border the regions of extension of
two phase equiibria The six basic types of fluid phase behaviour according to the classification



of van Konynenburg and Scott [2-4] will be discussed together with relevant P x and
T x sections This treatment of phase equilibria will be restricted to binary systems Extensions
to multicomponent systems can be found in older textbooks on phase equilibria [5-6]

2 Basic Concepts
2 | THE PHASE RULE OF GIBBS

An equilibrium of II phases in a system of N components 1s fully described by 2+II(N 1)
variables P T and the independent composition variables of each phase eg (N 1) mole
fractions x, The equilibrium conditions for this equilibrium can be expressed in (II I)N
equilibrium equat ons

pf:p?: =p:"forl=1,2, ,N (1)

u5 1s the chemucal potential of component 1 1n phase « The difference between the number of
variables and the number of equuibrium conditions 1s the number of degrees of freedom F

F=N-O+2-¢ @)

Equation 2 1s the famous phase rule of Gibbs In special cases one has to account for extra
relations between the variables other than given by equation I This number of additional
relations 1s ¢ For 1nstance 1n the case of a binary azeotrope the composition of the liquid phase
L and the vapour phase V are equal So x}=x] and ¢=1 The critical state a state 10 a phase
diagram where two phases become 1dentical can be counted as one phase with ¢ = 2 See for
instance the contribution of Heidemann (7] and of Peters [8] in these Proceedings

The phase rule can be used to classify the different types of systems and equilibria A
system with one component 1s called a unary system, a system with two components a binary
system, a system with three components a ternary system, etc The mummum number of phases
II=1 so the maximum value of F 1s given by

F_=N=+1 3)

Equauon 3 gives the dimension of the space needed to represent the complete phase behaviour
of an N component system For a unary system F,_, =2 and the pbase behaviour of such a system
can be represented 1n a two-dumensional P T-plane For N=2, F_, =3 and we need a three-
dimensional P T x,-space to represent the system For a ternary system we need a four
dimensional P,T x,,x,-space etc x, 1is the mole fraction of component 1 The mole fraction of
component 1 1s a dependent variable and can be obtained from £ x, =1 An equilibrium with F=0
1s called nonvariant, an equilibrium with F=1 monovariant, an equlibrium with F=2 bivariant

etc Since the mimmum value of F=0 it can be concluded from equation 2 that the maximum
number of phases that can coexist 1n a system with N components 15

s



O_=N+2 (@)

For a unary system the phase rule gives

F=3-1-¢ S

and II___=3 According to equation 5 a three phase equilibrium 1s represented by 2 point in the
P T plane the triple powmnt More triple points are possible 1 e sohd liquid vapour (SLV) or
solid-solid-hiquid (S°SPL) S* and Sf are different modification of the same sohd compound

Two phase equilibria are represented by a curve 1o the P T plane Examples are the melting curve
(SL) the sublimation curve (SV) and the vapour pressure curve (LV) Equihbria of one
homogeneous phase (S L or V) are represented by a region in the P T plane The regions of
homogeneous phases are separated by the corresponding two phase curves and a triple point 1s
found at the intersection of three two phase curves So the vapour-pressure curve starts in the
triple point SLV and ends at the critical point L=V which 1s nonvanant according to equation
5 An example of a phase diagram of 2 unary system showing two solid modifications 1s given

in Figure 1

SQ

Figure 1 P T-diagram of an unary system showing two solid modifications

The phase rule for a binary system 1s given by
F=4-1-¢ (6)

In this case the maximum number of phases that can coexist 1s II_ =4 The phase behaviour of
binary systems 1s not only much more complicated because one needs three dumensions to
represent the equuibria (P T x space) but also because many more phases are possible Solids
can not only form many different solid modifications but solids of different compounds can also
form one phase (mixed crystals) or do not mux at all or only mix parually Also one has to deal
with more fluid phases For instance liquid water and liquid butan 2-0l are not completely
muscible at all conditions Two liquid phases are formed one liquid 1s relatively more rich 1n



water the other hiquid contains relatively more butan 2-0l In extreme cases the two hiquids are
almost pure components 1e in the system mercury + water at room temperature The two
liquid phases are often referred to as L, and L, If the mutual solubility of the two lLiquids
increases for instance with increasing temperatures at constant pressure the two hquid
components can become rmscible 1n all proportions and the region of liquid hiquid immscibility
1s bordered by a hquid liquid criical point (L =L,) The different types of phase equilibria and
their representation 1n P T x space are given in Table 1

Table 1 Phase equilibria 1n binary systems and their representation in P T x space with
X=x,

representation in P T x examples
II=1 F=3 region SJS ILIVIL/LJS
I=2 F=2 two surfaces LV/SL/L,L,
x*(®,T) x*(P T)
II=3 F=1 three curves S,LV/S,S,L/L,LV
x*[P(M), ¥*[P(M)] x'[P(T)]
critical curve F=1 x[P(D)] L=V/L,=L,
azeotropic F=1 x*[P(T)]
curve
II=4 F=0 four pounts at one P and T S S,LV/S,L.L\V
critical F=0 two points at one P and T L,=L,V/LLL,=V/SL=V
endpoint
critical F=0 one point
azeotrope

In a cnitical endpoint two phases of a three-phase equilibrium become 1dentical and the two
corresponding curves 1n the P,T,x space merge 1n one point From that point also a critical curve
emerges A critical azeotrope 1s an endpoint of the azeotropic curve At this point the azeotropic
curve 1s tangent to the critical curve L=V

As an example 1n Figure 2 the fluid phase behaviour of a binary system showing a L.L,V
equilibrium with a cniucal endpownt L,=L,V and a criical endpownt L,L,=V 1s given 1a
P,T x-space The critical endpomnt L,=L,V 1s the low temperature limit of the three phase
equilibrium and 1s for that reason called lower criucal endpownt (LCEP) In this endpoint the
phases L, and L, become 1dentical The critical endpownt L,L, =V 15 the upper temperature limit
of the three phase equilibrium and 1t 1s called an upper cnitical endpoint (UCEP) In this critical
endpoint the phases L, and V become identical In the planes x = 0 and x = 1 the
vapour pressure curves of the two pure components are found From the critical point of
component 1 (x = 0) a critical curve L, =V runs to the point L, =V of the upper critical endpoint
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Figure 2 P T x-~hiagram of a binary system showing type V fluid phase behaviour

L,L,=V and from the point L, =L, of the lower critical endpomnt L,.=L,V a criucal curve L,=L,
runs to the critical poiwnt of pure component 2 (x = 1) At higher temperature the nature of this

critical curve changes to L=V
For a ternary system the phase rule gives

F=5-1 - ¢ @)

and one needs four dimensions (P T x, x, space) to represent all equilibria Since 1t 1s very hard
to visualize a four dimensional space, it 1S common practice to represent the phase equilibria of
a terpary system at constant pressure and temperature in a Gibbs triangle (see Figure 3) or at

3

Figure 3 Reprensentation of ternary two phase and three phase equilibna at constant P and T 1o a Gibbs
tnangle binodals _ _ _ tie lines



constant pressure or temperature in T X, X, or P x, X, prism Figure 3 shows a Gibbs triangle for
a ternary system 1+2+3 The mole fractions x, and x, are chosen as the independent
concentration variables A three-phase equihbrium afy 1s found tn a three phase triangle whose
vertices represent the compositions of the three phases Three two phase regions of oy and Sy
are grouped around the three phase triangle These two phase equilibria are represented by two
curves 1e x3(x3) and x4(xf) n the case of the of equilibrium and tie lines which connect
corresponding (=coexisting) points on these two curves The diagram also shows three one phase
regions «, £ and v and a critical point §=+v In the critical point the length of the tie line 1s zero
and the coexisting phases have equal composition

22 PROJECTIONS AND SECTIONS

In practice mainly two-dimensional diagrams are used to represent prase equilibria and not the
multi-dimensional P T x space representations like Figure 2 Most commonly used are projections
of monovariant and nonvariant states on the P, T plane and sections of the P T,x space keeping
one or more variables constant For instance Figure 3 1s a ternary x,,x, section at constant P and
T For binary systems mainly P x sections at constant T and T x sections at constant P are used
Figure 4 giwves the combmned PT and T,x-projections which corresponds to the
P,T x space of Figure 2 Since in these projections only monovariant and nonvariant equilibria
can be shown the information on the details of the two-phase equulibria 1s lost 1n the projections

Figure 4 Combined P T and T x projections of type V fluid phase behaviour

The three phase equilibria which in P T x space are represented by three curves are represented
by one curve in the P T projection and by three curves in the T x projection The reason for this
1s that at one temperature the three phases have different compositions but the same pressure so
in P T projection the three curves cowncide The P, T- projection also shows the two
vapour pressure curves of the two pure components In the T x projection these curves are found
along the axes x = 0 and x = 1 The criucal curves are represented by a curve wn both
projections and the pure component critical points by a pownt The cnitical endpoints are



represented by one poiwnt in the P T projection and by two points 1o the T x projection

In a P,x or T x section a three phase equilibrium 1s represented by three points These
pownts are found from the P T x-space from respectively the intersection of the plane T =
constant or P = constant with the three curves representing the three phase equiibrium These
pownts are also easily found from the P T- and T,x projection Two phase equilibria are
represented by two curves in a P x or T x-section These curves are found from respectively the
intersection of the plane T = constant or P = constant with the two surfaces representing the

two phase equilibrium 1 P T x space
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Figure 5 a P x section of a two phase equilibnum of Schematic b G x-diagram for pbases o and § at
constant P and T

Figure Sa represents schematically a two-phase equilibrium oS in a P x section The figure
shows two curves the composition of phase @ and of phase § as a function of pressure In Figure
5b the Gibbs energy as function of composition 1s plotted for phase « and phase 8 at constant P
and T A common tangent can be drawn to both curves These tangent points represent the
coexisting phases o and 8 It can easily be shown that for the tangent points the equilibrium
condition u% = pf for 1 = 1,2 15 fulfilled (4] In the left part of Figure 5b phase « 1s the stable
phase since 1t bas a lower Gibbs energy than phase 8 In the right part of the diagram phase §
1s stable Between the two common tangent ponts an equiibrium of phase « and phase § 1s more
stable than homogeneous phase « or homogeneous phase 8 The Gibbs energy of the two phase
equilibrium «ff 15 represented by the straight line through the two common tangent points, so the
two phase equiibrium always bas a lower Gibbs energy than phase « or phase S The
consequence of this 1s that a2 muxture with a composition 1n between that of phase o and that of
phase 8 will split into two phases with composition given by the curves P(x*) and P(x") To the
left of the curve P(x®) there will be a region with the homogeneous phase o to the right of the
curve P(xf) there will be a region with the homogeneous phase 8

The amounts of the phases o and £ 1n case of a two phase equilibrium of can easily be
read from Figure 5a Suppose one mole of mixture with mote fraction x° sphits in a moles of
phase o and b moles of phase § From mass balances for the two components 1t 15 easily derived
that

3



a=M and b=(x°_"iu_l (8)
xP-x%) &P -x9

Equation 8 1s known as the lever rule
The compositions of the phases « and £ can become equal 1n three different ways (4] The

curves can mtersect at x = 0 or x = 1 This 1s shown in Figure 6a which shows a liquid vapour
equilibrium LV where the curve that represents the composition of phase L intersects the curve
for phase V 1n the boiling points of both pure components Also the curves can merge in a
horizontal tangent point (3T/dx), = 0 or (9P/dx); = O This type of point 1s a critical point
where not only the compositions but all the thermodynamuc properties of the two phases become
identical A diagram with a critical point 1s shown 1n Figure 6b The third possibility 1s that the
two curves have a common horizontal tangent In this case only the compositions of the two
phases are equal but not the other thermodynamic properties An example 1S an azeotropic point

(Figure 6¢)

\ b v v 4

X M X X

Figure 6 Three cases where the compositions of the two phases of a two phase equilibnum are equal a
Pure component boding pomnts b Cntical pont ¢ Azeotropic point -

23 MONOVARIANT EQUILIBRIA PHASE TRANSFORMATIONS

For monovariant equiibria F=1, therefore these equulibria are represented by a curve in the
P T projection The slope of this curve dP/dT 1s given by the equation of Clapeyron

T(EJ _ AH ©)
ar ) Ay

AH and AV are respecuively the changes in enthalpy and volume of a so called phase
transformation For instance 1 a unary system the two phase equihibria are monovariant In the
case of the vapour pressure curve an LV equilibrium curve, the phase transformation 1s

1 mole L -~ 1 mole V (10)

and AH and AV are respectively the molar enthalpy (HY HY) and molar volume (V¥ VY) of

A-8



vaporization
The nature of the phase transformauon can be derived from the Gibbs Duhem equation

applied to all phases 1n equiibrium For a three phase equilibrium afy 1 a binary system these
equations are

-1 -x%dp; -x%dp, + VO dP - 8% dT =0 (11)
- -x®ydul - xP g s vBap - SPaT =0 (12)
- (1 -xV)dul -xVdul + VY 4P - ST 4T =0 (13)

If one moves along the equilibrium curve from a state (P T) to a state (P+dP T+dT) the
equihbrium condition

= wl = wl fori=12 (14)

requires that

dp = dpl =dyl  for1=12 (15)

so we can orut the superscripts of the dp s 1n equations 11 13 After division by dT and
rearranging these equations we get

d d
'(1—x“)—pl-x“—p—2+V“—d£=S“ (16)

dar dar dT

d

Equations 16 18 are three linear equations 1n dy,/dT dp,/dT and dP/dT According to Cramer s

A7



rule the solution for dP/dT 1s
S (1-x%)
SP (1-x%) xB

dP | ST (1-x7) x7 AS 19)
dT VU (l_xd) xﬂ AV

H

VB (1-xf) xF
VT (1-x7) xT

If we choose the phases @ f and +y 1n such a way that x*< x# < x" than the phase transformation
1s

1 mole B ~ a mole « + ¢ mole y (20)
with
g=G1=3) z) and c = P -x) (21)
(x¥ - x%) (x7 - x%)
and
AS =aS% +¢ST - §¢ (22)
AV =aV® + cyr - yb (23)

Equation 21 15 1dentical with equation 8, so at the P and T of the three phase equilibrium the
phase with the middle mole fraction can transform imto the phases with the lowest and with the
highest mole fraction and the relative amounts of these phases are given by the lever rule It can
be shown that for this transformation AG=0 and since AG=AH TAS equation 19 1s 1denucal
with equation 9 For monovariant equilibria in systems with more than two components sumnilar
equations can be derived

If at constant P and T on the vapour pressure curve of an unary system heat 1s added to
the system an equivalent amount of hiquid 1s vapourized into the vapour phase and the volume
will change accordingly If heat 1s withdrawn the reverse process takes place This can be done
untu one of the phases has disappeared and the system ends up erther 10 homogeneous vapour
region or 1n the homogeneous liquid region A sumilar process takes place at a three phase
equilibrium in a binary system at constant P and T However the final situation 15 now also
dependent on the overall composition x° of the mixture If the transformation represented by
equation 20 goes to the right the final situation 1s always a region of (a+7) because one starts
with (e¢+8+7) and § disappears For the reverse transformation there are three possible final

A= /0



states depeading on which phase(s) disappear(s) first (c+8) if x°<x°<x? (8) if x°=x* and
(B+v) 1f X <x®<x* The consequence of this 1s that the location of the one phase regions and
of the two phase regions around a three phase equilibrium in a P x section or ina T X section are
always as given w Figure 7 and Figure 8 Note that the topology of Figures 7a 8a and that of
Figures 7b 8b 1s murored with respect to the line representing the three phase equuibrium

Figure 7 Possible locations of one and two phase equilbna around a three phase equilibnum 1o a
P x section

Figure 8 Possible locations of one and two phase equilibna around a three phase equilibnum i a
T x section

3 Types of Fluid Phase Beh%vxour

3 1 THE CLASSIFICATION OF VAN KONYNENBURG AND SCOTT

According to the classification of van Konynenburg and Scott {2-4] one can disunguish between

six main types of fluid phase bebaviour which all have been found experimentally With
exception of type VI the existence of these types of phase behaviour can be predicted with a



simple equation of state such as the van der Waals equation The occurrence of azeotropy leads
to a subdivision of these six matn types but we wul not deal with that detad here Other
equations of state than the van der Waals equation [9 10] can also produce type VI phase
behaviour Many more types of fluid phase behaviour have been found computationally from
different equations of state {11] but up tll now all experimentally studied systems fit 1o the
origwal classification of van Konynenburg and Scott with the exception of the systems butan-2-ol
+ water and butan 1-ol + water (12] that show a liquid liquid critical curve with a pressure
minimum and a pressure maximum Also the transition in type of phase behaviour that has been
reported 1o the famuly of systems of water + n alkanes [13] can not be explained by the van
Konynenburg and Scott classification scheme Only the P T- and T x projections of the six main
types of phase behaviour of Scott and van Konynenburg are discussed below together with
relevant P x- and T x sections All diagrams are schematic

The best way to construct ? x and T x-sections from given P T and T x projections 1s
to plot first the information (pressure or temperature and phase compositions) on nonvariant and
monovariant equiibria respectively at the given temperature or given pressure The location of
the different one and two phase regions can than be found from general rules as discussed in
sections 2 2 and 2 3 Figure 9 gives two sections with the same monovariant equiibria Figure
9a 1s mcorrect In the critical point y=4, dP/dx (or dT/dx) 1s not zero Also the curve running

y(36

Figure9 Two examples of a P x section with the same location of the monovanant equilbna a Incorrect
See text b Correct

from the pownt 8 on the Sy5 equilibrium to the pownt « of the affy equilibrium 1s incorrect
because this curve should represent the composition of the S phase 1 equuibrium with the
v-phase and can only connect points representing § phases To construct the correct diagram
which 1s given 1n Figure 9b one can start with one of the three phase equiibria 1e v

Accordng to Figure 7 and 8 there are only two possible arrangements of two phase equilibria
around this three phase equilibrium It is clear that the two-phase region 85 can only end in the
unary fé-equilibrium pownt at x = 1 since it is the only other 88 equilibrium possible The
conclusion 1s that we have a two phase arrangement as i Figure 7b or Figure 8b For similar
reasons as for the 86 region the v6 region must end 1 the critical pomt y=0 and the 8y region
must be the same two phase region as the Sy region of the afy three phase equilibrium Now
we can conclude that the locaton of the two-phase regions around the «fy three phase
equihibrium must be that of Figure 7a or Figure 8a It 1s now clear that the ay and of regions
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found around the afy three phase equuibrium should end in the unary two phase points «y and
off at x = O respectively

32 TYPE 1 PHASE BEHAVIOUR

In Figure 10 the combined P T and T x projections of type I phase behaviour are shown In a
type I system only one critical curve 1s found This 1s the liquid vapour critical curve L=V which
runs continuously from the critical point of component 1 to the criical poiwnt of component 2
Type I phase behaviour 1s found for instance in the binanes of methane with n alkanes up to

n-pentane [4]

K T Ty

L

L=V T

w0

X X

Figure 11 Type I fluid phase behaviour a P x sections at constant T See Figure 10 b T x sections at
constant P See Figure 10
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In Figure 11 some P x and T x sections are shown The P x sections at T1 and T2 have
the shape of Figure 6a At T3 and T4 component 1 1s supercritical and the P x secuons show a
binary critical point as 1n Figure 6b In the T x sections the two phase LV region bas a reversed
position compared with the P x section Note that the T x section at P2 shows two critical points
which 1s a consequence of the pressure maximum of the critical curve n the P T projecuon
These pressure maxima are often found in type I systems

33 TYPE I PHASE BEHAVIOUR

Type 1 fluid phase behaviour has a continuous hiquid vapour critical curve just as in the case of
type I In addiion systems of this type show a liquid hquid criical curve L,=L, ana a
three phase equilibrium L,L,V See Figure 12 which shows the P T and T x projection of a type
I system In the P T projection the curves L,=L, and L,L,V intersect in a UCEP L,=L,V In

P Lz'—'L]

L=V

Figure 12 Combined P T and T x-projections of type I fluid phase behaviour

the diagram shown the liquid-liquid critical curve has a positive slope 1n the P T projection but
this curve can also have a negative slope or a temperature minumum If not wnterrupted by the
formation of a solid phase, the L,=L, curve runs to infinite pressure Both the L,=L, curve and
the LLL,V curve can be completely hidden by a sohd liqu:d equilibrium surface so i practice
1t may be umpossible to distinguish between type I and type I fluid phase behaviour For
instance, i the binary systems of carbon dioxide + n alkanes for carbon number n 6<n< 13
type I phase behaviour 1s found [14] For lower values of n no stable liquid-liquid equilibria are
found but 1t 1s very likely that the system carbon dioxide + n pentane for instance 1s also of
type I

In Figure 13 four characterisuc P x sections are shown At low temperature the
P x sections show a L.L,V equiibrium At higher pressure than the three phase pressure the L,V
and L,L, two phase regions are found and at lower pressure the two phase region L.V With
increasing temperature the compositions of the two liquid phases of the L.L,V equilibrium
approach each other as can be seen from the T x projection in Figure 12 At the temperature of
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Figure 13 Type I fluid phase behaviour P x sections at constant T a b T<T(@L =L,V) ¢
T=T(L,=L,V) d TA,=L,V)<T<T@L=V) ., Se Figure 12

the UCEP a critical phase L,=L, 15 in equilibrium with a vapour phase and as a consequence

the L,V and L,V regions joun in one two-phase region LV which shows a horizontal point of
nflection at the L,=L, crtical pownt At higher temperatures the LV region and the L,L, region
are separated by a region of a homogeneous liquid phase At even higher temperatures the L,L,
region shifts to higher pressures and the LV region may detach on the left band side as shown

in Figure 11
34 TYPE V PHASE BEHAVIOUR

The phase behaviour of type V systerms 1s the example we discussed earlier it 1s represented 1o
P T x space 1n Figure 2 The corresponding P T and T x projections are given in Figure 4
Characteristic for this type of phase behaviour 1s a three phase equilibrium L,L,V with a LCEP
L,=L,Vand a UCEPL,L,=V and a discontinuous critical curve The first branch of the critical
curve connects the critical pownt of the more volatle component with the UCEP The second
branch runs from the LCEP to the critical pount of the less volatile component Examples of type
V systems are the systems methane + n hexane [15] and ethane + n eicosane {16] although
there are reasons to believe that these systems are in reality type IV systems (see section 3 5)

- T T b L=t
a < P =L, d

P P P
L|=L2
L=k, V-t V-4 L

[ L, . L, ‘ L,

Figure 14 Type V fluid phase behaviour P x sections at constant T a T=TL =L,V) b
TL,=LV)<T<T(L=V) ¢ T(L=V) <T<TLL,=V) d T=TQL.L,=V) See Figure 4
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In Figure 14 four P x sections are shown at temperatures T(L,=L,V)<T<TL.L,=V)
Atlower and at higher temperatures the P x sections are comparable with those of type [ systems
In Figure 14b a P,x section 1s shown at a temperature between the LCEP and the critical pointof
the more volatde component This P x section 1s comparable with Figure 132 On lowering the
temperature the composition of the L, phase and of the L, phase of the L.L,V equilibrium
approach each other and the pressure of the L,=L, critical point approaches the three phase
pressure At the temperature of the LCEP (see Figure 142) the L, and L, points of the three phase
equilibrium and the critical point L,=L, coincide The L.L, two-phase region disappears and the
L,V and L,V two phase regions join in one LV two phase region The LV region shows a
horizontal pownt of nflection at the L,=L, cnucal pomnt At higher temperatures than the
temperature of Figure 14b the L,V region will detach from the axis x=0 (Figure 14c) and at even
bigher temperatures the composition of the L, phase and of the vapour phase of the L,.L,V
equilibrium approach each other At the temperature of the UCEP the L, and V points of the
three phase equilibrium and the L, =V critical point coincide See Figure 14d At this temperature
the L,V two-phase region disappears and the L,V and L,L, two phase regions again join 1o one
LV two phase region Now the LV region shows a horizontal pont of inflection at the L=V

critical point
35 TYPE IV PHASE BEHAVIOUR
The combined P T- and T x projections of a type IV system are given wn Figure 15 In this type

of phase behaviour the three phase equiibrium L.L,V consist of two branches The
low temperature branch shows a UCEP L,=L,V and 1s comparable with the L.L,V equihibrium

Figure 15 Combined P T and T x projections of type IV flud phase bebaviour

that 1s found wn type II systems The high-temperature branch shows a LCEP L.=L,V and a
UCEP L.L,=V and 1s comparable with the L,L,V equuibrium that is found 1n type V systems
Not many binary type IV systems are known but for similar reasons as mentioned for type O
phase behaviour 1t 1s likely that many systems that are supposed to show type V phase behaviour
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1n fact are of type IV and the low-temperature branch of the L.L,V equilibrium 1s masked by the
solidification surface The system carbon dioxide + tridecane (17 18] 1s an example of a system
showing type IV fluid phase behaviour

Since type II and type V phase behaviour 1s combined in type IV phase behaviour the
P x sections at low temperatures are those of type II (Figure 13) and at high temperature those
of type V (Figure 14) However phase diagrams at constant temperature can show two separated
regions of liquid hquid tmmuscibdicy An example of a T x section 1s given 1n Figure 16 At this
pressure the high temperature branch of the L,L,V curve 1s intersected 1n the P T projection The
T x section shows three critical points At low temperature a critical point L =L, 15 the maximum

L1= Lz

AT

X

Figure 16 Type IV fluid phase behaviour T x section at constant P for P(LCEP) <P<P(L=V) _, See
Figure 15

temperature of a L,L, two phase region This kind of critical point 1s called upper critical solution
temperature (UCST) The other L,=L, critical poiwnt 1s the mimmum temperature of a second
L.L, two-phase region, which ends at higher temperature at the L,L,V equiibrium This critical
pownt 1s called a lower critical solution temperature (LCST) The thurd critical point 1s a
liquid vapour critical pownt L,=V

3 6 TYPE IO PHASE BEHAVIOUR

In type I phase behaviour the two branches of the L,L,V equulibrium of type IV phase behaviour
are combined and also two of the three branches of the critical curve that are found for type IV

Only the UCEP L,L,=V remains The P T and T x projection of type I phase behaviour are
given 1n Figure 17 In the example shown the branch of the critical curve that runs from high
pressure to the critical point of the less volatile component shows a pressure munimum and a
pressure maximum An example of this behaviour 1s found i the system propane +
triphenylmethane [19] This branch of the critical curve can also show a temperature mimmum
combined with a pressure munumum and a pressure maxiumum (1 e carbon dioxide + tetradecane
[20]) or only a temperature mmimum (1 e propane + water (21]) or can bave a posiuve value
of (dP/dT), n the critical point of the less volatile component (1 e He + Xe [22]) See Figure
18 Since 1n the latter two types of systems two phase equilibria can exist at higher temperatures
than the critical temperature of the less volatile component these equilibria are often referred to

A1)



as gas gas equilibria The »system He + Xe 1s said to show gas gas equihibria of the first kund (no
minimum critical temperature) the system propane water gas gas equilibria of the second kind
(the critical line passes through a minimum 10 temperature)

Figure 18 Combwed P T and T x projections of type III fluid phase behaviour a Cntical curve with a
pressure maxumum 2 pressure mumumum and a temperature mmmum b Cntical curve with a temperature
mummum (gas gas equbbna of the second kand) ¢ Cntical curve without a pressure maximum and a
temperature minimum (gas gas equiibna of the first kind)

A- /8



At temperatures lower than the UCEP LL,=V the P x sections corresponding to Figure
17 resemble those 1n Figure 14b At the temperature of the UCEP a P x section such as that 1n
Figure l4c 1s found In Figure 19 some P x sections of a system showing gas gas equihibria of
the second kind are shown 1n Figure 20 P x sections of a system showing gas gas equilibria of

the first kind
{(b) p (c}
P () P _— L+ Fl
Vel,

X X X

Figure 19 Gas gas equilibna of the second kind P x sections at constant T a T(UCEP)<T<T_,(L.=V)
b T L,=V<T<TL=V)_, ¢ T>TL=V)

Figure 20 Gas gas equihbna of the first kind P x sections at constant T a T=T(L=V) |
T(a) <T() <T(c)

37 TYPE VI PHASE BEHAVIOUR

Type VI phase behaviour 1s found in systems with specific chemucal interactions 1 e water +
2-butoxyethanol (23] In the P T projection a three phase equuibrium L.L,V 1s found with a
LCEP L,=L,V and a UCEP L,=L,V In Figure 21 the LCEP and UCEP are connected by a
L,=L, cntical curve which shows a pressure maximum Another possibuity 1s the existence of
a second L,=L, criucal curve at high pressure with a pressure mwmimum This phenomenon 1s
called high pressure immuscibility Also the low pressure immuscibility region and the
high pressure immuscibiity region can be combined in one uninterrupted L,L, region [14]
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At temperatures between the temperature of the LCEP and of the UCEP the P x sections
which correspond to Figure 21 resemble those of Figure 14b At the temperature of the LCEP
and the UCEP the P x section 1s like that 1n Figure 14a A typical T x section is shown in Figure
22 At the pressure of this T x-section two separate two-phase regions LV and L)L, are found
The L,L, two phase region 1s a closed loop with a LCST and a UCST

Figure 21 Combined P T and T x projections of type VI fluid phase behaviour

1

L L

L\ZLZ

X
Figure 22 Type VI fluid phase behaviour T x section at P(UCEP)<P< P(L=V) _,

38 INTERFERENCE WITH THE SOLID PHASE

In practice the L,L,V equuibrium in type II systems ends at lower temperature in a four phase
equilibrium S,LL,V, a quadruple pownt With increasing molecular weight of the less volaule
component this quadruple point shifts to higher temperature and even passes the UCEP LL, =V



See also the contribution of Peters (8] The resultis a P T and T x projection as given in Figure
23 Agamn the critical curve shows two branches One branch runs 1n the P T projection from the
critical pomnt of the more volatle component to a point of intersection with a three phase curve
S,LV This point of wntersection 1s called the first critical endpoint of the S,LV equihbrium The
second branch of the critical curve runs from a pownt of wntersection with a second branch of the
S,LV equilibrium to the critical pownt of the less volatle component This intersection point 1s
called the second critical endpoint of the S,LV equilibrium The second branch of this three phase
equiibrium starts in the triple point of.the pure less volatle component and can show a
temperature mumumum as Is the case i Figure 23 As a consequence the curves 1n the
T x projection representing the composition of the liquid phase and of the vapour phase along the

Figure 23 Interference of the solid phase Type III flud phase behaviour The L.L,V curve is masked by
sohd fluid equilibnia

three-phase equilibrium also show a temperature mimmum With increasing pressure the mole
fraction of component 2 1n the hquid decreases as indicated by the arrows wm the P T- and
T x-projection, because component 1 the supercritical fluid will dissolve better at high pressure
The mole fraction of component 2 1n the vapour phase 1s one 1n the triple pownt of 2 but in the
bipary system the vapour 1s at low pressure almost pure component 1 So the vapour mole
fraction approaches zero at low pressure but will increase again with 1ncreasing pressure due to
the increasing density of the vapour phase and as a consequence 1ts increasing solvent power The
melting curve of component 2 S,L, coincides 1n the T x prejection with the axis x=1

This type of phase behaviour 1s displayed by the system carbon dioxide + naphthalene

L
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[24] In the system ethylene + naphbthalene (25] dP/dT of the second branch of the S.LV
equilibrium 1s negative from triple point to second critical endpoint In the system nitrogen +

naphthalene [26] this slope 1s always positive

P a P b p ¢
L L Fl
LS, LS,
V=L
L +L Fl‘sz
Ve
Ve S Q«
% | v '
X X X
P d P ¢ P
V45, v V+$S,
b
L 9 L‘Sz
V.SZ V'SZ
Y ) v q
X X X

Figure 24 P x sections for the phase behaviour shown 1o Figure 23 See text

In Figure 24 a series of P x sections corresponding to Figure 23 1s shown At
temperatures below the cnitical point of the more volatle component (Figure 242) a two phase
region S,V 1s separated from a S,L region a homogeneous liquid region and a LV region by the
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three phase equilibrium S,LV Between the critical temperature of the more volatie component
and the temperature of the first critical endpoint S,L=V the LV region ends at high pressure in
a L=V cntical pont (Figure 24b) At the temperature of this criucal endpount the L pouwnt and
the V pount of the three phase equilibrium cowncide with the L=V critical pomnt The LV region
disappears and the S,V region and the S,L region merge 1nto one solid fluid two phase region
which shows a horizontal point of wnflection at the L=V critical point  As a consequence of this
borizontal pont of inflection the mole fraction of component 2 1n the fluid 1o equiibrium with
S, increases strongly with increasing pressure This strong increase 1n solubility can also be seen
at temperatures higher than the temperature of the first critical endpownt (Figure 24c) The
P x section of Figure 244 1s at the temperature of the temperature munimum of the second branch
of the S,LV equilibrium In the muddle of the solid fluid region region a S,LV equilibrium comes
Into existence At a somewhat higher temperature the S,LV curve is intersected twice 1n the
P T-projection and the solid vapour (fluid) region 1s divided into two parts separated by a LV
region a homogeneous hiquid region and a S,L region (Figure 24e) At the temperature of the
second critical endpoint the L and V pounts of the three phase equilibrium with the highest
pressure coincide 1 a L=V critical potnt (Figure 24f) This pount 1s a pressure maximum of the
LV two-phase region The solid flurd two phase region shows a horizontal point of inflection in
this pomnt now, the mole fraction of component 2 1n the fluid decreases strongly with pressure
For temperatures between the temperature of the second critical endpoint and the triple powunt of
the less volatile component the P x-section 1s given 1n Figure 24g In systems with a negative
value of dP/dT for the second branch of the S,LV curve, also a strong enhancement 1n solubiity
occurs at the temperature of the second critical end point

4 Discussion

In application of near and supercritical fluids principally type I and type I phase behaviour
1s encountered, complicated by the presence of solid phases, although also the other types of fluid
phase behaviour can play a role Since processes with near-critical fluids are often performed 1n
a relatively parrow window of pressure and temperature around the critical point of the
near-critical gas not only liquid vapour and solid vapour equilibria are important, but also
hquid-liquid-vapour and solid liquid vapour three phase equiibria and liquid- liqud and
solid-fluid two-phase equilibria may occur at process conditions Often use 1s made of the strong
enhancement 1n solubility which occurs close to a critical endpoint of a three phase equilibrium
and which can be explained by the occurrence of a horizontal point of 1nflection on the two phase
boundary liquid vapour or solid vapour 1n P,x sections like Figure 14c and Figure 24c

The manufacturing of Low Density Polyethylene (LDPE) 15 frequently mentioned as the
only large-scale chemical process where use is made of the enhanced solubuity of a low volatle
component, 1n this case polyethylene 1n a supercnitical fluid here ethylene It can be questioned
however, if 1n this process use 1s made of the special effects 1n solubuity that occur close to the
critical pownt of the solvent or close to critical endpownts The type of phase behaviour of the
system ethylene + polyethylene 15 of the type discussed 1n section 3 8 {27] and the process 1s
carried out at temperatures higher than 450 K (28] The melting temperature of polyethylene 1s
360-390 K and the temperature of the second critical endpoint 1s lower than 405 K So the
process occurs at conditions 1n the right hand side of Figure 23 while the temperature 1s at least
170 K higher than the critical temperature of ethylene and 45 K higher than the temperature of

the second critical endpoint
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The design engineer 1s often faced with the fact that no or almost no information is
avallable on the phase behaviour of the systems of interest However often 1t 1s possible to predict
the type of phase behaviour from information on other simiar systems For instance in the
family of binary systems of carbon dioxide with n alkanes systematic changes in the type of phase
behaviour occur {14 29] For carbon pumber n 1<n<6 this famuly shows type I phase
behaviour for 7<n<12 type I pbase bebaviour for n=13 type IV phase behaviour and for
14 <n <21 type I phase behaviour For n=>22 the sohd phase interferes in the phase diagram
as discussed 1n section 3 8 In other families stmilar trends are found

If a single P x- or T,x section is available for a certawn system 1t 1s 10 general not possible
to decide what type of phase behaviour 1s displayed by that system because for the different
types of phase behaviour these sections can be very much alike More detaded information on
the course of the critical curve or the nature of critical endpount(s) of the L,L.,V equilibrium curve
Is necessary Knowledge of the basic principles of phase diagrams can be of great help in
completing only pardy known phase diagrams and for detecting experimental errors
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1 [NTRODUCTION

A comprehensive review on experumental methods in high pressure fluid phase equuibria
was presented by Fornar1 et al (1990) and updated by Dohmn and Brunner (1995)

[n the following there s a particular description of experimental methods used in
connections with measurement of solubility in supercritical fluids

We should keep in mind that the understanding of complicated phase behaviour and the
possibility of the prediction of temperature and pressure effects 1s of crucial importance
for the experimentalists As an example a typical solubility behaviour can be presented as
that shown w Figure 1 (Paulaitis et al, 1983) In the vicinity of critical point very small
changes 1n temperature and pressure have enormous effects on solubility The effect of
temperature 1s not so dramatic, but as it can be seen from the same Figure [, there are stiil
problems to deal with. Namely, at relatively low pressure the solubility can fall by over
an order of magnitude when temperature 1s raised which 1s the opposite of the behaviour
at hugher pressures This indicates the sensitivity of the solubility to small changes 1n
temperature and pressure as well as the additional complexity which 1s seen from the
crossing of the curves, which s a result of mutual competition of the solvent density and
solute vapour pressure effects Because of all this, special care should be taken in the
area, close to the critical points, where even small disturbances caused by pumping
pressure or temperature control, may cause changes in the state of the deterrned

systems
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Figure 1 Solubility of naphthalene at 298 and 318 K



Some examples of experimental work are given in Table | The examples are recent and
are rot included u. he azbove ment oned review The abbreviations related to the
experimental techniques and to the analytical methods used are as follows

Experunental techniques

S static
CF contwnuous flow
R recirculation
Analytical methods
SEC supercritical fluid chromatographic
G gravimetric
- SP spectroscopic

- HPLC high pressure liquid chromatographic

Alesst and Cortest (1988) have reviewed the measurements of solubility in dense gases
Although there are different classifications for the methods for determuning solubility in
supercritical fluids (e g analytic and synthetic methods) a recent classification 1s
presented here
- static methods
- dynamic methods - recirculation methods

- flow methods

- saturation (transpiration) methods
- dew and bubble point methods
- supercritical fluid chromatographic methods
There 1s not any general rule for the choice of the method which should be applied to a
certawn problem. All of them have advantages and disadvantages, regarding building up,
handling, consumption of investigated substances, visual observation of the system,
experimental duration, pressure and temperature deterrmunation, low-cost equipment etc

1 STATIC METHODS

A very simple basics of the static method can be seen in the Figure 2 The muxture 1s
placed into an evacuated cell located in a constant temperature bath (usually a hquid or
air bath although metal block thermostats have been used) The content of the cell, at
least two separated phases of different density, 1s brought to equiibrium by shaking,
sturing or agitation and the equilibrium pressure 1s measured The sample remains closed
i the cell and no phase or a part of the system 1s a subject to flow with respect to the
others Because dealing with the closed systems, thus requrres careful evacuation of the
cell and tubing, degassing of the matenals wn order to avoid errors in the reading of the
equilibrium pressure, although the problem s not so crucial as at low pressures

We generally distinguish between two methods when the determumation of composition
of the equilibrium phases 1s taking place

In the first method, known amounts of pure substances are wntroduced wnto the cell, so
that the overall composition of the muxture contatned in the cell 1s known The
compositions of the coexisting equilibrium phases may then be recalculated by an
iterative procedure from the known overall composition and equilibrium temperature and
pressure data, provided that at the system state conditions the pressure volume-



Table 1

Experimental techniques for supercritical fluid phase equilibria.

Authors

Solute

Method/A
nalysis

T (K)

P(bar)

Nakatan: et al 1989

1991

Indole 3-Aldehyde Indole 3
Carboxylic  acid 2 Merca
ptopyrimidine 2 Chloro-
pyrimidine 5 Aminowndole 5
Hydroxyindole 4 Hydro-
xypyrimidine 2 Aminopyra zine,
Oxindole Pyrazine 2 carboxylic

acid

S SFC

308

63 198

Liong 1991 Liong et al
1992

Arachidonic acid (C20 4) Ethyi
ester (liq) Eicosa trienoic acid
(C20 3) Ethyl ester (liq) Oleic
acid (C18 1) Ethyl ester

CF G

313 373

90 250

Hamdi etal 1991

Copper acetylacetonate Banum
hexafluoroacetyl acetonate
Yttrium acetyl acetonate, Yttrium
hexa fluoroacetylacetonate

CF G

423453

120 220

Schmitt and Reid, 1988

Brassylic  acid, D1 N-dode-
cylamme Dt N dodecyl amine
(hq) Didodecyl phosphine
Didodecyl thoether (lig) Dioctyl
ether (liq) Docosane (liq) Eico-
sane (lig) Nonadecane (liq)
Nonadecanenitnile  (liq) 2
Nonadecanone (liq) Octa-decane
(hq) | Octadecanol
Octadecylmercaptan (),
Squalane Stenc acid, Tetra-
cosane Tetracosane  (liq)
Trihexylamme  (liq), Tnoct
ylamine Tnoctylphosphine (liq)
Trioctylphosphine oxide (liq)
Triphenylamine

Triphenylphosphate
phenyphosphine

Tn

CF G

110-364

150-364

Cygnarowicz et al 1990

B-Carotene

R, SP

313 343

212439

Sakaki 1992

B Carotene

CF SFC

308-323

99 298

Yunetal 1991

Cholesterol

CF G

313 333

100 250




Table 1

!

~athors

(continued)

Solute

Method/A
nalysts

T

T
P(bar)

Laintz etal 1991

Cobalt  diethydithio-carbamate
Co(DDC); Co-balt
(trfluoroethyl) dithio-carbamate
Co(FDDC), Copper
diethyldithiocarba mate
Cu(DDC) Copper
(trifluoroethyl) dithiocarba mate
Cu(FDDC), Bismuth
diethyldithiocarbamate

Bi(DDC); Bismuth
(trifluoroethyl) dithiocarba mate
Bi(FDDC), Nickel
diethyldithiocarbamate Ni(DDC)
Nickel (tnfluoroethyl)
dithiocarba mate Ni(FDDC)
Sodium  diethyldithiocarbamate
Na(DDC) Sodium
(tnfluoroethyl) dithiocarba mate
Na(FDDC)

S Sp

323

101 153

Mitraetal 1988

Dibenzothiophene Naphthalene

CF G

309 338

75-277

Bartle et al 1990

Fluorene Phenanthrene Pyrene

CF CR

308 328

78 254

Kramer and Thodos 1988

| Hexadecanoic acid, I-He-
xadecanol 1 Octadecanol Steric

acid,

CF G

318-338

140 575

Iwatetal 1991

1 He-
26-

| Hexadecanoic  acid,
xadecanol 2 5-Xylenols
Xylenols Tetradecanoic acid

CF G

308

74-267

Gurdial and Foster 1990

o-Hydroxybenzoic  aad, p-
Hydroxybenzoic acid

CF G

308 328

81409

Sako et al 1988 1989

Indole 5 Methoxywindole

S SFC

308

54 208

Warzinski et al 1992

Molybdenum Hexacarbonyl

SO

313-333

78 116

Maxwell etal 1992

Monensin, Sabnomycin Narasin

R, SP

353

141408

Schaeffer etal 1988

Monocrotaline

CFG

308 328

89-274

Koetal 1991

Penicillin V

CF SP

315-335

80 280

Wells et al 1990

Phenylacetic actd, Vanillan

CF G

308-318

83 195

Billont et al 1988

Vanillan

CF HPLC

315 329

80-200

B- &
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Figure 2 Principle of static method

Figure 3 The scheme of a recirculation apparatus




temperature (PVT) belatiour as a function o *hc ~c nposition s known to a sufficient
accuracy 1n the form of a mathematical model for all the phases present in the system.
This 1s very difficult to achieve when dealing with systems at high pressures Here the
need anises for additional experumentally determuned information One possibility 1s the
determination of the bubble or dew powmnt either optically or by studying the pressure
volume relations The matn problem associated with this method is the preparation of the
mixture of known composition in the cell

The second method is employed more frequently In this case the iutial overall
composition of the mixture charged mnto the cell 1s established only approximately just to
pre determune the location of the measured equilibrium data point in the phase diagram
The major difficulty with this method lies in withdrawal of the samples of the equtlibrium
phase or phases from the cell without disturbing the system equiltbrium and with their
transport to analytical devices Thus 1s usually accompanied by the depressurization but
any changes in the homogeneity and composition of the phases must be avoided

The advantage of the static method 1s that only small amounts of substances are needed
for determimations A sumple apparatus was developed in the nineteen-fifties (Depen and
Sheffer (1953)) and since then the method has become widespread and employed for
many purposes (Chrastil, (1982) Hollar and Ehrlich, (1990)) It should be pownted out,
that the method could be used for measurements of relatively good soluble substances,
while 1t can be very wnaccurate for low soluble substances

2 RECIRCULATION METHODS

These methods were developed from the static methods The mam part of the
recirculation apparatus is a thermostated equilibrium cell The scheme of the recirculation
apparatus 1s shown in Figure 3 It can be seen, that the equulibrium cell has the facility for
mechanically driven circulation through external loop(s) of either the lighter (1€ the to p)
phase or the heavier (the bottom) phase or of both phases Magpnetically operated high-
pressure pumps usually achueve the circulation

The reason for introducing the external circulation of phases 1s to achieve more efficient
equilibrating of the phases through stirring and contacting and thereby to improve the
process of equilibration and to reduce the tume required Another reason is the facilitation
of the sampling After the equilibration has been achieved, the phases circulated through
an external loop 1n a steady state regime already represent a separated equilibrium phase

A portion of such a phase may be trapped m a sampling cell and taken for analysis or the
phase may be temporanly circulated through an in-line sampling loop such as an
injection valve and then analyzed off-line On line analysis can also be performed in this
case without disturbing the phase stream in the circulation loop

The following 1s a typical experimental procedure After purging and evacuating the
equipment, the cell s loaded with the muxture of roughly known composition and
pressurized by pumping in the solvent to a deswred pressure value The operation of
magnetically driven pump(s) 1s started and one or two phases are recirculated so that the
hghter phase exits the cell at the top and is returned at the bottom, bubbling through the
heavier phase, whereas the heavier phase leaves at the bottom and returns at the top of the
cell being sprayed winto the lighter phase The process of approachung equilibrium s



followed by examining the stability of pressure and sometumes of density and/or
womposition After approxumately 10 to 'S munu'ss, the cquilibr umr <tate 1s reached and
the phases are sampled and analysed

The system examined 1n a recurculation apparatus is stul a closed thermodynamuc system
and so the Limitations and precautions related to this feature, particularly the degassing of
the systém mentioned i1 Static method section, have to be observed

[t should be noted that problem associated with sample withdrawal arises here, namely
the danger of entranment of droplets or bubbles of a second phase with the circulated
stream of the phase to be sampled for analysis

The method was first described in the beginning of the seventies (Besserer and Robunson,
(1971) The great advantage for thus method lies n visual equilibrium cells The necessity
to observe the phase behaviour becomes more tmportant as the complexity of the

behaviour of the investigated systems increases

3 FLOwW METHODS

In the nomenclature adopted here flow methods are considered the class of experimental
techniques, 1n which a pre heated muxture of constant and only approximately known
overall composttion continuously flows to the equiibrium cell, wherewn 1t separates into
two phases differing in density The separated single phases then continuously flow out
of the cell (lighter phase at the top, heavier at the bottom) and are sampled for analysis

FEEDING SECTION SEPARATION AND SAMPLING
, SECTION - -
DENSABLZ
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1 I
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_____________ ——- - PRESSURE
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Figure 4 The schcrne\ofa flow apparatus



Flow methods are employed for systems contauning thermally unstable compounds and
reacting systems The main reasons for designing this technique 1s to reduce the ume
required to attan the required state conditions and to reduce the residence tume of the
studied mixture in the high temperature compartment of the apparatus

The scheme of thus type of the apparatus i1s shown in Figure 4 High-pressure pumps are
used to deliver 1n a contnuous manner the components tn a fluid state to form a steady
muxture stream of constant composition at a deswred pressure The stream passes through
a pre-heater where 1t approaches the desired system temperature and then 1s fed wnto an
equilibrium chamber The function of this part of the apparatus is to immediately separate
the two coexistent fluid phases differing wn density For a given feed, the samples of
equilibrium phases to be analyzed can be collected in sufficiently large amounts and quite
rapidly The possibility of getting samples of large enough size (depending on duration of
the sample collecting period) is particularly valuable for investigations of dilute regions
The flow technique 1s applicable to systems where the equilibrium phases as well as the
pure components are fluids at all conditions encountered in the flow system of the
expertmental set-up So this techruque s also applicable to hquid-liquid equilibrium
systems provided that the difference in densities of the equilibrium phases 1s sufficiently
large

The disadvantages of the flow method are relatively large consumption of the studied
substances and the fact that pressure fluctuations may be a problem, which makes a
precise pressure control more difficult when compared to other methods

This type of experimental equipment was described in detail in the late seventies
(Simnick et al, (1977)) Here some articles to cover this subject can be mentioned (Iwai
et al (1989) Iwaiet al. (1990) Barber et al (1991) Jenmngs et al (1991) Weng and
Lee (1992))

4 SATURATION (TRANSPIRATION) METHODS

This 1s perhaps the most frequently applied technique for determuning the solubility of
solids and highly viscous heavy liquids in supercritical solvents The principle ot this
class of methods 1s quite sumple as shown in Figure 5 In the saturation techmique the
nonvolatile, heavy phase 1s loaded batchwise 1n a saturator, or 1n a battery of two or even
more saturators connected in series and remains there as a stationary phase during the
experiment [n most cases the saturator has the form of a packed column.

Under a measured constant pressure a steady stream of supercritical fluid passes through
a preheater where 1t reaches the desired system temperature Then 1t 1s continuously fed
to the saturator at 1ts bottom, 1t strips the solute of the stationary heavy phase residing 1n
the column and, saturated by the solute 1t leaves the saturator at its top

The solubility of the heavy phase in supercritical fluid may be determined either by a
direct sampling and analysis of the effluent stream or from the total volume of gas (Le of
supercritical fluid after expansion) passed through the saturator and from the known mass
of solute extracted dunng a sample collecting period To this end, the effluent stream 1s
expanded from the experumental pressure to atmospheric pressure across a metering
valve then it passes through a cold trap where the extract 1s quantitatively precipitated or
condensed, and finally 1t proceeds to a dry test or a wet test gas meter or other device



where the total amount of the passed gas 1s measured The amount of extracted solute 1s
usualiy letermned by veighing the sam p.. collcsted  the cold frac

A
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O ‘ T exmacTor
gQiNDER SURGE - TANK
COMPRESSOR
Figure 5 The scheme of a saturation apparatus

The method 1s applicable only to two phase systems Since only the supercritical fluid

rich effluent phase 1s sampled, the composition of the equilibrium heavy phase cannot be

determuned But there are some pitfalls in thus technique, which the experimentalist

should be aware of

- the danger of unnoticed phase changes occurring 1n the saturators they can be avoided
by using a view cell

- necessity to avoid any entrainment of the particles or drops of the stationary heavy
phase with the stream of the supercritical fluid rich phase by using a filter
the saturation of the supercritical fluid rich phase with the solute can be achueved by
adjusting the flow rate

- necessity to avoid the precipitation or condensation and subsequent deposition of the
extracted solute from the effluent stream during the expansion in the metering valve
and also in the section of tubing before the stream reaches the collecting trap
Weighing the valve can overcome this problem.

As mentioned before the saturation method 1s by far the most often used technuque for

determuning the solubility of low volatile solutes in supercritical fluid solvents ongnally
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used 1n the late fifties (Prausmitz and Benson, (1959)) From then a lot of authors had
employed this kind of weclin que . therr mive tigations (Czvoryt et al (1970, Van Leer
and Paulaitis (1980) McHugh and Paulaitis (1980) Johnston et al (1982) Masuoka et
al (1982) Kurmik and Reid (1982) Kim and Lentz (1988) Kramer and Thodos (1988
1989) Dumutrelis and Prausnitz, (1989) Tsai and Yau, (1990) Lemert and Johnston,
(1990) Suzuki et al (1991) Gurdial and Foster (1991) Iwai et al (1991) Yau and
Tsat (1992 ab), Mon at al (1992), Madras et al (1993), Reverchon et al (1993c¢)

Macnaughton (1993))
<

5 DEW AND BUBBLE POINT METHODS

These methods are normally employed for the complete measurement of the phase
behaviour although important examples of application of the method are also found n
the literature for the direct determunation of the solubility 1n dense gases as a function of
pressure and temperature

In the dew and bubble pownt method a muxture of known composition 1s 1sothermally
expanded or 1sobarically heated until a phase change is detected In the dew and bubble-
powmnt method the wvisual location of a phase transition 1s used a pressure value 1s
established at which the composition of one of the present phases is equal to the known
total composition at a given temperature

The usual way of determuning dew and bubble points at high pressure 1s the following

the sample volume or pressure 1s varied by tmection or removal of mercury and the
saturation point 1s visually observed as a phase formation or disappearance Bubble
points can sometimes be detected as a break point 1n a pressure versus volume curve The
relative large sample volumes that are used in such cells make the re-establishment of
equilibrium tume consuming after a temperature or pressure change and the visual
detection technique 1s 1n itself operator deperdent and difficult to automate

The main advantage of the method is that no sampling and analysis are required

The main difficulty in running the apparatus lies 1n the preparation of a mixture of known
composition in the cell

As mentioned before the solubility in dense fluid is rarely the only data measured with
this group of apparatus The example of measuring the solubtlity data by this method 1s
reported (Fall and Luks, (1984))

6 SUPERCRITICAL FLUID CHROMATOGRAPHY

Thus approach 1s very promusing because chromatographic measurements are rapid,
require little amount of solute and inherently separates impurities from the solute This
method 1s not used only for determunation of solubility data, but also for determunation of
cosolvent effects in the solubihty of orgamic in supercritical fluids, and for the
determunation of partial molar volumes at infinte dilution, etc

The principle of operation of supercritical fluid chromatograph is very simple The
supercritical fluid flows at high pressure through a column m whuch the stationary phase
1s loaded The solute 1s injected at the beginning of the column and it 1s distnbuted
between the mobule and the stationary phases



Major disadvantage of the method 1s that solubility data can not be actually measured but
snould be calculated ©nr calculating ~ wbility m supercriticat “laids the following

Fquation can be used
S=C/k (D

where S 1s the solubility (per urut volume) k 1s the chromatographic capacity factor and
C 1s a constant for a particular column, solute and temperature Solubilities in
supercritical fluds may be achieved in favorable circumstances more rapidly than by
conventional methods, provided that the constant C in Equation 19 can be determined
Five possible methods for achieving constant C are available (Bartle et al. (1990a))

from the vapour pressure of the solute

from at least one solubtlity measured by other methods at the required temperature

from solubility measurements obtawned by other methods at two temperatures at least

close to the required temperature

from solubilities obtained by other techniques in another supercritical fluid

from solubilities 1 liquids by comparing the retention in supercritical chromatograph

and high pressure liquid chromatograph with the same solute and column
Examples of the use of this techmque for determuming solubility in supercnitical fluids are
reported by (Sako et al, (1988), Bartle et al , (1990a,b))
The experimental methods for determining solubility data are numerous and the choice
for using one of them depends mainly on the system to be investigated Regardless the
techniques that are used, it i1s wmportant for the experimentalist to perform the
experiments with a great deal of care, since a wide variety of phase behavior can occur at
hugh pressures However 1t is possible to reduce the amount of experimental work on
supercritical fluid-solute systems by modeling the resultant phase behavior

61 DETERMINATION OF PARTIAL MOLAR YOLUMES

Among the thermodynamic properties that can be measured to understand the behavior of
mixtures tn the vicinity of the critical pownt, partial molar volume is important tn
describing the pressure dependence of the fugacity coefficient (and consequently
solubility), which 1s the basis for many separation processes The large negative partial
molar volumes of solutes at infimite dilution 1n SF physically indicate a large volume
decrease when a molecule of a solute 1s added to the pure solvent

Using classical methods or using SFC may perform measurements of partial molar
volumes Generally speaking the experimental methods employed may be roughly
divided n two categories direct and indirect methods The direct methods are normally
based on density or volume determunations and the partial molar properties are derived
directly from their definittons This group of methods requires very precise measurements
and special care 1s needed when operating 1n the viciuty of the critical pomnt

Indirect methods are all based measuring the variation of a given equilibrium property
(e g, solubility, K factor) with pressure In thus respect the deterrnation 1s easier, but
requires a very accurate method for the determunation of the equilibnum property over a
wide range of pressures, since the partial molar property s obtaned from a slope
measurement
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A possible choice for experimentally determuning thermodynamic properties and partial
molar noperties is tnverse Jhromatography which has beer widely used at low to
moderate pressures Supercritical fluid chromatography (SFC) may be used at high
pressure wn almost the same fashion as inverse chromatography This techruque has
several advantages with respect to static or dynamic methods for the determination of
thermodynamic properties n the viciuty of the critical pownt small quantities of the
solute are required the method 1s rapid and 1t uses standard equipment

Among others, van Wasen and Schneider (employed supercritical fluid chromatography
to determune V™ of naphthalene and fluorene 1n supercritical CO, based on an adsorption

retention mechamism. The same approach has been used also by Erkey and Akgerman
(1990) who calculated the partial molar volumes of naphthalene at wnfinite dilution
supercritical CO7 Shum and Johnston (Shim and Johston (1991)) used SFC to measure K
factors partial molar volumes and partial molar enthalpies of naphthalene and
phenanthrene in supercritical COy

K factors (partitition coefficients defined as the ratio of the concentration i the hiquid
over the concentration in the fluid phase) have been determined by Olesik (Olesik et al
(1987))

The theoretical background for applying the SFC techmque for the determuination of V= 1s
briefly reviewed n this section According to standard chromatographic terminology, the
capacity factor &, 1s defined (per unit of bed volume) as follows

t —1t
k=i @)
tO
where ¢, 1s the retention time of component 7 and ¢ 1s the retention time of an unretained

solute The capacity factor 1s related to the equilibnium compositions m the mobile phase
(¥) and n the stationary phase (x) through the relationship

xVy,
k =—= )
YVov,
where ¥y, and V; represent the total volumes of the mobile and stationary phases
respectively, and v,, and v are the molar volumes

If the fugacity in each phase 1s expressed by means of the well-known relationstup
fi=x¢P 4
at equiltbrium

14
k = _.¢"' sVm (5)

¢uvm v.‘

The effect of temperature and pressure on k, are given by the following derivatives
expressed in terms of partial molar quantities (i the hypothesis of infinite dilution)
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where « 1s the mobile phase isothermal compressibility and S the isobaric thermal
expansion coefficient All the dervatives are taken at infinite dilution of the solute

The derivative of the capacity factor with respect to the density s expressed still at
infinite dilution, by the followng relationshup

(%) () (5
=| 2| | Pk ®)
dp ), \dp) \ RT

Transformuing the above expression we achieve

(aMk) z(am—z,_q o)
dinp) . \ RTx

Near the solvent critical poimnt v~ 1s much larger than ¥ and consequently the latter can
be neglected, thus giving the following relationshup

(am&) :-b—lﬁJ (10)
dlnpJ, RTk

This equation has been derived by Clumowitz ( Chumowitz and Kelley (1989)) on the
basis of theoretical developments of Kumar (Kumar and Johnston (1988)) and 1t 1s
strictly valid only very close to the solvent critical point Rearranging this relationstup the
partial molar volume can be easily obtained The behaviour of the denvative in Equation
28 with density, in the regime of interest s determined by the variation of the ratio of the
partial molar volume and isothermal compressibility with density It has been shown
(Kumar and Johnston (1988)) that on the cntical 1sotherm, very close to the solvents
critical point, this ratio 1s independent of density since both, the partial molar volume and
the tsothermal compressibility, have the same scaling

However by looking at the different terms of this equation, 1t appears that the denvative
strictly depends upon the properties of the mobile phase (&) and of the muxture of the
solute and the mobile phase The derivative 1s independent of the stationary phase used
and this can be confirmed using data reported 1n literature (Jinno and Numu (1988))
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Figure 6 illustrates retention data of naphthalene at 313 15 K as a function of density for
¢ eraldifferer stationary ph~ses (Jmno and Nuu (1988)) and the paraile! lires indicate
that the derivative 1s independent of the stationary phase

Equation 10 s stnctly valid only mn proximity of the critical pownt However, Chumowitz
(Chumowitz and Kelly (1989)) presents capacity factor data and conclude that the linear
relationship 1s still valid across a broader range of conditions and not only along the
critical 1sotherm

Since « 1s a function of the pure mobile phase and it 1s easily calculated from
experimental data for pure CO9, isothermal capacity factor data at different densities can

be successfully used for the deterrunation of the partial molar volumes of the solute 1n
the mobile phase The partial molar volumes of naphthalene in supercritical COo were

calculated on the basis of the above mentioned theory using published retention data The
results obtained are ilustrated in Figure 30 and are in good agreement with existing
partial molar volume data (Cckert et al (1986))

The experimental uncertainty of the reported V- data has been estimated as 15% Thus
value 1s calculated using statistical analysis of the experimental data and taking tnto
account the uncertainties wn the direct measured variables This is 1n agreement with the
accuracy of other experimental determinations of partial molar volumes

A comparison with literature results may be done for the benzaldehyde - carbon dioxide
system (Foster et al (1989))

Figure 8 shows the data measured at University of Trieste (at 313 15 K) compared with
literature results at 314 95 K (graphucal data only) The agreement i1s good considering
the difference 1n temperature (1 8 K) of the two sets of data.
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Figure 8  Comparison of the V=data for benzaldehyde (the line represents data
measured with SFC the symbols are literature data)
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Figure 9 illustrates the measured partial molar volume data for a senes of normal alkanes
ranging from hexane to hexadecane as a function of pressure in the vicinity of the critical
pomt As expected the absolute magmitude of the partial molar volume increases with
increasing carbon chain length.
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MODELING PHASE EQUILIBRIA

The goals of the modeling are both to correlate the existing data and to attempt prediction
of phase equilibria in regions where experimental results are not available An ideal
model would use easily measured physical properties to predict phase equilibria at all
conditions and it would be theoretically based Unfortunately no such model exists, and
any single model cannot treat all situations

Existing correlations of phase equilibria data contain many regressed parameters they are
often semi-empurical and they may succeed i fitting the data in portions of the phase
diagram even with hugh accuracy As far as prediction s concerned, models developed
for that purpose attempt to justify theoretically a link between the model parameters and
real physical phenomena. Often the distinction between these two methods is lost, since
theoretically based models are forced to fit the data better by the wtroduction of
additional adjustable parameters (Ekart et al , (1991))

The critical review of existing approaches for modeling supercritical mixtures 1s
presented by Johnston, (1989) The general conclusion is that modeling s stil case
specific As the critical point 1s approached predictions and even correlations of critical
curves and solubtlities are extremely difficult because of the nonclassical behavior n this
region Another problem in prediction concerns the effect of cosolvents on solubilities
since the strength of various interactions between the cosolvent and solute must be taken
nto account

The models introduced 1n predicting equilibria in the supercritical region can be manly

divided 1n the following groups (Ekart et al, (1991))

equation of state approach - cubic equation of state
- perturbation equation of state

lattice gas equation of state

association models
- expanded liquid treatment

computer simulations

The most widely used method for analyzing supercritical fluid equilibria data are cubic
equations of state They are quite sumple, they can correlate supercntical fluid phase
behavior, cubic equations can be rapidly solved analitically, they can be also easily
extended to multicomponent systems Due to the approximated and somewhat empurical
basis of the equation, muxing rules are crucial in the determining the quality of the model

1 CUBIC EQUATIONS OF STATE
11 PURE FLUIDS

The earliest cubic equation of state is the van der Waals equation

-7 (M

In thus equation the constant b 1s the excluded volume that 1s that part of the molar
volume which i1s not available to a molecule due to the presence of others This
contribution ncreases the pressure above that for an ideal gas at the same density and

c-/



temperature The second term on the right which van der Waals took to be independent
of temperatur= 1s due to attra.t se forces and decreaces (ke pressure We can define an
accessible or free volume v¢ as the difference between the total volume and the excluded
volume, that s, vi=v-b

There remamn the questions of how to determune the parameters in thus (and other)
equation of state There are two alternatives The first 1 to choose the parameters to fit
vapor pressure and hiquid or vapor density With the van der Waals equation, n which the
parameters are constants, this can be done only at one tumperature, for the equations we
discuss below with parameters that are a function of tumperature, this 1s done over a
range of temperatures The second way 1s 100 fit the paramcters to the critical pont using
the critical pomnt conditions

A very large number of other more accurate cubic cquations of state have been
suggested

An mmportant modification was made by Redlich and Kwong (1949) who introduced a
temperature dependence and a shightly different volumc dependence in the attractive

term
p= RT _ a
v—b \ﬁ'_v(v+b) @)

This equation gives a somewhat better crtical compressibility (Ze = 0333 instead of
0375 given by vdW equation) but ts still not very accurate for the phase bondary (vapor
pressure) and the liquid density

Wilson (1964) changed the temperature dependence of the attractive parameter in
Redlich-Kwong equation by writing

p= RT a.a
v—b v(v+b) ()
with
1

where ® 1s the acentric factor (Pitzer 1955, 1977) defincd as

P(T,=0T)
P

c

o =-log 10

However, 1t was Soave’s modification (1972) for the o parameter

a(Tr)=[1+(0 48+157w -0 176&)2)(1—\/71'7)]2 (5)
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resulting in accurate vapor pressure predictions (especially above 1 bar) for hght
nydrocarbons, v hich led cubic equatnns of state necomung an umpo-tant tool for the
prediction of vapor-liquid equilibria at moderate and hugh pressures for non polar fluds

Peng and Robunson (1976) used a different volume dependence to give slightly tmproved
liquid volumes (that 1s Zc = 0 307)) and changed the temperature dependence of @ to give
accurate vapor pressure predictions for hydrocarbons in the 6 to 10 carbon number range

as follows

RT a.a
_ < 6)
v-b v?+2bv-bt (

P=

with

@ =[1+(0.37464 +1 542260 - 0 26990 )(1 - T>*

Many other a functions have been proposed and a representative sample 1s given n Table
!

Table 1 Temperature Dependence of a Function.
a =1 +c,(l—T)+c(\—7£~— l) Sove (1984)
a=1l+c(l - VT)+c(l = T) Carnier et al (1984)
a = [l +c(l = VT) +c¢ (-;: - l>J Harmens and kaapp (1950)
a=[l+c,In(T)+c(InT)] (T > 1) Harmens and knapp (1930)
a=(l+c(l=VT)+c(t =TNOT - T)] Matiuas (1983)
a=[l+c~+ct + ] where- =1 - VT Mithias and Copeman (1983)
a=(l+c¢c7+cm +cyP|wherer =1 - T- Androulakis et al (1959)
a = T ~Dexp[e(l = T<))| Twu ceral (191)
@ = explc(l ~ T )] Fleyen (1950)
a = [(fer=T1l Ad chi and Lu (1984)
a = (Ol «T  Taa Yu wnd Lu (1957)
a=eple(l =T) +c(l - \/Ty| Melhem et o (19N9)

The Peng-Robinson (PR) and SRK equations are widely used since they require little
input information (only critical properties and acentnc factor for the generalized

\



tume ’These equations have also some important

parameters) little computer
shortcornungs 'n partcutar '+ J densities ac€ not well predicted the generalized

parameters are not accurate for nonhydrocarbons (especially polar and associating fluids),
and these equations do not lead to accurate predictions for long-chain molecules On top
of this these equations are not accurate in the critical region and vapor pressure
predictions are not very accurate below 10 torr

A clever method of improving the saturated liquid molar volume predictions of a cubic
equation of state was introduced by Peneloux et al (1982) by translating the calculating
volumes without changing the predicted phase equulibrium The volume translation v—c
+cand b— b+c apphed to the RKS EOS leads to

RT a.a )

T v-b (v+c)(v+b+2c)

where the volume translation parameter c is chosen to give the correct liquid saturation
volume at some temperature usually at a reduced temperature T, = T/Tc =07 which 1s
near the normal boiling powmnt Making ¢ a function of temperature 1t 1s possible to
improve further the densities
So far the discussion has centered on the general behavior of cubic equations of state The
region around the critical pount of a fluid or muxture 1s one where cubic equations of state
are wnherently waccurate Among therr shortcomungs s the failure to obey the following
(and other) scaling laws approaching the critical pount
o Along the saturation curve

lumr_re (v - vo) ~ (T - To)’ and

hmrote (V' - vo) ~ (T-T) with =032+ 001

where the subscripts g and | indicate the vapor and liquid phases respectively
o Along the critical 1sotherm,

lm e [P-Pe | ~(v-v® with 5=48+02
These laws have been derived from theory and venfied by experiment In contrast all
classical equations of state give 3 = 025 and & = 3 0 independent of the values of the
parameters 1n the equation. As a consequence we can conclude that 1s the functional form
of the equations which 1s incorrect 1n the critical region Also real fluids exhibit a
diverging specific heat near thewr critical pownt which 1s not predicted from a cubic
equation of state

1 2 EXTENSION OF CUBIC EQUATIONS OF STATE TO MIXTURES

The greatest utility of cubic equations of state 1s for phase equiibrium calculations
involving muxtures The assumption wnherent n such calculations s that the same
equation of state used for pure fluid can be used for mixtures if we have a satisfactorv
way of obtaining the muxtures parameters This 1s most commonly done using the van der
Waals one-fluid mixing rules,

a= ZZ%Z:Z, )
¢y



b- ZZDUZ:Z/

[n addition, combuning rules are needed for the parameters a, and b The usual combining

rules are
a,= ‘/auaﬂ (l—k,/)
(b, +5,)
= — (]~
and b 2 a y) (10)

where k; and |, are the binary interaction parameters obtained by fitting equation of state
predictions to experumental vapor-liquid equilibrium (VLE) data for ki or VLE and
density data for k, and I, Generally, 1, 1s set equal to zero, in which case we have

b=Zx by
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Figure 1 Correlation of VLE data of CO, [sobutane systern with PR EOS
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Tne astification fo- the combining ule for the a paranie is abt 1t 1s related to the
attractive forces, and from ntermolecular potential theory the attractive parameter in the
intermolecular potential for a mixed interaction 1S given by a relation ke the first of
Equation (10) Sumlarly, the excluded volume or repulsive parameter b would be given
by the second of Equations (10) if molecules were hard spheres Since most molecule are
nonspherical and do not have only hard interactions and there 1s not a one to-one relation
between the attractive part of the intermolecular potential and a parameter tn an equation
of state consequently these combining rules do not have a nigorous basis and other has
been proposed

[n Figure 1 some results obtained correlating high pressure vapor hquid equilibrium data
for the carbon dioxide - 1sobutane system using Peng Robwinson equation of state and
classical vdW muxing rules are reported In this case only a single binary parameter was

fitted to the experimental data
In Figure 2 sumlar results are reported for the system nitrogen - n butane always with

Peng Robinson equation of state
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A shortcorung of hic vdW one-fluid (or classical) mixing rules s that they ore applicable
only to muxtures of relatively moderate solution (in contrast with PvT) non-ideality
Starting from the following relation between the excess Gibbs free energy of muixing, G,
and fugacity coefficients calculated from an equation of state

G = RT(ln ¢ — > xln d>,> (I

where ¢ and ¢, are the fugacity coefficients of the solution and of the pure component 1
calculated from

la & L (ﬂ—P>dv—[nZ+(Z—l)

-7\ 0

it 1s possible to show that for a binary mixture, using vdW EOS, we can obtain

v

G _ /P v/,
a7 = 0 (&7 (] ,,>

— Lt ( o a b,
Rr(‘xbu —x5 )Y\ 0, vV b
: \/a‘la_(l = A )

=

Vo T Ed (13)

The excess Gibbs free energy computed using the vdW cubic equation of state and the
vdW one-fluid muxing rules contain three contnibutions The first, which s the Flory free-
volume term, arises from the hard-core or free volume terms 1s completely entropic 1n
nature The second term 1s very similar to the excess Gibbs free energy in regular solution
theory The third term 1s sumular in form to aterm, which appears m augmented regular
solution theory The conclusion, then, 1s that the combination of a cubic equation of state
with one fluid mixing rules can only reperesent muxtures which have approximately the
same moderate degree of solution norudeality as can be described by regular solution
theory

Since many muxtures of interest in the chemucal industry extubit much greater degrees of
nonudeality and have traditionally been described by activity coefficient (free energy)
models Huron and Vidal (1979) dictated which solution model they wanted an equation
of state/mixing rule combination to represent and then used Equation (11) to develop the
mixing rules that produce this result They asume that G¥ 1s independent of pressure
(whuch 1s an incorrect assumption) and then equating the excess free energy and equation
of state results at infinite pressure thereby ensuring that a liquid root of the equation of
state was being used However since



(@s

ch =Acx+ P VCX (14)

for G to remarmn finite at wnfinite pressure V™ must be zero wiuch requires that vdW
muxing rules of Equation (9) for the b parameter be used The muxing rule for the a

parameter then s

o= b {Z 3 (S) - oG J (15)

where o 1s a numerical constant which depends on the particular equation of state used
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This muxing rule when combined with the Wilson or NRTL models gives excellent
results for descnibing some highly nonideal systems

Figure 3 reports some results obtained with Peng Robinson EOS and Huron and Vidal
approach (NRTL model for excess free energy) It i1s necessary to pownt out that the
results reported 1n the Figure 3 were obtawned by fitting individually each isotherm and
consequently obtaining three parameters per each isotherm.

However the Huron-Vidal mixing rule has some theoretical and computational
difficulties The mixing rule may not be successful 1 describing non polar hydrocarbon
mixtures and this i1s a problem when a multicomponent mixture contaimns both polar and
nonpolar components since all species must be represented by the same muxing rule
Another theoretical deficiency of the Huron-Vidal muxing rule 1s that it does not satisfy
the quadratic composition dependence required of the second virial coefficient Further 1t
1s necessary to remund that the numerical values of parameters of the excess free energy
model used in the muxing rules are not the same as those obtained whn correlating data
directly with the activity coefficient model
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Some effort has ben directed toward relaxing the infinite pressure lmit i the Huron-
Vidal mode' (Michelsen 1970a, 1990b) the most cacccssful of these 1s the modified
UNIFAC group contribution method to make predictions wn absence of experumental data
(MHV2 model)

The model uses the SRW equation of state and the Huron-Vidal approach but with the
equation of state and excess Gibbs free energy models matched at liquid density and zero
pressure at the temperature of interest One difficulty in removing the infinite pressure
(and v = b)) assumption 1s that then volume appears in Equation (11) through the fugacity
coeffcient expression this can lead to computational difficulties that require empirical

extrapolations
Figure 4 and 5 report as an example some results obtained by the MHV2 model applied

to ethanol-water and acetone water mixtures

60 - / ¢ Exop
- . — MHV?2
€]
o /
- ]
a. ﬁ‘/
40
€))
S
:
) P ) '”'"’G\h_
%)
D) * - T =473 K
— 20; H/,
an »—
‘/,’-,———————.—. > >ty - 28
r——‘“‘"” T =423K
0
00 05 10

Mole fraction acetone

Figure S Pxy diagram for acetone - water using modified UNIFAC with the
MHV2 mixing rule

c-/0

J



Recentlv Soave and al (1994) have mvestigated the use of infinite dilution activity
coefficiznts 0 aefine paramc ers of the nodhich-Kwong cquation of state vith the Huron-
Vidal mixing rules the model using a gruoup contribution expression of the UNIFAC
type 1s able to predict vapor-liquid equilibria for 2 number of significant systems
including strongly polar components

Wong and Sandler (1992) have recently developed a promusing new muxing rule which
produces the desired EOS behavior at both low and hugh densities without being density
dependent uses existing G™ parameter tables This new muxing rule s based on the
following observations The first is that in order to ensure the proper composition
dependence of the second virial coefficient the following condition constitutes a

constrawnt foraand b

o(v T) S o8,(7)
< <0 -2

together with the combining rule
ua t b —~a a,
b _.R_.=5[( =T )i‘(b“—R'__['_>}(l"/\,] (17)

which introduces a second virial coefficient bunary interaction parameter Kk
A second observation 1s that the excess Helmholtz free energy of mixing is much less

pressure dependent than the excess Gibbs free energy, this 1s shown wn Figure 6 for the
system methanol-benzene at 373 K.
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Trom thus resul 1t 1s possible to ugue tha

A (T P = Lbar t)
4 (T high pressu e )

1]

G(T P = Lbar t)

]

(18)
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Figure 7 Prediction of the vapor liquid equilibrium for ethanol - water system

using PR EOS and the Wong-Sandler mixing rule with temperature

The first of these equalities follows from the fact that G™ = A + Pv®® and that the Pv™
term 1s very small at low pressures The second of the equalities is a result of the essential
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pressure (or density) independence of A™ The second equation for the parameters of the
equation of state then comes from the condition that
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Here the subscript EOS refers to the Helmholtz free energy derived from an equation of
state while A and G without subscript ndieatc o free enwgy or actvity coefficient

model Combuining these equations gives the following mixing rules

a O -
-0 —2— b, 5

il 20
RT -0 { (20)

o

where

Q zZrc(!}—R—a};)I

\
D B Z a G:\’(r) (21)
= &Y yRT T ORT

Here o 1s a constant which depend on the equation of state (¢ = (In (N2 1)) V2 for the PR
EOS), and any excess free energy model may be used for G™

The results (as 1t possible to observe from the data reported tn Figures 7 and 8) are very
promusing due to the flexibility of the model obtained with an appropnate choice of the
excess free energy model and with the use of parameters obtaned by fitting low pressure
equilibrium data.

In this way the new mixing and combuning rules allow cubic equations of state to be used
for accurate calculations and predictions but still it remains the problem of the accurate
representation of the critical and near-critical regions of pure fluids and muxtures

Among these uses problems arising n using cubic equations of state are discussed by
Soave et al (1993) and Soave et al (1995) with particular emphasis to the evaluation of
pure component parameters and by Bertucco et al (1995) with reference to the estimation
of chemical equilibria in high pressure gaseous systems

2 INON CUBIC EQUATIONS OF STATE

The statistical mechanics and computer simulation have contnbuted to the development
of new generations of equations of state in contrast with those discussed until now that
are mainly based on empiricism.

The onginal van der Waals 1dea was that pressure 1n a fluid was the result of both
repulsive forces or excluded volume effects which increase as the molar volume
decreases and attractive forces which reduce the pressure Since the molecules have a
finite size, there would be a limiting molar volume, b, which could be achieved only at
wnfintte pressure At large separations, London dispersion theory establishes that
attractive forces increase as r® where r is the intermolecular separation distance Since
volume 1s proportional to r’, this provides some explanation also for the second term in
the van der Waals equation of state

These arguments provide a plausible explanation for the form of the van der Waals
equation but the modem statistical mechanics has shown that neither the repulsive nor the
attraction term n the equation 1s correct For a fluid of hard spheres (without attractive
forces) the accurate equation of state 1s given by the Carnahan-Starling expression



I +n+7n — 7
(L =) (22)

7 = ZIln) =

where n = 1 p 6°/ 6 with & beng the hard-sphere diameter and p the density

Based on molecular dynamics computer sumulation of square-well molecules Alder et al
(1972) found that to describe the attractive part of the equation of state accurately they
needed the double power series expansion in reduced temperature and pressure shown

below
A = o _E_ ’ i\ n
e = ZEH: A "(kT) (po?) (23)

where o 1s the hard core diameter and ¢ 1s the well depth.

As a consequence Carnahan Starling repulsion term and the Alder expression can be used
together for obtaining a perturbed hard-sphere equation of state Due to the mathematical
difficulties (the resulting equation 1s not more cubic) different authors have muxed the
Carnahan repulsive term with different expressions for the attractive part like the Van der
Waals one or the Redlich-Kwong The different equations know as perturbed equations

of state are reported in Table 2

In these equations of state the van der Waals repulsive term v/(v-b) 1s substituted with the
expression for systems of hard spheres (I+& + & - 5)/(1-4’)3 where & =b/v In the
Carnahan-Starling-Van-der-Waals (CSVDW) equation of state the iteraction energy,
parameter ai, was adjustable and found to be only slightly temperature dependent

The Carnahan-Starling-Redlich-Kwong (CSRK) equation incorporates both the better
repulsive and attractive terms and gave improved results as well The Augmented van der
Waals (AVDW) equation of state contains the improved Carnahan-Starling repulsive
term and uses the molecular dynamucs square well results to include second-order
perturbation effects and improve the attractive term. The Hard-sphere-van-der-Waals
(HSVDW) equation incorporates an accurate repulsive expression for the hard-sphere
muxture with the standard van der Waals attractive term.

These models based on perturbed hard chain theory seem particularly promusing In fact
it 1s well known that, normal cubic equations of state give poor results n reproducing,
with the same set of parameters volumetric and equilibrium properties On the other
hand, one of the main advantages of non cubic equations of state 1s represented by theur
capactty of reproducing, at the same time, equilibrium and volumetric properties thus
indicating their more solid theoretical base



Table 2 Perturbation Fquations of State
Parameters
Name Equation
CSVDW 2 _ 3
p=gri<1“§+é 35)_1 E=blV
bo (1 . g) 14
CSRK
P RT5(1~¢+¢2-¢3) a
Sy (1-8) TV (¥ +b)
w
AP s (“f’“fz -&) 18 met | Aum=Alder const
P=RT .= 2 mAE
b (1-¢) b= g=energy term
> [=-(1/V)(aVI3P)
+ 46 ZmAszm*ng
at given
temperature
HSVDW
p=RTS SNy y=
" / (hard-sphere
[(1"5"‘ 52 - 53) - 35(}’1 +y2c,‘) —§3y3J a | diameters and mole
3 ——5 | fractions)
(1-2) 4

The perturbed hard chain theory equation of state derived by Cotterman et al (1986) 1s
based on the generalized van der Waals theory The model has been developed in terms
of the Helmholtz function by considering an attractive and a repulsive contribution

a" =a™ +a”" (24)

where a' 1s the residual Helmholtz function, a™ is the reference or the repulsive term and
a™" 1s the perturbation or attractive term.

These terms are introduced for describing the hugh density and the low density region the
latter 1s based on a generalized form of the Carnahan Starling equation.

Dispersion and polar contributions to the free energy are considered i each part of the
attractive term as ‘well as dipole and quadrupole contributions These values could be set
to zero if no experimental data are avaiable An interpolation function between the two
limiting cases of dense fluid and zero density fluid, 1s included 1n the model based on
empirical non adjustable parameters

In thus model each pure substance is charactenzed by three molecular parameters v* T*
and ¢ The soft core volume 1s defined as

c- 1k
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ro° N (25)

2

where 7 1s the number of segments, o is the soft core diameter of one segment and N 1s
Avogadro s number The constant T 1s defined as

T*=eq/ck (26)

where g7/k 1s the potential energy per molecule, £ 1s the potential energy per unut surface
area, ¢ 1s surface area of the molecules and & 1s Boltzmann s constant The parameter ¢ 1s
the number of external degrees of freedom, 1¢ a measure of flexibility and asymmetry of
the molecule

Gregorowicz et al (1991) reported the expression for the pure component parameters of
the equation of state The extension to muxture of the equation of state requires the

definition of combining and muxing rules

Table 3 Pure component calculations for different equations of state
[ Substance | sea|  PR| PHCT [AVLE |\ PV |
[Argon [ 38]  S4| 091 20 ,' 60

nitrogen S 58| 065 20 | 10
methane |« s8| 092 i 20 | 50
ethylene 53 52 1 20 42
ethane 54 42| 114 EN BT
propane 62 32 156 20 40
n butane 77 36 161 18 35
benzene 95 46 093 13 25
carbon dioxide 75 27 124 20 60
hydrogen sulfide 68 49 148 15 48
methyl chlonde 109 32 169 18 48
trifluoromethane 141 60 172 15 40
amumorua 186 100 210 20 60
acetone 250 136 125 6 10
methanol 324 223 2.77 26

ethanol 216 120 201 25

n heptadecane 288 25

diphenyl 201 20

naphthalene 112 20
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To swamarize the moael includes at most three bmary interaction parameters one of
them (the second viral term) becomes relevant only at very low pressure and therefore

will not be considered for hugh pressure calculations
Excellent results are obtained both for pure components properties and for muxtures

(Kikic et al 1990 Gregorowicz et al 1991 Fermegha and Kikic 1993) as it 1s shown 1n
Tables3 4and S

i 0 comp T[K) j DP/P ] Dy l DA 1 ovvv [k, ]
[propane 277 344 92| 00| 26| 140 0
11 007 18 31 0~0
n heptane 310-394 121 010 30 340 0
18 003 30 54| 039
n octane 313-383 70 008 20 250 0
50 002 40 100 0w
n decane 344-377 150 015 15 410 0
20 006 12 91 041
n hexadecane 463663 12.0 030 0
10 007 032
Table 4 Bunary VLE calculations for systems containing carbon dioxide
g
i comp T OP/P Dy | ovai [ovar [, ]
n pentane 310— 50 030 38 70 0
20 010 33 27 015
n hexane 310 170 006 13 260 0
10 005 8 2.8 03+
hyd sulfide 277 167 045 40 280 0
29| 020 26 60 037‘J
Table S Binary VLE calculations for systems containing methane



3 SOLUBILITY IN SUPERCRITICAL FLUIDS

Solubtlity 1n supercritical fluids can be evaluated with the same equation of state models
previously described Very few researchers have tried to apply activity coefficient models
for the description of a supercritical phase

However thermodynamuc description of supercritical systems requires particular care due
to the fact that normal equations of state have some difficulties around the critical point

For that reason non cubic equations of state are mainly used for the correlation of
supercritical systems withouf solid phases

In the case of the evaluation of solubtlity of solid compounds in supercritical fluids there

are two main problems

e the difficulties connected with critical properties evaluation for the heavy component
o the evaluation of the sublimation pressure for the heavy component

The critical properties, specially needed for cubic equations of state, can be estimated
with group contribution methods, 1t results very often that a range of values can be
obtained depending of the evaluation method used The absolute value it is not so
important since the data and the process s not volving close to the cntical pount of the
solute but instead close to the critical conditions of the supercrrtical fluid Nevertheless
different sets of critical properties used in solubility calculations can give completely
different values of the solubility in the supercritical fluid

Experimental values of sublimation pressures are very scarces and on the other hand are
quite difficult to measure since normal values are normally around the lumits of the
experimental techniques

Gangadhara Rao and Mukhopadhyay, (1990) proposed a mode! for predicting solid
solubilities 1n supercritical fluids, avoiding the use of critical properties and acentric
factors They proposed the use of van der Waals volume and the heat of sublimation of
the sobd These properties are predicted using the molecular structure and the Bondi’s
group contribution method The disadvantage of this model 1s that it was developed from
a small group of solutes and consequently 1t can be used only for these substances or only
for the very simular ones

Neau et al, (1990) proposed the prediction of solubility in carbon dioxide from low
pressure equilibrium data. The method s dlustrated with the hard-sphere equation of
state, but the main feature 1s the use of the low-pressure, low-temperature solubility data
for determunung the binary interaction parameters General correlations developed by
Gregorowicz et al. (1991) can be also very useful 1n this case

For detailed explanation the reader 1s referred to Johnston et al  (1989), Brennecke and
Eckert, (1989), Ekart et al , (1991)

Since supercritical fluid phase can be also treated as an expanded liquid, the integration
through the cntical region is net necessary But difficulties arise, because instead of @, as
in the equation of state approach, the kpowledge of two thermodynamic properties
activity coefficient, yand partial molar volume for the solute, 1s necessary

The appearance of hughly efficient computers has enabled new possibtlities in the study
of supercritical fluid solutions Because of nonanalytic nature of the results and stul tume-
intensive computer use they are not yet a good tool for modeling supercritical fluid phase
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equilibria. On the other hand computer sunulations might provide insight on
molecular level whicn wll form the basis for improved mathenatical model-

The article by Battersby et al, (1993) focuses on the use of a neural network to predict
analyte solubility in supercntical carbon dioxide Recent developments in computer
technology are leading to dramatic increases wn the use of computational chemistry for
modeling optimuzation and artificial intelligence

As stated before, there is still deficiency in widely applicable models for predicting
behavior 1n the supercritical fluid region Nevertheless, a suitable model can be found to
solve certain problems e g at the densities wn the near critical region, where the fluid 1s
tughly compressible perturbed hard sphere models with higher order terms or lattice
models are required to treat clustering, which increases the attractive interactions When
applying a certain model one should be aware of its drawbacks for an example wn the
case of models based on the ideal gas reference state the limitation is based on the lack

of vapor pressure data.

In the following a discussion will be presented on the influence of the use of different
cubic equation of state, different muxing rules and different group contnibution methods
(for the estimation of pure component properties) on the correlation of the solubility in
supercritical fluids The EOS energy parameters were determuined by using classical
mixing rules or UNIFAC method

In any cases, the critical parameters T, and P, and acentric factor  are unknown and
should be estimated by G C methods Dufferent approaches are available in literature
and have been applied for the calculation of the solubility Four G C approaches for the
evaluation of T, P. and @ have been used for characterising steroids and non steroidal
drugs In particular, the Ambrose approagh (Reid et al (1987)) was used by calculating
the normal boiling pownt Ty with Constantinou and Gani approach (method 1) and wath
the Lydersen method modified by Joback (Reid et al (1987)) (method 2), the method 3 15
the Lydersen approach modified by Joback, the method 4 1s the Constantinou and Garu
approach (Constantinou and Gam (1994), Constantinou et al (1995)) The results
obtained with the different methods using the PR EOS (Peng and Robimnson (1976)) and
fitting the parameter k; of the classical Van der Waals muxing rules are reported in Table
3 For these calculations the sublimation pressure P™® and solid volume v*; were taken
from the literature

By comparing the different deviations dY% on the solubility of the solid in the
supercritical phase, some remarks can be made steroid compound solubiities are
generally better correlated by method 1, while method 4 seems more suitable for the
other compounds This can be explained by considering the values of the critical
pressures for steroid compounds The Constantinou and Gam approach (method 4) 1s
underestimating P. (for example, for cholesterol Pybar = 11 9 with method 4, and 17 7
with method 1) with close values of T. Ths behaviour can be due to the particular
structure of steroids which mainly contain naphthenic carbons for which few
experimental data of P are available in the literature On the contrary, for the other
molecules having many different functional groups (esters aromatics, heterocycles )
the more detailed Constantinou and Gani method leads to more realistic critical pressures
(for example for nitrendipine, with similar Tc, method 4 gives 12 2 bars while method 1



gives 45 | bars) Methods 2 and 3 give intermediate results Also the Somayajulu methoa
{Somara,.". {1989)) + 1s applied an led to deviations comparable to method 2 and 3

In further calculations we focused on steroird compounds and only method | was used for
the estimation of the pure solid properties

Table 6 Choice of critical properties for the calulation of solubility (y) of solids tn
CO; using the PR equation (1 - Ambrose with T, Constantinou Ganr 2 -
Ambrose with Ty Lydersen modified by Joback 3 Lydersen modified by
Joback 4 - Constantinou and Gani)

Compounds T/K | 2 3 4 Authors

Dy% Dy% Dy% Dy%
Cholesterol | 308 15| 3248 70 17 86 10 86 10 Wong and
31815 | 6618 69 11 69 21 69 21 Johnston
32815 ] 6654 59 47 63 37 63 27 (1986)

Cholesterol | 328 15 18 40 38 19 83 56 5943 Kosal and al

33315 3300 41 81 82 81 58 81 (1992)
Cholesterol | 31315 2038 73 49 96 87 85 59 Yun and al
323151 1808 73 98 90 08 87 37 (1991)

33315 2328 66 70 86 27 7373
Progesterone | 308 15| 1775 58 82 84 58 5380 | Kosal and al
31315 | 1867 52 56 73 96 5104 (1992)
31815 1703 44 63 71 64 43 90
32815 | 3501 66 72 80 46 67 09
Progesterone | 313 15| 2746 12 06 41 40 1193 Vallt
33315 | 1943 1379 44 13 13 44 (1995)
Testosterone | 308 IS | 1426 43 79 68 36 56 92 | Kosal and al
31315 ] 2t78 49 45 66 88 6122 (1992)
31815 | 3211 57 49 77 61 70 51
32815 | 2172 3233 4510 40 34
Stigmasterol | 308 15 | 4507 8507 87 74 87 23 Wong and
32315 | 5084 80 42 84 95 80 38 Johnston

333151 7031 8125 83 80 85 81 (1986)
Ketoprofene | 312 50 17 18 2133 2090 1513 Mosca
331501 2658 33 63 28 02 2092 (1995)
Pirroxicam | 31250 ] 2933 1374 25 34 1557 Mosca
331501 2515 12 04 2017 14 90 (1995)

Nimesulide |313 15| 281! 20 84 10 27 952 Schuchardt
33315 | 4824 3903 16 73 24 61 (1995)

Nitrendipine | 333 15| 5342 44 07 2973 1208 | Knez and al
35015} 5737 46 10 40 60 2324 (1995)

373 15| 65385 5175 2118 2123
Nifedipine | 333 15| 5501 47 39 2473 16 24 | Knez and al
35315 | 5204 44 48 19 60 1975 (1995)

37315 | 61 87 47 20 24 21 20 40
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Influence of the equation of state

The ongnal Peng Robinson EOS (Table 6) 1s compared in Table 7 with
the PR EOS with the volume correction of Peneloux (PReorr) (Peneloux et al, (1982)),
the Soave Redlich-Kwong EOS (SRK) (Soave (1972))
- and the PR EOS with a modification of the volume function in the attractive part
(PRmoa) Where the assumption of the one fluid model 1s not more vahd (Trassy and Neau,

(1995))

Table 7 Fitting of ki, using different EOS (PR with volume correction (Preom)
SRK, PR with modified volume function (Prme)) and pure prediction
using UNIFAC model with scaling factor

Compounds | T/K | PReor | RKS PRaod UNIFAC Authors
Cholesterol | 308 152702 | 3893 22 45 64 26 Wong and Johnston
31815 6442 | 6870 7136 5972 (1986)

3281516421 ) 6992 | 7576 65 35
global | 5188 | 5918 56 52 63 11

Cholesterol | 32815 | 1766 | 2063 2536 53 83 Kosal and al
3331513133 3562 3506 66 49 (1992)
global | 2176 | 2512 2813 57 64

Cholesterol | 313152052 | 2134 428 17 03 Yun and al
32315} 1612 19 44 443 18 77 (1991)
333152226 | 2457 1106 22 97
global | 1948 | 21 62 633 19 39

Progesterone | 308 15 ] 1801 | 18 61 932 28 93 Kosal and al
31315 1618 | 2148 717 23 53 (1992)

31815 16 13 | 1828 16 29 26 86
32815 | 3466 | 3684 | 2776 3519
global | 2124 | 23 80 1514 28 63

Progesterone | 313 15 | 28 69 | 2591 3538 9333 Valli
333151928 | 2282 | 4045 88 69 (1995)
global | 2441 | 24 51 37 68 9122

Testosterone | 308 15 | 1522 | 1375 14 80 72 54 Kosal and al
31315120271 2364 17 46 64 71 (1992)

3181513092 | 3425 | 2352 64 93
3281511989 | 2485 3895 66 66
global | 21 61 | 24 13 23 84 6727

Stigmasterol | 308 15 | 4028 | 49 46 36 12 >100 Wong and Johnston
323154859 | 5465 | 4617 >100 (1986)

333156643 | 7497 | 7563 >100 |

global | 5116 | 5916 | 5177 >100

For all the calculations the parameter k12 of the classical van der Waals mixing rules was
fitted It can be seen from Table 7 that the volume correction does ot give a significant



improvement slightly worst results are obtained with SRK EOS whule the Prpoq shows a
Slear \ndrovemen at lower temperatures (as wn the case of Cholesterol Progesterone )

Influence of mixing rules

The UNIFAC model was introduced in the attractive parameters of the EOS using a
scaling factor Li; according to Garduza (Garduza (1993)) and Garnier (Garnier, (1995))
thus approach 1s sumilar to the method proposed by Wong and Sandler (Wong and Sandler

(1992))

Table 8 Influence of sublimation pressure (P*®) on the calculation of the solubility
(for PR and UNIFAC models, ki, and L, were fitted respectively together
with the parameters of the sublumation pressure)

Compounds [T/K PR UNIFAC Authors
pse© d¥% [p™® dY%
Cholesterol ~ 130815 (11010 1647 [11810" [1686 |Wong and Johnston

31815 (92710 (4635 [10910% {4634 |(1986)
32815 {681 10% (3349 (875107 (3277
global 32 10 3199

Cholesterol  |328 15 |737 107 [1309 [43310% |1323 |Kosal _ and al
33315 (1441077 13342 1561077 {3336 |(1992)
global 19 19 1927

Cholesterol  [31315 {60110 {538 [531107™ (525 |Yun and al
32315 {21210 1733 120910% |750 |(1991)

33315 169810 (593 |75610% |705
global 623 657

Progesterone {30815 {671 10" [791 [74510" |781 |Kosal _ and  al
31315 [13510' 1622 [15110°|601 [(1992)

31815 1267101473 ({29810 |14 59
32815 |10210% 12084 |11010% |2200
global 12 43 12 60

Progesterone {31315 {670 10™ [1045 [666 107 | 1036 | Valn
33315 |53610% |1379 |532 10 |14 3] (1995)

global 1197 12 16

Testosterone 130815 116010 {1402 [197100 |13 95 |Kosal _ and al
31315 |34110"° 11553 [41910' (1587 (1992)

31815 {71210'°12402 {86810 {2507
32815 [28910" (2204 34910 |21 49
global 18 99 19 18

Stigmasterol (30815 (218 02 [1571 |19410% 1562 Wong and Johnston
32315 {29010" {1343 (30010 |13 76 (1986)

33315 143109 (2115 [16310' |20 46
global 16 71 16 56




The calculations performed with the ongnal UNIFAC parameters (Holderbaum and
Gmehling (1991), Gmehling et al {1993) Fischer and Gmehling (1995)) do not give
satisfactory results This probably 1s due to the use of the reported interaction parameters

amn between CO, and the functional groups present 1n paraffins mnstead of those
characteristic of cyclic paraffins which are present in the steroidal structure Fitting the
solubility data new parameters amn, and a.m, setting bmn and cma equal to zero were
obtained these parameters with a single scaling factor Lz were used for the pure
prediction of solubility data presented i Table 7 The deviations are sometimes 1 the
same order as with classical muxing rules fiting one kj; parameter and as it was

expected 1n other cases the prediction 1s very poor

Influence of sublimation pressure

As Chen (Chen et al (1993) pounted it out the calculation of solubility data requires a
proper estimation of sublimation pressures The data were correlated using the PR EOS
with classical mixing rules and the UNIFAC model with previously determuned amq
parameters n each cases two parameters for correlating the sublimation pressure were
fitted together with the ki (classical muxing rules) or Lz (UNIFAC scaling factor)
parameter Results of the calculations are reported in Table 8

In both cases there 1s a clear improvement of the estimation of the solubility when using a
proper evaluation of the sublimation pressure Simular conclusions were drawn by Chen
(Chen et al. (1993)), but using a hugher number of parameters Furthermore, the order of
magnitude of the P™® obtamned 1n both cases 1s realistic It must be underlined that the
values of the solubility y, and the sublumation pressure are close even if the two
approaches are different
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PROGRAM VLEEOS

1 Introduction

The program has been written n FORTRAN 77, version 3 31, and should run on all
IBM PC XT, AT and any other compatible computer system. There are five files

concerning this program
1 VLEEOS FOR  contamns the source program

7 VLEEOS EXE contawns the executable file

3 VLEEOS HLP  contamns all necessary wnformation about the program
4 VLE DAT contains data for an example

S VLERES contans the results for the example

2 Purpose

Thus program performs Bubble Point Pressure (BP P) calculations using cubic

Equations of State (EoS) The available EoS are
I  SRK-GD (Graboski Daubert)

2 SRK-78 (Soave, 1978)
3 PR (Peng & Robnson)
4 t-PR

5 t-VdW

6 VAW-711

Details on the above EoS are given n Tasstos (1993) and also reported at the end of
the Appendix D and e as Appendix E1

For a given temperature (T in K) and liquid phase composition (x) VLE calculates
the pressure of the muxture (P in bar) and the composition (y) of the vapour phase,
which 1s 1n equilibrium with the liquid phase at this temperature

Near-critical pomnts, where convergence difficulties may occur, receive a special
treatment

The program has been developed for binary mixtures, but it can be easily modified
to perform calculations for multicomponent muxtures Modifications nclude
alteration of the data input statements and extention of the program arrays

3 Use of the program

To use the program simply construct an wmput file to include the input data. Thus can
be done using any appropnate editor Then run the executable file VLEEOS EXE
The output of the program will be contawned n a specified output file The
filenames of both the input and the output files are asked by the program and
supplied by the user during execution.

The data required are the critical temperature (Tc,K), pressure (Pc,bar) and the
acentric factor (w), the interaction coefficient of the mixture components and for
each data pount the temperature the liquid phase composition and nitial estimates
for the pressure and the vapor phase composition (the experumental values for
example 1if available)



T'he mnput file shculd be constructed according to the following pattern

line 1 TEXT

line 2 Te(l) Pe(l) w(l)

line 3 Tc(2) Pe(2) w(2)

line 4 K12

(subsequent [ines) T Pexp x(1)exp y(1)exp
where

e TEXT is a character variable (80 chars wide) containing any relevant
information about the system.

o Tc(1), Pe(r), w() are the critical temperature (K), cnitical pressure (bar) and the
acentric factor for component 1 (=1 2)

e K12 1s the interaction coefficient between the two components f its value 1s
unknown, a value of 0 should be input

o T (i K) and x(1)exp, are the desired temperature and hiquid phase composition,
Pexp (in bar) and y(1)exp are estimate (starting) values, or experimental values
if available (the index 1 refers to component 1)
Up to 99 such data points can be input

4 Results

The output file contains the relevant input information and the following tabulated
VLE results
s the temperature (T) and the estimated (or experimental) pressure (Pexp)
o the calculated pressure, Pcalc
o the percent error n P err%(P)
o the mput hiquid phase composition, X1exp
o the estimated (or experimental) vapor phase composition, Y lexp
o the calculated vapour phase composition, Ylcalc
e thedeviationin Y, DYI
The average absolute percent error in P and deviation 1n the vapor phase
composition Y are also reported (These of course are meaningful only when the
corresponding experimental values are the real ones, not estimated)
Other output information includes the number of the rejected pownts and the names
of the files used by the program.
The integer variable IERR, which 1s reported for each run, indicates the result of
convergence as following
[ERR=0 convergence was accomplished without any problem
[ERR=1 the compressibility factor cubic polynomual had less than
three real roots
[ERR=2 Zv or Z1 was less than zero
[ERR=3 P was less than zero
[ERR=4 maximum number of iterations was exceeded (The program uses
internally a max number of iterations = 1000)



S Sample Input
As an example an nput file named VLE DAT 1s constructed containung the

following data, for a CO2 nC4 muxture

System CO2-nC4 Experimental data Knapp et all VLE for muxtures (VOL VI)
304 19 73 815 02276

42518 37 969 01931

00

31093 4 137 0 006 0132
31093 5516 0022 0332
31093 6 895 0036 0454
31093 8618 0056 0556
31093 10 342 0076 0628
31093 12066 0095 0679
31093 13 789 0115 0714
31093 17 237 0155 0 765
31093 20 684 0196 0798
31093 24 131 0239 0822
31093 27 579 0284 0840
31093 31026 0330 0855
31093 34473 0378 0867
31093 41368 0478 0886
31093 55158 0 689 0910
31093 62 052 0 786 0925
31093 68 947 0871 0944
31093 72 394 0908 0 949
31093 75 497 0940 0940



6 _Sample Qutput

The results for these data, are shown on screen and stored 1n a disk file named
VLE RES They should look like the following

*** PROGRAM VLEEOS OUTPUT ***

System CO2-nC4, experimental data Knapp et al, VLE for muxtures (VOL VD)

EOS SELECTED t-PR

Te(1) 304 19 Te(2) 42518 (K]
Pc(1) 73 8150 Pc(2) 37 969 [bar]
w(l) 22760 w(2) 19310
K12 0000
N T Pexp Pcalc err%(P) Xlexp Ylexp YlcaleDY! [ERR
(K]  [bar] [bar]
1 31093413703 8513-691 0060 1320 0737 -0583 0
2 31093551604 6375-1593 0220 3320 2266 -1054 0
3 31093 6895053312-2268 0360 4540 3248 -12920
4 31093 8618063319-2653 0560 5560 4293 -12670
5 31093 1034273442 -2899 0760 6280 5065 -12150
6 31093120668 3168 -31 07 0950 6790 5632 -1158 0
7 31093 1378993525-3217 1150 7140 6108 -10320
8 310931723711 462-3350 1550 7650 6816 -0834 0
9 3109320684 13 679-3386 1960 7980 7327 -0653 0

10 3109324 13116 069 -33 41 2390 8220 7723 -0497 0

11 3109327579 18 644 -3240 2840 8400 8038 -03620

12 310933102621 362-3115 3300 8550 8290 -02600

13 3109334473 24298-2952 3780 8670 8500 -01700

14 310934136830 783-2559 4780 8860 8829 -00310

15 310934826338310-2062 5840 9000 9080 000800

16 310935515846 625-1547 6890 9100 9274 001740

17 310936205255355-1079 7860 9250 9430 001800

18 310936894764 251-681 8710 9440 9564 001240

19 310937239468 677-513 9080 9490 9627 001370

20 310937549772902-344 9400 9400 9683 002830
AVERAGE ABSOLUTE ERROR IN PRESSURE 2230 %
AVERAGE ABSOLUTE DEVIATION IN Y1 05694
NUMBER OF REJECTED POINTS 0
NAME OF DATA FILE vle dat
NAME OF OUTPUT FILE vle res

End of Output
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PROGRAM FOSKLJ

1_Introduction

This program has been written in FORTRAN 77 version 3 31 and should run on
all IBM PC XT AT and any other compatible computer system. There are five
files concerning this program

1 EQSKIJ FOR contans the source program

2 EOSKIJ EXE contains the executable file

3 EOSKIJ HLP contains all necessary information about the program

4 KIJDAT contains data for an example

S KIJRES contams the results for the example

2 _Purpose

This program determines the value of the mteraction coefficient K12 that best
describes a given set of binary VLE data with a cubic equation of state (EoS) The
program uses ZXSSQ subroutme which is found in ZERXTD LIB of IMSL Math
Library This subroutine varies the parameter(s) of a function in order to munimise
an objective function (here the relative error in pressure) The parameter 1n thus case
1s the K12 coefficient and the objective function 1s the sum of squares of the
relative error 1n pressure

Near-critical pounts, where convergence difficulties may occur, have a special
treatment

The program has been developed for binary mixtures, but 1t can be easily modified
for multicomponent nuxtures Modifications include change of the data input
statements and extension of the program arrays

3 Use of the program

To use the program construct an input file to wnclude the input data, using any
appropriate editor Then sumply 'run’ the executable file EOSKIJ EXE The output
of the program will be displayed on the screen and stored 1n a disk file Both files
(input and output) are specified by the user during execution.

The input data required are the critical temperature (Tc,K), cntical pressure
(Pc,bar), the acentnc factor (3) of the rmuxture components and for each data pount
the temperature, pressure and the hiquid phase composition  An wutial estimate for
the interaction coefficient of the muxture components and for each powmt an uutial
estimate of the vapour phase composition (experimental value, for example 1if
available) are also required The format of the input file 1s shown below

lne 1 TEXT

line 2 Te(l) Pe(l) w(l)

line 3 Te(@) Pc(2) w(2)

line 4 K12

(subsequent lines) T P x(1)  y(1)
where

e TEXT s a character varable containing any important information about the
system tn no more than 80 characters



Te(1) Pc(1) w(1) are the critical temperature (K), cnitical pressure (bar) and the

acentrie factor for each component « (1=1 2)
K12 1s an initial estimate for the interaction coefficient between components 1

and 2 (use 0 if no other better guess s available)

T P x(1) and y(1) are the systems temperature (K), pressure (bar) and liquid
phase composition, while y(1) is the experimental (or initial estimate) for the
composition of the vapor phase The program can read up to 99 such data

ponts

The user can select one of the following EoS to use

1
2
3
4
5
6

SRK GD (Graboski-Daubert)
SRK-78 (Soave, 1978)
PR(Peng & Robunson)

t-PR

t-vd W

vdW 711

4 Results

The output of the program wncludes the relevant input information and the following

results

e the optimum value of K12

¢ tabulated values of the results for all data pomnts

¢ the percent errors 1n the pressure values

* the average absolute percent error in pressure

¢ the deviation between experimental and calculated y(1) values

* the average absolute deviation in y(1)

¢ annteger index IERR, which is related to the convergence of the optimusation
routine used as follows

[ERR=0 convergence was accomplished without any problem

IERR=1 the compressibility factor cubic polynomual had less than three real

root

[ERR=2 Zv or ZI was less than zero

[ERR=3 P was less than zero

[ERR=4 maximum number of iterations (1000) was exceeded

Note The deviation in Y 1s only meanungful when the experunental Y values are
real not estimates

The program displays on screen the intermediate values of the objective function,
for each 1iteration cycle



3_Sample [nput

As an example an nput file, named KIJ DAT was constructed, containing
thefollowing data for a CO2 nC4 muxture

System CO2 nC4, Experumental data Knapp et all VLE for muxtures

304 19
42518
00

31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093
31093

73 815
37 969

4137

5516

6 895

8618

10 342
12 066
13 789
17 237
20 684
24 131
27579
31026
34 473
41 368
48 263
55158
62 052
68 947
72 394
75 497

02276
01931

0 0060
00220
00360
00560
00760
00950
01150
01550
0 1960
02390
02840
03300
03780
04780
05840
06890
07860
08710
09080
09400

01320
03320
04540
0 5560
06280
06790
07140
0 7650
07980
0 8220
0 8400
0 8550
08670
0 8860
0 9000
09100
09250
09440
09490
09400

b—7
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6 Sample Qutput

1 he output of the program, based on the previous nput data, 1s stored i file
KIJ RES and should look like the following

*=* PROGRAM EOSKIJ OUTPUT ***

System CO2 nC4 experunental data Knapp et al , VLE for muxtures ,(Vol VI)

EOS SELECTED SRK-78 (Soave 1978)

Te(l) 304 19 Te(2) 42518 (K]

Pc(1) 73 815 Pc(2) 37 969 (bar]

w(l) 22760 w(2) 19310

OPTIMUM K12 1398

N T Pexp Pcalc err%(P) Xlexp Ylexp YlcalcDYl [ERR

(K]  [bar] ([bar]

310934 13704 1485+028 0060 1320 1195 -01250
31093 5516055521 +0 66 0220 3320 3301 -00190
31093 6895067774 -1 71 0360 4540 4442 -0098 0

31093861808 5225-1 11 0560 5560 SS511 -0049 0
310931034210260-079 0760 6280 6218 -0062 0

3109312066 11905-133 0950 6790 6700 -0090 0
310931378913 627-117 1150 7140 7080 -0060 0
310931723717042-113 1550 7650 7608 -00420
310932068420496-091 1960 7980 7963 -0017 0
10 3109324 13124 059-030 2390 8220 8222 000020
1 310932757927 7114048 2840 8400 8418 000180
12 3109331 02631352+105 3300 8550 8566 000160
13 310933447335041 +165 3780 8670 8685 000150
14 310934136842319+230 4780 8860 8857 -0003 0
15 3109348 26349414 +239 5840 9000 8978 -0022 0
16 3109355 15855973 +148 6890 9100 9069 -0031 0
17 310936205262 111 +0 10 7860 9250 9153 -0097 0
18 3109368947 68319-91 8710 9440 9250 -01900
19 310937239471405-136 9080 9490 9293 -0197 0
20 3109375497 0000 00 9400 9400 0000 000003

O 0 NNON N pA LN —

AVERAGE PERCENT ERROR IN PRESSURE 111
AVERAGE ABSOLUTE DEVIATION IN Y1 0061
NUMBER OF REJECTED POINTS 1

NAME OF INPUT FILE ky dat
NAME OF OUTPUT FILE kures

End of Qutput

3



In the following table 1 the basi cqua omns for SRK, PR, vdW 711 models used m

the programs are reported

Table 1 Basic equatmns for SRK, PR and vdW-711 equations of state
_ RT _  a
SRK i V(V +b)
RT a
PR =y V(V+b)+b(V-b)
ww-r11 p = ST ¢ _
Ver-b (V+1)*
(RT.)*
a = aa, a. = a,
PC
« = (L+m(1-T>7)?
m = d0+d1u)+d1a)2
RT
b= by—r
0 3
SRKM PR vdW-T11
a, 0 42748 0 45724 27164
by 0 08664 007780 /8
dy 0 48508 0 37464 0 48553
d, I 55171 1 54226 1 62400
d, -0 15613 -0 26992 021884
t =ty ~to)exp (BI(1-T )|
RT, , 3
ty = B (00348+0 0937 w -0 1661 w”+0 1250 w?)
RT_ 3
L

<

z = 02890-00701 w -0 0207 w?
B = -735-2452w+9 20

\:7*7



It was proposed, in order to extend the good predictions of saturated liquid volumes
of vdW-711 EOS to higt molecular weigit hydrocarbons to modify some
equations reported in Table Bl for t following the equations reported below
together with the numerical values of the parameters

[ = 1y+ (1 ~tg)exp (B]1-T, |)

RT
fo = pa(ko*"*z Wkl ko’ ek o)

[

B =1+l w

RT. ,
5 (z.-7.)

! =
<

<

m=dy+dw +de! +do’

m=dy+do +dyo? + dyjo’ +dof

SRK(1) PR(2) t-vdW(3) t-PR(3)
d, 047979 0379642 0 483798 0 384401
d, 1 57600 1 485030 | 643232 1 522760
d, 019250 -0 164423 0288718 -0 213808
dy 002500 0 016666 0 066013 0 034616
d, — - 00 0 001976
kq ~ 0036722 -0 014471
k, — — 0 063541 0 067498
k, — - 0 076221 0 084852
ks - — 0 060362 0 067298
ky - - 0015772 0017366
ly — 7099630  -10 244700
[ — -— 21 156900  -28 631200

(1) Soave (1979)

(2) Robunson and Peng (1978)forw > 05 for w < 05 see Table 8 3
(3) Magoulas (1990)

NB The programs are used with the authonzation of Prof D Tassios
(Untversity of Athens)
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Cubic Equations of State for Mixtures

p__RT _ a_

v-b 2 2
m Vo+ub viwb

mixing parameter a.,

am: E E x'_x}au

rJ
with a, = /a"aj’“_k',])

\—m Tevactot ;,:wmmez‘e/

binary system
am = X12ays + 2 X4X2a42 + X225, ki, needed
e expen werean - olan
ternary system
-— 2 2 2
Am = Xq a4 F X2 A2 t X333 + 2X4 X842 + 2X4X3843 + 2X2X38323
k12, kqz and kz& needed

mixing parameter by,

/v linear mixing rule = E x b,

binary system bm = x4by + x5b,
ternary system bm = X4b1 + X2b; + X3b3

> quadratic mixing rule bm=ZZxe}blj
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Program “EVE”

“OHGFOR?” for vapour-hquid equilibria

Data file

In directory “Data” first a file with experimental data has to be created,
filename consists normally of the two codenumbers of the compounds (102-6
is for CO2-hexane)

input In data file
First line ‘Title, authors, reference all marked with * at the beginning and
end, showing the program that this 1s a text’
Second line codenumber of component 1”
“codenumber of component 2”
“1 = x,p and y are used, 2 = only x and p are used”
“number of experimental points In this data set”
“1 = use this data set, 2 = do not use this data set’
Third ine  “Temperature in K
“saturation pressure of comp 1, can be set0”
“saturation pressure of comp 2, can be set0”
“conversion of pressure 1 if p is given in bar
10 f p 1s given iIn MPa
1E-2 if p1s given in kPa
1 01325 if p 1s given in atm
6894 76E-5 if p 1s given In psi

Following lines “X C0O2” P"*“Y CO2” ¢ .
)\/t m - /1/' ﬂ/

The inputs have to be separated by a blank

Directory “eve_new” X 0> peofay Fractort o fowa/ Pns =
“¢02

File “HP D" ! veper plase

Includes the data of the pure compounds The codenumber related to a

compound 1s fixed by this file and has to correspond in all other files

For input of new compounds you have to take care not to use the same

codenumber as already used because the program used the first be found in

the list Normally the ranging is not important, because the program will run

through the whole list and start again at the beginning for searching the

codenumber

First ine “codenumber” ‘name
Second line “molecular weight” “TC in K PC in bar “omega” ‘ZC
Thirdline  “Class” “M1” M2" “Tb boiling temperature” can all be set 0
Fourth ine “aAntoine” “bAntoine” “cAntoine” “Tmin” “Tmax’

Antoine constants If available, otherwise set O

D—13



File “indic”
In this file you decide what you want to do o CALCUL —>
Option 1 adjustment of parameters ki, lj, -
2 calculation with given parameters up to critical point
1ajust method how to calculate, normally 2
n 2 calculated binanes
3 calculate temanes
nsyst how many systems from your file “comp” will be calcuiated
imp normally O
testbul 1 E-07 accuracy of calculation
model for cubic EOS
8 linear mixing rule for b
9 quadratic mixing rule for b
1eqs not used for EOS and model 8,9
lamda0 not used for EOS and model 8,9
unifac not used for EOS and model 8,9
tamn not used for EOS and model 8,9
ibmn not used for EOS and model 8,9
maj,naj not used for EOS and model 8,9
chmodel1  not used for EOS and model 8 9
puis not used for EOS and model 8,9
iorder2 not used for EOS and model 8,9
leos decides which EOS will be used

2 Peng Robinson
1 Redlich Kwong
0 Van der Waals
irks which function a(T) will be used

0 Soave original normally used

1 Soave general

2 Carrier
Isoav 0 m(omega) onginal normally used

1 m(omega) general P R

2 m(omega) Tassios
icnt 0 covolume and a(Teb)

1 critical specifications normally used
Icorv correction of the calculated volume v

1 correct the volume

2 do not correct the volume, normally used
File “kij egqs”

In thus file you give the starting values for calculating the mixing parameter b
linear (model 8 In “indic”) or you can enter your calculated parameters if you
want to run “dessin” in indic
First ine “codenumber comp 1”

“codenumber comp 2"

“start value for ki0”

“start value for kiyT”
the ki-value results ki = kij0 + kyT (298 15/T — 1)
If you enter O for a value always put a after (0)

D¢
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File “kly eqs”
For calculating mixing parameter b quadratic (model 9 in “indic’)
First ine “codenumber comp 1°
“codenumber comp 2°
“start value for k0"
“start value for kiT”
“start value for 0"
“start value for IyT"
Take care that even you put O for Iij0 and IyT you have a different mixing rule
than using b linear!

File “comp”
“name comp 1"
“name com 2°
“name of file in directory data”
“number of iIsothermal sets”
“number of isobaric sets”
“number of excess enthalpies”
“number of log gammar’
“number of hquid-hquid”
“number of Henry constants”
“which set has to be taken”
example ‘102’ ‘6° 102-6' 1200000 1
means that the system CO2 — hexane has to be calculated, the file in
directory data 1s 102-6 including 12 isothermal sets

Take care, that always the first set will be calculated, so you have to put your
system in the first rowl!

If all the inputs are okay type calc
numbers to be adjusted
0 calculation with given data in ki egs or klij eqs depending
on the model you have chosen In indic
1 2 3 or 4 how many parameters will be fitted

enter
which parameters have to be fitted
1 ko
2 kyT
DM e pedate

f you want to fit more than one parameter you have to put enter
between the numbers

The results are given in the file “res” and can easily be transformed into Excel

The data of “dessIin” are given Iin “eqlv des”
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Phase Equilibria Data CO2 - Methanol

k0 = 0 0565 kij1 = 0 1361

27315 K ki = 0 0635 ky = 0 044 kij=0069 i = 00168
X CO2 P [bar] Y CO2 |Pcal/bar Ycal Pcal/bar Ycal Pcal/bar Ycal
0 0 0 00351 00000 00351 0 0 0351 0
00828 6895 09942 | 91287 09956 7 5291 09948 7732 0995
01692 13789 09970 | 168314 09973 14 0777 0 9969 14 8674 0 9971
02210 17237 09974 | 205388 09976 17 3597 09974 18 5775 09975
02710 20684 09979 | 234691 09978 20 0685 09977 21 6884 09978
04163 27579 09984 | 286522 09980 25 5277 0998 27 8676 0 9981
05394 30820 09985 | 300633 09981 27 8421 09981 300129 09982
07680 33026 09985 | 331274 07680 29 5395 09983 35 5025 0768
08160 33233 09985 | 302912 09981 29 9579 09983 30 4713 09982
08754 33371 09986 | 308949 09982 30 7558 0 9985 30 9984 09983
DP/P % DY DP/P % DY DP/P % DY
1222 0026 67 0 0002 6 58 0 0259
31315 K ki = 0 063
X CO2 P [bar] Y CO2 | Pcal/bar Ycal Pcal/bar Ycal Pcal/bar Ycal
0 0 0 03488 00000 03488 0 0000 0 3488 0
00682 132 09646 | 133600 09646 133141 09693 11 7768 0 9663
00911 167 09727 | 175081 09727 17 4482 09753 15 5464 0 9734
01159 203 09815 | 218650 09815 217908 09791 19 575 09778
01372 247 09843 | 254893 09843 25 4033 09812 22 9824 09803
01773 313 09849 | 320009 09849 31 8949 09835 29 2391 09832
0 2006 36 1 09857 | 355876 09857 354713 09844 32764 09842
02318 396 09867 | 401510 09867 400225 09851 37 3355 09852
02733 456 09876 | 457742 09876 45 6323 09857 43 1142 0986
03464 55 09881 | 543502 09881 54 1938 09859 52 2892 0 9865
0 3838 591 09879 58 0437 09879 57 8850 09857 56 4048 0 9864
04128 62 09882 | 605725 09882 60 4143 09855 59 2932 09863
0 4658 66 09871 | 644301 09871 64 2787 09850 63 8359 09858
05138 69 09865 | 670877 09865 66 9488 09846 67 0855 09853
05467 706 09867 | 684775 09867 68 3502 09842 68 8318 09849
05907 739 09864 | 698475 09864 69 7387 09839 70 5812 09845
06816 769 09842 | 713734 09842 713074 09834 72 4498 09839
08783 803 09677 | 746872 09677 74 6827 09829 751025 09833
DP/P % DY DP/P % DY DP/P % DY
326 0003 324 0003 555 00026
330 K ki = 0 0696
XCO2 Plbar] YCO2 | Pcallbar  Ycal Pcal/bar Ycal Pcal/bar Ycal
0 0 0 07517 00000 07517 0 07517 0 0000
002449 6895 08791 | 63510 08741 6 6057 08785 56751 0 8606
005582 13789 09403 | 133616 09355 139299 09377 11 9551 09295
008742 20684 09572 | 202464 09540 211158 0 9554 18 2502 0 9507
011830 27579 09668 | 267797 09625 27 9277 09635 24 3439 0 9606
018500 41368 09746 | 401679 09704 418584 09709 37 2108 0 9700
025970 55157 09772 | 538336 09733 56 022 09733 50 9085 09738
034480 68947 09773 | 674198 09732 70 0077 09728 65 1666 0 9744
044150 82737 09735 | 799012 09707 82 6809 0 9694 78 9565 09723
058300 96526 09621 | 917744 09633 94 1999 0 9598 92 9543 0 9641
071270 103421 09347 | 963043 09557 97 6449 09507 98 3742 09527
074750 104800 09203 | 968483 09542 97 8411 09498 98 8264 0 9506
DP/P % DY DP/P % DY DP/P % DY
421 0008 251 0 0066 878 0 0095
DP/P % DY DP/P % DY DP/P % DY
572 00101 386 00034 676 00103

LS
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Solubility caiculation of substances in

compressed gases
Robin et al
logc=A+Bp
Grieereration prn/Z con
Stahl et al
In c =mIn p+ konst
Mitra et al
Iny=Ap+BT+C
Chrastil X
s Vo Lot -
c =pKexp (a/T +b) 7 ad
i 74
Adachi et al

¢ = pK exp (a/T +b)

k=eq1+e2p+e3p2



Solubilities in supercritical CO,

high solubility organic oxygen compounds with low molecular
weight, e g ketones, esters, alcohols, aldehydes

good solubility most of the non polar organic substances with
low molecular weight, e g alkanes, alkines and
terpenes

low solubtlity polar organic substances with high molecular
weight

within a homologous series the solubility decreases with increa-
sing molecular weight

* the presence of a polar group lowers the solublity of the com-
pound

* alcaloids are often insoluble in liquid carbon dioxide but some are
soluble in supercritical CO,

22



Furfural - CO2
Daten gemaB der vorliegenden Arbeit

Chrastil-Gleichung c=pKexp(al+b)

Parameter fur Furfural - CO2
k=7485
a=211629
b = -52 41

Guitigkeitsbereich 25°C - 60°C
80 bar - 330 bar

Léslichkeit [g/l]

400

350 | |—8—25°C
3w | +40°C
—0—60°C

60 80 100 120 140 160 180 2
Druck [bar]

00 220 240 260




Tripalmitin - CO2

Chrastil-Gleichung c = pKexp(alT + b)

Parameter fur Tripalmitin - CO2

k=298
a=-23878
b= -1215

Gultigkeitsbhereich 25°C - 60°C
80 bar - 250 bar

18
16 +
14 +
12 +
14
08 +
06 +
04 +
02+
0 A } t i t : | { :

60 80 100 120 140 160 180 200 220 240 260

m

Solo bt

Léshchkeit [g

Druck [bar] ™~
Prc s5ure :




HIGH PRESSURE PHASE EQUILIBRIA

Ass Prof Dipl -Ing Dr techn Thomas Gamse

Institute of Thermal Process and Environmental Engineering
University of Technology Graz
Inffeldgasse 25, A-8010 Graz
Tel ++43 316 873 7477
Fax ++43 316 873 7472
email Gamse@tvtut tu-graz ac at
homepage www tvtut tu-graz ac at
personal homepage http /communities msn de/ThomasGamse
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1g. 3 Solubility of naphthalene 1n supercriuical ethvlene 1s 2
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Figure 1 15 (a) Solubtlity of soybean oil 1n near-cntical carbon dioxide as function of presst
and temperature (Data of Quinin (68] ) (b) Solubility of soybean o1l in compressed carbon dioxt
over extended pressure range (data of Stahl and Quirin (78] )
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PHASE EQUILIBRIA

GIBBS ENTHALPY

G=H-TS H = enthalpy
S = entropy

dG=-SdT+VdP+ X p,dn, p,=chemical potential
G=G(T,P, w)

Phase equilibnnum 1n heterogeneous systems

U=sU*+UP+ __+U"=minimum LE caternal coe, gy
$=8*+8%+ .. +S"=constant
V=Vv*+VP¢ + V™ = constant v bumre
n,=n®+nf+  +n~"=constant 1=1, . n
for each phase ¢ the Gibbs fundamental equation is valid

dU®=T°dS® - P° dV® + 2 1 dny

-> for equilibrium

T*=T'= =7°= T
P*=pP=  =p®= P"
po = lllB= =p’= W



PHASE EQUILIBRIA

Compressibility factor z

ideal gas Pv=RT
or PV=n{RT
nr = total mole amount
R = universal gas constant
R =8,31433 J/ mole K

Pv

compressibility factorz z=——
RT

foridealgas z=1

for real fluids z#1

all fluids behave like 1deal gas iIf the pressure P i1s lowered to 0
 futene P s 7Z7VC& 2 o0

2 lmz=1
P>0

T -



PHASE EQUILIBRIA

FUGACITY, FUGACITY COEFFICIENT

forideal gas and T = constant

dg“ = B-Pldp =RTdInP

for real fluids introduction of fugacity f
dg=RTdInf

for P > 0 real fluids must behave the same as ideal gas
<2 Im %z 1 f—zP

P—>0

this means that the fugacity 1s a corrected pressure, for a pure
ideal gas the pressure and the fugacity are the same

fugacity coefficient ¢

foridealgas ¢ =1

for real gases g'd (T,P)= gmI (T,P°) +RTIn —%
P
f
g9(T,P) = g(T,P%) + RTIn —
fo

for P° > 0 1s To =1 and therefore (g - g) > 0
- a-g“)
P

3 -
(q*gid)r p ::,RT[H-;E =RTIng

e-G



PHASE EQUILIBRIA

REAL PART

1s the difference of thermodynamic properties of a real fluid
and of an ideal gas at same temperature and pressure

id
(m-m-)rp 7 5% & ﬁé&fww%f entandpy,

en '5)/07))4 etc

for Gibbs enthalpy G=H-TS

(g-a%rp=th-0"rp-T(s-s%p

i v
with (h—h d)T’P = f [V—T(EJJGP

d ( av) R
(S -8 )T,P = -_ (E)P +F]dp
—> (q-q'9 - | V_T(_al) T(ﬁ‘i) _RT 1 4p
9-9"rp ] aT)p \oT)n P

o d N _ RT [

or k9~9'd)TP =R'filn¢ =RT(z—1-Inz)+ J:[B}—B] dv

€ -1k



Phase equilibria calculations

Equilibria conditions-

TL - TV, PL - PV, flL — flv

Fugacity calculation detoty Lot

a a Lot

Varnant 1 Y, q>.v P = x, y/. ¢,° P° Poy,

Variant 2: vy, q>,v = X, (PiL

Calculation of fugacity coefficient

|n<p=z—1-|n2+—1—j(5-T—-P)dv
RT v

a0

T



Equations of state for pvT-behaviour

1) Ideal gas law

DV =RT 7=V
RT

2 ) Viral-equation

Berlin-form z=1+B'(T)p+ C'(T)p*+ B'=—

Leiden-form z=1+B(T)p + C(T) P2 +

p < 0,5 pyy If Cutting after 2" term

Cr ticnl

3 ) Empirical equations of state

Benedict-Web-Rubin (BWR)
p=RTp+(B,RT-A, - %) p? +(bRT —a)p® +aap® +

, P’ (1+yp*)exp(-vp°)

=

Starling-Han

0=RTp +B,RT - A, (T3g ' ?g _ Eg)pz +(bRT - a—:ld_—)p3 ;
rofat _Tq)pe . Cp3(1+vp"T)zexp(—vp2)

11111



Bender: (#ikco- £& 4508 445 7.47)

S H  ete

0=RTp+Bp2+CpS+Dpt+Ep°+Fp+

HG +Hp2)p° exp(-a20p2)

with

_&14 |, A15 | A16
G="F+2+-,
™ T T

_d17 s |, A9
H="Z+=5+3
™ T 7T




Parameters for Bender equation for CO;

a4
-
a3
a4
as
ag
ay
ag
a9
a4
at
aq2
213
a{4
a5
 d16
at7
a1g
a19
a20

0,188918
0,22488558

0,13717965 103
0,14430214 103
0,29630491 107
0,20606039- 109

0,45554393
0,77042840
0,40602371
0,40029509

-0,39436077
0,12115286
0,10783386
0,43962336
-0,36505545
0,19490511
-0,29186718
0,24358627
-0,37546530

0,11898141
5,00000000

10-1
102
105

103

103
102
108
1011
1013

108
10171
1014

Jg-1K-1
Jem3 g-2K-1
Jcm3 g2
Jcm3 g-2

J K2 ¢cm3 g-2
JK3cmd g2
J cmb g-3 K-1
Jemb g3
JKcmb g-3
Jcm3 g4 K-1
Jcm9 g4
Jem12 g K-1
Jemi2 g-6
Jcm15 g-6
JK2 cmb g-3
JK3 cmb g-3
JK4cmb g-3
JK2cml12 g-5
JK3cm1Z2g-5
JK4cmi12 g-5
cmb g-2

T->0

1



Ot 95/ S 68/ Gl €28 06 958 S5 068 88 £26 £/ 956 L0 686 0/ 0201 0/ 1501 0L 2801 00%
10 L¥L 0¥ G2/ 0£018 GE GP8 £2 088 69 16 8S 846 8/ 186 0F 7101 00 901 0L 2201 08¢
ie vel 00 09/ /€ 96/ /8 2€8 51 698 16 06 96 6£6 81 ¥/6 09 2001 0l 0¥0L 08 1201 09¢
L. S0/ 80 £v/ €118/ 2€ 618 02 /58 vy 68 08 0€6 L1l 996 05 0001 06 ££01 0¥ 9901 ove
L} G89 £ vel LE $9/ 9v $08 12 78 Gl £88 10 126 89 /56 vl €66 0S /201 0/ 0901 02¢
€1 299 1€ €02 ¥G Gb/ 00 88/ /6 628 06 0.8 05016 G9 8v6 GE 586 0/ 020} 08 ¥S01 00€
00 9€9 ¥¥ 619 ze el ¥S 69/ 91 18 8v /S8 2l 668 86 8€6 0l //6 09 €101 0/ 8v01L 082
86 G09 26 159 16 669 1G 8/ 6E 96/ 19 28 1/ 988 /G 826 L€ 896 01 900! 0€ 2+0l 092
60 L25 ¥9 619 92 129 €0 b2/ €09// 06 S¢8 10 €/8 12 .16 06 856 0c 866 0G SE0l ove
Gl 0ES 80 89 18 9€9 6/ 769 ¥12S. S/ 908 19 /58 88 ¥06 L. 8Y6 ./ 686 0t 8201 0ze
20 28V 82 vES 91 ¥65 19 859 61 €2/ €2 ¥8. 61 0¥8 €1 168 2l 156 9/ 086 06 0201 002
L€ 92¥ 92 LY 88 6€S 00 029 /€ 989 ¥/ 9GS/ G/ 618 09 G/8 09 526 G0 L/6 00 €101 081
G9 $9¢ 69 60¥ 81 0LV 98 VS 0l 9€9 9t 12/ 16 ¥6/ 99 /G8 60216 6% 096 0G 001 091
v LOE G6 GEE 7€ G8E 99 8Gv 0l 095 91 0/9 18 29/ ¥¢ 9¢8 G/ 968 06 8Y6 GE S66 oyl
69 L¥2 S8 ¥9¢ /€ /62 90 8vE v LEV 80 185 v 9L Zc 608 198/8 86 GE6 9v G86 ozt
€1 881 2§ 202 ze 1ee 96 /V2 99 162 16 68E ¥9 229 W L2 9| /S8 0€ 126 ¥9 /6 001
L1 GL) Gy 881 €/ v0e L 222 00 292 Gl ¥EE €6 L/S v/ 8G/ 98 058 82 /16 9/ 116 G6
18 €91 96 V.1 20 681 €8 202 £/ GE2 £G /82 80 ¥8Y €LEV. O} 8 0L €16 18 896 06
¥2 Gt 20 291 SLy/h 96 681 6E 2le 0l 052 0l £9¢ 2l Gel 6/ 9€8 £/ 806 9/ 596 S8
£0 Lyl 6S 671 70 091 vE /L 8 161 85612 €€ 18¢ ¥6 669 08 828 Gl 06 £9 296 08
L1 OF1 G9 /€1 €9 9v 1 €8 /S1 85 2.1 86 €61 €9 2€¢ 16 £S9 96 618 GE 668 0v 656 S/
G961L1 Gl 921 98 £€1 62 £¥1 ¥E GG VA LE 861 86 892 ‘20018 82 v68 20 956 0L
9% 601 60Gi} 89 I¢l 19621 8y 6EL 0S ¢Sl 8y LLL 98°90¢ - 65 86/ 16 888 29 256 59
95 66 2y v0L ¥0 0L} 69911 6. 2l 04 GEI 02 6V 1 BP-PLL - (L6Y8L 0c¢ £98 90 6¥6 09
96 68 gL v6 06 86 9y ¥0I OL LLE 0E6LL 00 0E} 0g St 162/ 60 278 9€ Gv6 55
£9 08 81 ¢8 02 88 £8 26 92 86 L8 ¥0L 20ELt 4oo veL Amm ori C ,w_ 67 0.8 25 Lv6 05
IS LL ISv. €6 /L G/ 18 /198 6€ L6 €L .6 08S0L | 989l '’ ¥S¥EL LG /€6 St
9/ 29 92 G9 0 89 L1 L €Lyl /8 8. /. €8 8/ 68 «7LG 26 - ¢ 2880l -7 ZEEE ov
8l ¥ ¥ 95 LS 85 70 19 88 £9 [ WA) 06 0/ 8E S/ 10608 - . €088 ) 96,46 7, . SE
¥8 G¥ 0S It LE 6V 2€ 1S GG €S 90 95 €6 86 Gz 29 0799 .. £90 L 25" g€ LL - 0g
6. 62 L. 08 €8 1€ 86 2 v vE 29 S¢ St g /8 8¢ 180y, vOEY socy, 02
€S vl 6L £ G £6 Sl Ly 91 G0 /L 89 /1 19€ 81 L6k . . 466l .. S802. ’ 0L
001 06 08 oL 09 0S oy o€ 0z oL | o [1eq] aunssaig
[D,] @inyesadwa]
_
lapuag jo uonenba Aq paje|najes Ausuaqg 09




4 ) Cubic equations of state

general

RT a
Z=Zan_*_zab p= - — .
v—-b v +ubv+wb

Van der Waals (u =0, w = 0)

. v a 1 D= RT )
v-b v+bRT?? v-b
2.2
a:ER LS b:RTC
64 pc 8pc

Redlich - Kwong (RK) (u =1, w=0)

SV a 1 o= RT a
v-b v+b RT?¥? v-b vi+bv
,_ 042748 R2T2® b 008664 RT,

P. P.

Soave - Redlich - Kwong (SRK) (u=1, w=0)

Y a(T) RT a
Z= — p: — 5
v—b RT(v+b) v—b Vv:+bv
0 42748 R2T? 2 0 08664 RT
= c (1+ f w(1-T°° b= ¢
2 P, ( ¥ w( ' )) +cry P,

fo=048+1574w—0 176 w2

T2l



Peng - Robinson (PR) (u=2, w=-1)

. v oo a(Mv
“v-b RT[v(v+b)+b(v-b)]
“RT_____a
p—v—b v? +2b v — b?
0 45724 R*T? 05112 _00778RT,
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1 Applcations of High-Pressures

Internal combusuon engines thermal power
plants hydraulic power transmission the arms
industry the process industries and the manu
facturing industries commonly use high pres
sures Process and manufactunng plants use
pressures in the range 100-4000 bar In research
pressures up to 10000 bar may be employed
High pressures are used to improve the efficiency
of an operation in some way [1 1]

In chemical reaction engineenng high pres
sure mav create a favorable reaction environ
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ment or determine the reaction phases Pressure
may decisively affect the reaction rate state of
equilibrium yield and products High pressure
1s particularly advantageous for reacuons in
which a reduction in volume takes place {1 2]
Typical industnial high pressure chemical re
actions are hydrogenation amination polvmer
1zation carbonylation oxo synthesis oligomer
1zation oxidation and cracking (Table 1) Some
well known products of high pressure processes
are methanol ammonia urea propionic aceuc
and terephthalic actds butyraldehyde (oxo svn-
thesis) butanediol and polyethylene [n manv
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Table I High pressure processes

Polvethvlene < 3000 bar
Acetic acid < 700 bar
Methano! ammonia urea oxo synthesis < 300 bar

butano! coal and heavy ol hydrogen
auon hvdrocracking steam cracking
heavv water
Fischer - Tropsch synthesis aluminum alkyls < 200 bar
(Ziegler) alcohols (Alfol) gas trealing

Ore digesuon (bauxite) coal pressure gast < 150 bar
fication

Supercnitical extraction < 300 bar

Reverse osrmosis < 100 bar

Sprav dning < 300 bar

Table 2 Pressure as a form of energy

Autofrettage < 12000 bar
Isostatic molding < 5000 bar
Water jet cutung < 4000 bar
High pressure cleaning < 1500 bar
Homogemzing muxng extruston cell < 500 bar

cracking tobacco impregnation
< 400 bar

Petroleum and natural gas recovery

Spinming pumps polymer mell pumping < 500 bar
and filtration

HPLC < 1000 bar

Water and otl hydraulic systems < 500 bar

Slurmy conveving < 200 bar

processes e g extraction of ores, high pressure
ensures that reaction takes place in the hiquid
phase

Some separation processes € g supercritical
gas extraction [1 3] become more effectuve at
high pressure because of favorable changes in the
solubilities Other separation processes—reverse
osmosts ultrafiltration and spray drying—re
quire high pressures for hydromechanical rea
sons

The number of manufacturing processes that
use high pressure as a tool or as a reservoir of
potenual energy (Table 2) appears to be expand-
ing {1 4] The pressure 1s used not only stauically
e g 1nisostatic molding but also dynamically
as stream flow kinetic energy e g 1n water jet
cutting and homogenizing [n many cases high
pressure merely serves to overcome hydraulic re
sistances

2 Pressure Vessels

Pressure vessels are chuefly used as reactors
scrubbers heat exchangers buffer vessels or
pulsation dampers The cylindncal wall of thick
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walled pressures vessels (1 e those with an outer
to inner diameter rauo d /d > 1 2) can either be
produced as one sohd piece (sohid wall vessels) or
be constructed from several lavers (multiwall
vessels)

21 Sohd-Wall Vessels

The term solid wall vessel 1s applied to all
designs in which the cylindrical wall consists of a
single layer Solid wall vessels are suitable for all
types of pressure vessels 1n particular for hugh
temperatures

i Thermal stresses anising during heating or
rcooling are smaller than with mululayer vessels
I'because of the good thermal conduction through
; the wall Solid wall vessels are therefore good for
batch processing

Production Solhd wall vessels can be pro-
duced by the following methods

1) A one piece hollow body 1s forged without welding

seams
2) Forged nings are jomed to form the vessel by circular

seams

3) Thick sheets are bent around and welded into sections
by one or more longitudinal seams The sections are
then joined by circular seams to form the vessel

4) Pressure vessels are also produced by submerged arc
welding The vessel wall 1s constructed together with
flange and bottom by deposit welding onto a thinner
tube Vessels of any shape can be produced in this way

2 2 Multiwall Vessels

Multiwall vessels are surtable for all types of
pressure vessels 1n particular those with large
diameters lengths and wall thicknesses Ther

}mal conduction through the wall 1s lower than
that for solid wall vessels so that heating and
cooling rates must be taken into account The
type of joint between the wall elements 1s used as
the distinguishing feature

221 Designs with a Purely Mechanical Joint

Multiwall vessels can be produced by shrink
ing one or more seamlessly forged cylinders onto
a core shell The difference required between the
outer diameter of the smaller cylinder and the
inner diameter of the larger cylinder must be pre-
calculated Before being shrunk the larger cylin
der 1s heated and the smaller may be cooled
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Figure | Two layer shrunk autoclave for 10000 bar

Dunng the shrinking on process initial com
pressive stresses are produced in the smaller
cylinder and imual tensile stresses in the larger
cylinder both in the circumferential and longitu
dinal directions

Nowadays this process 1s applied only in
spectal cases for example for compressor cylin-
ders or for vessels used in batch processing at
pressures exceeding 2000 bar Figure 1 shows an
example

Figure 2 shows a pressure vessel produced by
the BASF Schierenbeck stnp-winding process
[n this process a profiled steel strip 1s heated to
650-950°C and helically wound onto a core
tube The strip 1s cooled and annealed by blow-
ing on air and shrinks at high tension onto the
underlying stnp layers The stnp layers are
joined to one another and to the core tube by
profiled grooves so that apart from the circum-
ferential stresses they are also able to absorb lon-
gitudinal stresses produced by the tnternal pres-
sure The end pieces are produced from forging
ingots and are joined to the cylindncal shell by
overwinding The flanges are wound from the
same profiled stnp and the threaded bores for
the cover bolts can then be dnlled directly into
the wound flange

222 Welded Designs (Layered-Wall Vessels)

Welded designs consist of sheets which are
welded together to form a shell Figure 3 shows
widely used manufacturing processes for lay
ered wall vessels

Mulnwall Design Tubes having different pre
calculated diameters are produced from 25-
50 mm thick sheets welded with longitudinal
seams These tubes are shrunk on top of one
another without prior machining to produce in
dividual shell sections These are joined to one
another and to the forged end pieces and flanges
by circular seams

Mululaver Design Half shells formed from
6-22 mm thick sheets are apphlied to the core
tube which 1s seamless or welded by a longitudi-
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Figure 2 Pressure vessel produced by the BASF stnp
winding process showing a sectional view of the wound

wall
a) Cover b) Stnp-wound flange c¢) Core tube d) Strp

wound vessel wall
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Figure 3 Vanous designs of layered wall vessels {2 6}

nal seam The shells are joined to one another
and to the underlying layer by two longitudinal
seams (three sheet seams) The half shells are
tangentially prestressed by the welding contrac
ton Uniform distnbution of the welds around
the circumference 1s achieved by offsetung the
longitudinal seams from layer to layer When
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larger diameters are required three or four sheet
segments are arranged on the circumference in
stead of half shells The individual sections are
joined to one another by circular seams

Coil Laver Design The shell i1s produced by
spirally winding a 3-5 mm thick sheet strip onto
the core tube The outer shell 1s apphed after
completion of the winding The beginning and
end of the winding require wedges Longitudinal
seam welds are made at the beginning and end
or whenever a sufficiently long stap 1s not avail
able

Pl Wall Design This design Is a combination
of the cotl layer and mululayer designs the spiral
construction of the shell section 1s combined with
three sheet longitudinal weld seams

2 3 Strength Calculations
231 Cylndnical Wall
2311 Stresses Due to Internal Pressure

The stresses generated by internal pressure in
a cyhndrical body with the outer to inner diame
ter ratio u = d,/d, are listed in Table 3

Figure 4 shows the stresses produced by in
ternal pressure in a cylinder with u =2 The
stress 1s substantially higher on the inner than on
the outer wall The differences between the inside
and outside increase with the square of the di
ameter ratto This means that with thick walled
vessels the matenal 1s only partly exploited if a
safety margin of forexample 1 5 with respect to

Table 3 Stresses and loads due to internal pressure p(N/
mm?) n a closed hollow cylinder*

Property Inside Qutside
T [ u? + 1 2
ual stress o, =
angenual stre : P P
L dinal : :
ongit stress 6, =
ngitudina 1 puz_~i ,uuz-1
Radial stress o = —p 0
2
Stress according to o =p “ ﬁ p \/i
the GE hypothesis w1 ut ~
Stress according to 22 2
the shear stress g 4= p R p p—
hypothesis

p = nternal pressure in N/mm? wu = diameter rauo
d/d

VOt b4

the tensile vield strength 1s maintained on the
inside of the wall The unfavorable stress distri
bution over the wall thickness can be improved
by appropnate design methods (shrink joints) it
can be altered by using an increased test pressure
(autofrettage) oritcan be ignored by selecting a
different computational method (complete plas
tic yielding)

Selection of the operating pressure depends
on the safety margin with respect to the pressure
at which the vessel 1s deformed to an impermussi
ble degree or bursts When pressure 1s increased
in a thick walled vessel the wall expands elasu
cally in a uniform manner until the stress at the
inside of the wall 1s equal to the tensile yield
strength of the matenal With further pressure
increase the outside of the wall continues to ex
pand elastically whereas the inside the wall 1s
increasingly deformed plastically Once the plas
tic deformation has reached the outside of the
wall as well so called complete plastic yielding
occurs

In the computation according to the GE hy
pothesis (v Mises) plastic deformation begins
on the nside of the wall if

w? -1

pclxoﬁlul\/’g

M

Figure 4 Stress components in a thick walled hollow
cyhnder under internal pressure

o, = tangenual stress ¢ = radial stress ¢, = longitudinal
stress ¢ = stress intensity
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Figure 5 Ratio of complete plastic yielding to plastic de
formation as a function of the diameter ratio

and complete plastic yielding 1s reached when

=dy, 2 Inu (2)
NG

where g, , 1s the 0 2% proof strength

Figure 5 shows the ratio p oo e pi /Pe @S @
function of the diameter ratio u Thus the materi-
al of thick walled vessels 1s more fully explotted
if complete plastic yielding 1s used as the design
limut

An ASME (Amercan Society of Mechanical
Engineers) commuttee is preparing a new code
for calculating high pressure vessels (Sect VIII
Drv 3) It uses the type of calculation presented
above and selects a safety factor of S = 2 rela-
tive to complete plastic yielding according to the
GE hypothesis or S =1732 with respect to
complete plastic yielding according to the shear
stress hypothesis The permissible internal pres-
sure 1s thus

pcompl te pl

3)

|
= —1
P=902y7353 0
The following points must also be consid-
ered

1) The stress must not exceed the tensile yield
strength at any point

2) The fatigue strength must be taken into ac-
count

3) Bnuttle fracture must not occur

[nitial stresses for example caused by shrink-
ing or autofrettage may also be considered tn
these calculations

2312 Imnal Stresses in Shrink Joints

The unfavorably high tangenual stresses on
the inside of the wall can be substantially re
duced if two or more cvlinders are shrunk onto
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Figure 6 Tangenual stress in two layer shrnink vessels

A) After shnnking B) Due to internal pressure alone C)
Tangenual stress resulung from shnnkage and intemal
pressure

one another Shnink joints are generally pro
duced by heating the outer cylinder prior to join
ing However 1t 1s also possible to press conical
cylinders onto one another In order to calculate
the mitial stresses generated by shrinking 1t 1s
important to make an exact measurement of the
diameter at the joint surface before shrinking
takes place

The shrinkage should be selected such that at
operating pressure the inner and outer cylinders
have the same safety margin with respect to the
tensile yield strength or the fatigue strength

Figure 6 shows the tangenual stresses after
shninking and due to the internal pressure

2313 Residual Stresses Due to Autofrettage

Autofrettage can be used to generate a favor
able stress distribution in the vessel wall A
higher internal pressure causes the matenial on
the inside of a thick walled vessel to flow while
the outside 1s only elastically expanded The
pressure 1s released after part of the wall oreven
the entire wall has been plasucally deformed
The matenal in the vicinity of the inside of the
wall 1s strongly plastically deformed in the au
tofrettage process and tends to remain deformed
The matenal near the outside of the wall is least
deformed or may not be deformed at all and
therefore tends to return to its onginal shape As
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aresult tangenual residual stresses are produced
as compressive stress on the inside of the wall
and as tensile stress on the outside they vary
nonumformly over the wall thickness The resid
ual compressive stresses on the inside of the wall
later counteract the tangental stresses produced
bv the internal pressure The result 1s that with
pulsaung pressure there 1s a reduction in the
mean stress which increases service hife

The nisk of brittle fracture is also reduced by
autofrettage since the stress intensity factor at a
crack up or a cracklike inclusion i1s lowered This
slows down crack growth and increases the crti
cal crack depth

The residual stresses obtained by autofret
tage can be computed according to ASME Sec
tion VIII;3 three methods are used

1) Measurement of the mean tangental expan
sion at the outside of the wall at the maximum
autofrettage pressure

2) Measurement of the mean residual expansion
at the inside of the wall

When calculating the load the initial stresses
can be superimposed on the other stresses The
first step 1s thus to add together the individual
stresses 1n each of the three main axes from
which the load can then be calculated

Autofrettage pressure is often selected so that
ca 30% of the wall thickness is plastically de
formed Figure 7 shows the tangential stress oc
curring 1n a pipe after autofrettage and the stress
resulting from autofrettage and internal pressure

2314 Thermal Stresses

When pressure vessels are operated at con
stant temperature thermal stresses do not gener-

Figure 7 Tangenual stress in vessels treated by autofret
tage

A) After autofrettage B) Tangential stress resulting from
autofrettage and internal pressure

Vol B4

ally need to be taken into account If however
the vessel 1s heated or cooled under internal pres
sure the stress on the vessel wall can increase
considerably Thermal stress must be taken into
account when heating occurs f{rom outside
through the wall or when the vessel wall s cooled
by the contents

2315 Avouding Brittle Fracture

Brittle fracture 1s a type of failure in which a
crack present in a part subjected to tensile stress
es spreads suddenly and without plastic defor
mation and thus destroys the component

The tendency to brittle fracture 1s increased
by
1) High tensile strength of the material and thus

low toughness
2) Low temperature and thus low toughness
3) Large tensile stresses
4) Large wall thickness
5) Unfavorable design (peak stresses)

6) Corrosion

The calculation of the cnitical crack length in
vessels under internal pressure 1s difficult since
steep stress gradients are present at the risk sites
and high internal pressure at the crack tip has a
substantial influence on bnttle fracture behav
1or In the case of the steels that are usually used
this calculation 1s generally only necessary for
large vessels in which the operating pressure ex
ceeds 1000 bar

232 Cylindnical Wall with Radial Bore

Radial bores are used for thermal measure
ments and pipe connections

Stresses Due to Internal Pressure In the re
gion where the bore penetrates the inside of the
cylinder the internal pressure produces a stress
which 1s approximately three times that on the
intact cylinder wall This site 1s therefore often
the starting point for fatigue cracks The risk of
cracks can be reduced by rounding off and pol
ishing the edges

Residual Stresses as a Result of Test Pressure
or Autofrettage Even at relatively low pressure
the tensile yield strength 1s exceeded at the point
of penetration As a result an autofrettage effect
can often be achieved in this region during pres
sure testing As an example a residual compres
sive stress of 0 5 times the tensile yield strength is
generated for a diameter ratio v of 225 at the
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Figure 8 Favorably shaped conical transition from cyhn
der to end plate

point of penetration If the inside of the wall of
the intact cylinder has been loaded up to the
tensile yield strength during pressure testing

233 End Pieces

As a rule end pieces that are forged or weld-
ed on are constructed either as hemisphernical or
flat plates Hemuspherical end plates require a
wall thickness of approximately 60% of the
cylinder wall They ensure good distribution of
stress at the transiion from the hemisphere to
the cylinder A flat end plate is frequently chosen
for production engineering reasons High stress-
es which are strongly influenced by the form of
the transition from cylinder to end plate are pro-
duced at the transition from the flat plate to the
cylinder wall In the case of a favorably shaped
conical transition (Fig 8) the load 1s only shightly
higher than in the cylindncal wall

The shape factor ¢ ., /o 1s shown n
Figure 9 for a wall thickness ratiod,/d, > 1 5 and
apphes only if the transition radius 1s one quarter
of the wall thickness (R /TV = 025) The stress
can be reduced only slightly by using a larger
radius

24 Corrosion in High-Pressure Plant

Only those types of corrosion which are 1n-
fluenced by high pressure are dealt with in this
chapter

Hydrogen Attack at Elevated Temperatures
(— Corrosion B1 pp 8 37-8-39) The action
of molecular hydrogen at high pressure on steels
must be considered 1n a number of high-pressure
processes eg hydrogenation and ammonia
producuon At elevated temperatures (> 200°C)
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Figure 10 Resistance limuts for the attack of pressunzed
hydrogen on steels (Nelson diagram)

and under pressure hydrogen tends to decarbur
1ze carbon steels which causes embrnittlement
and deterioration of the mechanical properties
Hydrogen attack can be prevented by using car
bon binding alloying elements such as chromu
um molybdenum vanadium.and tungsten The
hydrogen-resistant steels used nowadays contain
2-6% Cr 02-06% Mo and a few tvpes are
additionally alloyed with up to 086% V and
045% W Figure 10 shows the resistance limits
for different steels

Corrosion by Carbon Monoxide (— Cor
rositon B1 pp 8-47-8-49) Carbon monoxide
under pressure attacks unalloyed and low alloy
steels at 130-140°C with formation of iron pen
tacarbonyl Attack virtually ceases above 350 C
With high alloy chromium and chromium-
nickel steels the damage 1s significantly less
Chromium steels with 30% Cr and austemtic
steels with 25% Cr and 20 % Ni are completelv
resistant If the iron pentacarbonyl 1s entrained
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in a s\nthesis cycle 1t may decompose exother
micalls at a higher temperature with the forma
uon of active pyrophoric 1ron

Nitrniding by Ammomnia (— Corrosion Bl
pp 8-47-8 49) At temperatures above 250 °C
ammonia forms a nitride layer on steels and em
brittles the underlying material Welding 1s then
difficult owing to the nitrogen ennichment and
these parts are often irreparable after lengthy op
erating imes Apart from Armco iron austenitic
steels are the least subject to attack Although a
nitnde layer does form with austenitic steels
above 350°C no loss of material occurs because
ths laver does not flake off This layer must be
ground off before repair welding but the weld
ing properues of the base matenal are not affect
ed

2 8§ Maternal Selection

Low alloy steels (as specified m eg DIN
17200) are generally used for the load-bearing
wall of pressure vessels In the case of relatvely
thick walls good annealing charactenstics and
good toughness are important Wall tempera
tures exceeding 350 °C may produce temperature
embnttlement which can be reduced by hmiting
the content of impunities (S P Zn As) Hydro-
gen resistant materials are necessary at tempera
tures above 200°C with hydrogen containing

Table 4 Steels used for high pressure applications

Tvpe of steel Matenal no Uses

10 CtMo910 1 7380 for forgings and pipes to
prevent hydrogen attack
above 200 C

12 CrMo910 for forgings and pipes to
prevent hydrogen atiack
above 200 C

24 CrMoS 17258 for covers flanges bolts

21 CrMoV 57 1 7709 for forgings at high tem
peratures not hydrogen
resistant

30 CrNiMo 8 1 6580 pipes forgings at pres
sures above 1000 bar

24 CrMo 10 17273 forgings to prevent hy
drogen attack above
200 C

20 CrMoV 135S 17779 pipes forgings to pre

vent hydrogen attack
above 200 C

pipes and forgings to
prevent hydrogen attack
above 450 C

X20CrMoV 121 14922
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media It 1s generally necessary to use high
strength steels at operating pressures above
2000 bar Since elongation at rupture and tough
ness decrease with increasing strength good
toughness s parucularly important with these
steels Fracture mechanical investigations are
adwvisable if these steels are used for wall thick
nesses exceeding {50 mm

Some typical steels for high pressure vessels
and piping are listed in Table 4

2 6 Design Detalls
261 Corrosion Protection

The types of corrosion that are specifically
intensified by high pressure are descnibed 1n Sec
tion 24 Apart from these there are other types
of corrosive attack that are independent of pres-
sure

Vessel Walls Made from Corrosion-Resistant
Matenal This is the simplest corrosion protec
tion method but 1t 1s only possible in a few cases
because of cost reasons In the case of hvdrogen
attack the wall can be protected by using the
alloying elements Mo Cr Ni and V Mululayer
vessels are advantageous since they require hy-
drogen resistant steel only for the inner layer
The other layers need not be hydrogen resistant
if design (e g , ventuing channels) ensures that hy
drogen diffusing through the inner layer s drawn
off

Cladding Abrasion can be prevented by roll-
bonding cladding or weld overlay cladding
However this type of protection is often not pos-
sible with the steels and wall thicknesses used for
high pressure vessels An advantage of this
method 1s that the cladding matenals (e g
austenitic steel) often have a different thermal
expansion than the vessel wall This leads to ther-
mal stresses in the cladding during heating and
cooling If the cladding is joined sohidly to the
vessel wall the expansion of the base matenal s
imposed on every part of the cladding The ther
mal stresses are therefore equal in all parts of the
cladding

Disadvantages of this method include

1) The base material 1s attacked 1f the cladding 1s damaged
at any poimnt and the damage often cannot be detected
in ume
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2) In weld overlay cladding the sohdifying melt forms
columnar crystals perpendicular to the wall surface
Along the grain boundary of these crystals the corro
sion resistance 1s lower than in the rolled matenial In the
case of heavy corrosion at least a two layer weld over
lay cladding should therefore be selected

Cladding does not protect against hydrogen attack
since hydrogen diffuses through the cladding to the base
material

3

-~

Lining With loose linings the tightness can
be monitored during operation For this pur-
pose the space between the lining and the pres
sure bearing wall 1s monitored by means of vent
ing holes The lining must be attached to the
pressure bearing wall in such a way that different
thermal expansion cannot produce a displace
ment between the lining and the vessel wall

An advantage over cladding 1s that the lining
can be checked for leaks at any ume Disadvan-
tages of this method compared to cladding 1n-
clude

1) Given large differences in thermal expansion
or an unsuitable attachment to the pressure-
bearing wall the expansions can be concen-
trated on the weakest point and cause damage
there

2) The joining of a nozzle hining to the lining of
the vessel can be a weak spot

N
\
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Figure 11 Titamum lining 1n a pressure vessel attached in
the axial direction by morused ttansum stnps

a) Core tube of a multilayer vesse! or vessel wall b) Tian;
um sheet ¢) Tuanum stnp with grooves d) Bores for
blankeung gas and leakage monitonng
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Figure 11 shows the attachment of a loose
ttanium lining by means of morused tutanium
stnips The venting hole through the vessel wall is
used to introduce the protective gas

Floating Bladders The floaung bladder
principle 1s used under extreme corrosion cond
tions The balloon 1s made from an alloy that 1s
resistant to the extremely aggressive medium and
1s surrounded by pressunzed water so that the
internal pressure of the balloon and the pressure
of the water surrounding it are virtually identical
(see Fig 12)

An advantage of this method s that the high
pressure shell and the high pressure seals are not
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1800 mm

Figure [2. Pressure vessel with internal bladder of highly
corrosion resistant matenal

a) Internal bladder of highly corrosion resistant matenal
b) Austenitic steel ining ¢) BASF Schierenbeck mululaver
vessel (low alloy steel) d) Highly corrosive medium (pres
sure p ) e) Water (pressure p_ monitored by chemical
analysis) p, =p + 2bar
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| directly exposed to the aggressive medium
Leaks in the bladder can be detected by chemical
monitoring of the pressunzed water A disadvan
tage of this method 1s that the required pressure
equahization between the balloon and the pres-
surized water space necessitates additional out
lay on piping measuring instruments and bal
ancing tanks

262 Covers and Their Attachment

The most commonly used types of closure are
shown 1n Figure 13

The cover seals (Fig 13 A-E) are attached by
means of threaded bolts and are used for all di
ameters and pressure ranges The bolts are gen
erallv ughtened hydraulically or pneumatically
Itis however also possible to prestress the bolts
longitudinally and then to tighten the nuts

In the Bredischneider seal (Fig 13F) the
force acting on the cover due to the internal pres
sure 1s led via the sealing ning (a) onto the split

® ®
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Figure 13 Forms of cover and forms of seals (see text for
explanation)
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nng (b) which is supported in the groove of the
shell This design requires only small bolts which
bring the cover and sealing nng together 1n the
pressureless state

The clamp seal (Fig 13G) permits rapid
opening and closing of the pressure vessel The
two or three part clamp s pushed over the col
lar on the cover and vessel and fixed The elastic
seal 1s pressed onto the sealing surface by the
internal pressure Itis easy to automate the clos
ing process which 1s why this joint 1s frequently
used for batch processing e g 1n extraction with
supercritical gases

Screwed in covers (Fig 13H) are used for
smaller inner diameters The Hahn and Clay fin
ger pin seal (Fig 131)1s suitable for large diame
ters An elastomeric seal 1s necessary Opening
and closing can easily be automated

263 Cover Seals

Metal seals are usually necessary as cover
seals in chemical high pressure plants The single
cone (Fig 13A) with a conical slope of 10° 1s
chiefly used for cover openings of up to 800 mm
diameter and pressures up to 400 bar The dou-
ble cone ning (Fig 13 B) with a conical slope of
30°1s more complicated than the single cone and
1s used for cover openings larger than 500 mm
and pressures up to 700 bar The delta nng
(Fig 13C) and the RTJ nng (Fig 13D) can be
regarded as smaller versions of the double cone
ring The wave ning seal (Fig 13E)1s pressed by
the internal pressure against the cylinder sealing
surfaces and s plastically deformed in the pro
cess This 1s a special seal for surred tank
polyethylene reactors where they are used up to
300°C and 2500 bar Flat sealing nngs and
metallic O rnings are seldom used in chemical
plants

264 Seals for Piping

These seals are used for substantially smaller
diameters than the cover seals For cost reasons
the aim 1s to have simple shapes which can also
be replaced easily Larger tightening forces dur
ing assembly are then acceptable

Figure 14 shows the most common designs
for piping seals The lens ring seal (Fig 14 A) 1s
used 1n Europe for pressures up to 4000 bar The
conical rning seal (Fig 14 B) 1s the most widely
used 1n the United States for pressures from 1000



Vol B4

to 2000 bar The Grey lock seal (Fig 14C) 1s
used 1n the United States predominantly for
pressures up to 2000 bar The nng joint seal
(Fig 14D) can be used for pressures up to
200 bar and temperatures up to 700°C The con
ical seal with cap nut (Fig 14E) can be used for
small nominal pipe sizes and pressures of up to
6000 bar Flat seals (Fig 14 F) are rarely used in
high pressure plants
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2 7 Example of the Design of Pressure
Vessels

Figure 15 shows the upper part of a reactor
having internal cooling tubes a central high
pressure connection and an inserted tempera
ture measunng tube The reactor is lined inside
with stainless steel and the cover 1s sealed to the
vessel wall by means of a double cone seal The
cooling liquid 15 led through the lateral branches
(nominal diameter 125 mm) into the distribution
chamber above the cover The hquid flows
through the dip pipes to the lower end of the
cooling tubes which are closed at the bottom
4and returns to the top around the dip pipes

Figure 16 shows the dimensions of the reac
tors used 1n ammonia plants since 1910 Even
larger pressure vessels are built as hydrocrackers
and desulfunzation reactors which have inner
diameters of 4 1 m a wall thickness of 280 mm
and a total weight of 1100t The matenal em-
ployed has largely been ASTM A 336 F22 with
special punity requirements These reactors gen-
erally have a stainless steel weld cladding

Figure 14 Seals for high pressure piping (see text for explanation)
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Figure 15 Reactor with internal cooling tubes

a) High pressure vessel b) Flat cover c) Double cone sealing nng d) Thermowell e) Inlet nozzle for cooling flud
) Distmbution chamber g) Field tubing for cooling h) OQutlet nozzle for cooling fluid
ND = nominal diameter in milhmeters NP = nominal pressure in bar
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Year of fabrication
inner diamefer mm 90 90

Height m 18 & L 8 8 8
Weight 35
Volume of catalyst m’ 009
Operating pressure bar 200

Capaaty t/d 36-48

1910 1911 1912 1913 1913 1914 1915 1956 1963
160 200 300 S00 800 1200 2900

1969 1972* 1982°**
2000 2400 3350
12 22 22 3% 9

105 270 386 190
L85 64 36 56 53

300 300 150 350 210 210

1200 1580 1800

*Horizontal  '"2Reactors

Figure 16 Development of the dimensions of ammoma reactors since 1910 [2 16]

3 High-Pressure Machinery for
Chemical Plants

Because of severe stresses 1t IS necessary to
design and fabricate high-pressure machines
very carefully Experience has shown that 1in
high-pressure  processes the high pressure
pumps and compressors present the greatest
problems as regards lifetime and maintenance
In process and production engmneering high
pressure 1s generally understood as 100-
4000 bar Most mmportant applications also fall
within this range [3 1] (see Tables 1 and 2)

31 Special Features of High-Pressure
Machines

High pressure machines are expensive to de
velop, produce, supply with energy and main
tain Since the components are subject to high
stress careful stress analysis 1s necessary For
dynamic stresses a design with few notches and
with excellent surface quality 1s required At
points that are especially prone to nsk local ma-
terial properties must be improved and stress
peaks must be reduced

The solution of sealing problems especially
under dynamic stress, requires a great deal of
experience The piston seals of reciprocating dis-
placement pumps present special problems since
these pumps overcome very high pressure differ-

ences (up to several thousand bar) in a single
stage The sealing of problem fluids such as sus-
pensions and matenals with low viscosity and
poor lubricating action requires special mea-
sures

In selecting matenals for high pressure com-
ponents special attention should be paid to high
strength good 1sotropy homgeneity toughness
and quality Apart from high strength ferntic
tempenng steels fabnicated with special punty
soft martensitic semiaustenitic, and precipita-
tion hardened chromium-nickel steels are in-
creasingly being used to meet corrosion resis-
tance requirements Homogeneity 1s achieved by
the smelting method and i1sotropy is achieved by
forging the slugs as much as possible from all
sides

For dynamic seals, all capabilities of modern
materials development for plastics bronzes sin-
tered metal carbides and layers of hard matenal
are utithzed The special matenal properties of
fluids at high pressures e g compressibility vis-
cosity changes density and solidification tem
perature must be taken into account

32 Creation of Pressure by Pumps and
Compressors

The approximately isentropic change of state
dunng a pressure increase (Fig 17) causes a tem-
perature rnise which 1s small in hquids but large in
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gases This temperature nse limits the pressure
ratio which can be produced by one stage in com
pressors The required work is generally deter
mined by the difference of the total enthalpies
For gas compressors efficiency data refer either
to 1sothermal or 1sentropic changes of state
which leads to considerable differences

400

w
w
o

<

300

Temperature K —e

250

Entropy kJ kg 'K '— =

Figure 17 Isentropic change of state of carbon dioxide
A-B gases C-D liquds E-F supercritical fluids
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For reciprocating piston machines the clear-
ance volume fluid compressibtlity and working
space elasticity determine the volumetnc effi
ciency (also known as the transfer or discharge
level) which 1s a measure for the utihzation of
the structurally determined swept volume High
pressure piston COmpressors require a multistage
arrangement with intermediate cooling to ap-
proximate the energetically favorable 1sothermal
change of state for economical operation The
pressure ratios produced by one stage amount to
2-5 1n the case of process gas compressors
(Fig 18 left) By contrast piston pumps for liq
uitds overcome very high pressure differences in a
single stage because liquids are much less com
pressible (Fig 18 right) The fatigue of the pump
component with a cyclical intenior pressure {3 2]
[3 3] and the hifetime of the piston seals are limit-
ing factors

With rotary displacement machines e g gear
pumps, intenior leakage losses determine the vol
umetrnic effictency For high pressure applica-
tions such pumps are suitable only for highly
viscous fluids

When pressure 1s generated hydrodynamical
ly, as in turbomachines (Fig 19) the circumfer
ential velocity u of the commonly used radial
impellers 1s very important for the pressure in
crease per stage Ap, = You?/2 (where y 1s the
coefficient of pressure g 1s the fluid density) The

300

Pressure p bar

V.

T

Volume V m? —

Figure 18 Gas and liquid compressor (pump) The p~V diagram for a
Left five stage gas compression Right single stage liquid compression
b, = stroke volume ¥, = clearance volume Ap, = pressure increase per stage
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Figure 19 Pnnciples of pressure generation

A) Single stage piston pump B) Piston compressor stage
(double acion) C) Mulustage centnifugal pump (or turbo
compressor) D) High speed (parual emission) single stage
centrifugal pump

rotorstress limits the circumferential velocity for
pumps to about 100—200 m/s For turbo com-
pressors the speed of sound (ca 300-400 m/s) 1s
the hmut generally Mach numbers < 0 7 are used

Nevertheless pressure 1ncreases of 50—
250 bar per stage can be achieved for hiquids,
depending on the power For gas compression
more stages are needed than for liquid pumps
because of the lower fluid density and intermedi-
ate cooling 1s required

Vol B4

Vit)—
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Figure 20 Time behavior of the fluid flow

a) Hydrodynamic pump or compressor b) Hyvdrostatic
(double action) piston machine

V,, = average volume flow V (t) = ume volume flow

Compared to hydrodynamic turbomachines
hydrostatic displacement machines exhibit pul
sation of the flow rate (Fig 20) Generally dis
placement machines are more efficient for com
parable power, but turbomachines have the
advantage of being smaller in size thus requiring
less space and running quieter

33 Pumps

In high-pressure systems pumps are used for
volumetric metering, transfer circulation and
pressure maintenance Volume flow rates range
from ca 1cm3/h to > 10° m?*/h The pressure
range generally extends up to 300-1000 bar
more rarely into the range of 1000-4000
(10000) bar (Fig 21) 9 dsz

The charactenstic curves of pump construc-
tion types differ mainly 1n their pressure stiff-
ness (the influence of pressure on flow rate)
(Fig 22A) Because of their pressure elastic
curve centrifugal pumps can also be regulated
by throtthing (Fig 22A the operating point
shifts from A to B) Regulation of the rotational
speed 1s more favorable energetically (Fig 22 A
the operating point shifts from A to B) Bypass
regulation 1n which part of the pump s flow rate
1s recycled to suction through a regulation valve
1s also customary for large machines and low
energy costs Displacement machines have pres
sure stiff charactenistic curves they thus impress
their flow rate on the pumping system (Fig 22 A
lines d and e) As a rule the flow rate depends
approximately linearly on the regulated van
ables (rotational speed n, stroke length h)
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Figure 21 Power range of vanious types of high pressure pumps

a) Micrometenng pumps (piston diaphragm gear spinning pumps) b) Metenng pumps for laboratory and pilot systems
(piston  diaphragm/hydraulic) c) Metenng pumps (piston diaphragm/hydraulic) d) Ultrahigh pressure piston pump
e) Mulucylinder piston pump ) Mulucylinder diaphragm pump g) Centnfugal pumps (high speed single /two stage)
h) Centnifugal pumps (multistage) 1) Rotating displacement pumps (gear spindle)
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Figure 22 Charactenstic curves for vanous types of pumps
A) Pump 1n the system throttle/rpm regulauon of centnfugal pumps B) Regulation charactenstics of displacement pumps
a) b) Charactenistic curve for the system c) centnfugal pumps d) rotatng displacement pumps  ¢) reciprocating displace

ment pumps

V = flud flow Ap = pressure difference n = rpm Ay = stroke length A B B = operating points

SLarfesca

(Fig 22B) With reciprocating displacement (e g gear pump) and stroke length A, (e g re
pumps the high differential pressure shifts the ciprocating metering pump) the flow rate 1s
charactenstic curve from the ongin due to elas 0 Only 1n the case of reciprocating displace
ucity effects of the working space and the fluid ment pumps 1s there proportionality between the
(34] The same apples to rotary displacement flow rate V and the regulated vanable n because
pumps at higher pressure differences due to inte the intenor leakage currents tend to vanish

nor clearance leakages With rotational speed 7, (Fig 26B)

¢
drapa @
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Figure 23 Types of reciprocating metenng pumps

P = piston pump head DH = diaphragm pump head (hydraulc)
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331 Reciprocating Displacement Pumps

In high-pressure engineering reciprocating
piston and diaphragm pumps are used in many
variants up to pressures of 10000 bar They may
have electrical hydraulic or pneumatic linear or
mechanical crank or eccentric dnives and their
stroke or speed may be adjustable The following
sections refer to metering and transfer pumps
and are oriented tn terms of important applica
tions

3311 Metering Pumps

For very small pulsation free metering flows
(eg 10-10°cm3/h) hydraulic and mechanical
(spindle) hinear drives are used for pressures up
to several thousand bar By operating two
systems in parallel these can also be operated
without nterruption (Fig 23a and b) [34] By

superposing two displacement pistons or by con- , o

trolling the angular velocity w with a special cam~
drive small metering flows with low pulsation
are achieved up to a pressure range of about
700 bar This can even be done with leak-free

High-Pressure Technology 603
hydraulic diaphragm pump heads (Fig 23¢ and
d) Such pumps are also used in HPLC analysis
[35] [36] If high frequency metering flow pul
sations do not interfere with the process as 1s the
case in most applications reciprocating piston or
diaphragm metering pumps with adjustable
stroke and speed are used

Magnetc linear dnives (Fig 23e) are disun
guished by their ease of operation and their small
construction size They are suitable for flow rates
<1 L/h and pressures up to 500 bar with di
aphragm pump heads Forlarger metering flows
reciprocating metering pumps with an adjustable
stroke and with mechanical transmissions have
proved suitable These pumps can be designed
with several cylinders for metering several com
ponents or to smooth out pulsations (Figs 23f
and g) [3 7] The automated systems are activat
ed by stroke actuators or by dnves with vanable
speed

Diaphragm metering pumps with a hydraulic
diaphragm drive are suttable for very high pres-
sures Up to about 500 bar therr diaphragm con
sists of polytetrafluoroethylene (PTFE) beyond
this up to about 3000 bar 1t consists of metal
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Figure 24 Diaphragm metering pump with stroke adjustment through an eccentric adjustment system (Lewa)
1 .) Ficentric adjustment dnive h) Piston 1) Diaphragm j) k) Pump valves |) Pump cylinder m) Replenishing vale
) Piston seal o) Hydraulic supply vessel p) Shding gate q) Overflow valve r) Venung valve
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(e g chromium-nickel steel) {37] [38] The
leak free design operates rehiably 1s easy to
maintain presents no problems with hazardous
fluids and circumvents piston sealing problems

With smaller metering flows spring loaded
cam drive systems predominate because they
make 1t possible to adjust the stroke without
backlash (Fig 23h) For larger metering flows
(hvdraulic power up to 50 kW per metering ele
ment) all types of dnve designs with adjustable
stroke are m use All of these are based on the
familiar  conventional crank  mechamism
(Fig 24)

The lifetime of PTFE diaphragms which are
primarly used up to 500 bar far exceeds 10000 h
Diaphragm rupture can be signalled by sandwich
diaphragms [3 9] [3 10], which consist of two
diaphragms the space in between being connect
ed to a pressure sensor via a check valve If one
of the diaphragms ruptures the discharge pres-
sure operates a pressure switch In normal oper-
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ation the two diaphragms are connected bv an
adhesive intermediate fluid during sucuon and
by direct mechanical support on one another
during discharge

For very high pressures (> 1500 bar) di
aphragm pumps with metal diaphragms are used
only for laboratory and pilot systems because
they are quite sensitive to surface damage by dust
particles which reduces the fatigue iimit in this
pressure range

The trend in the development of reciprocat
ing high-pressure metering pumps 1s therefore
towards diaphragm technology Exceptions are
the above mentioned piston designs for HPLC
analysis where extremely favorable operating
conditions prevail

For process and production engineenng pis
ton metering pumps with a low frequency long
stroke linear dryve (F1g 25) also known as pres-
sure converters are suitable for very high
pressures (1500-4000 bar) (Fig 231) The uni-

f

Figure 25 Superposition system with hydraulic linear dnve (Uhde)

A) Prnciple arrangement B) Pulsation of the fluid flow

a) Single-cylinder piston pump b) Two-cylinder linear dnve {as in Fig 25A) c) Basic effect of reduced volumetnc efficiency

due to elasucity
V. = average flow rate of flud 1= tume
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form slow piston motion leads to an opera-
tionally reliable piston seal and when two pump
heads are superposed, to low pulsation of the
flow rate {3 11]

For pressures of several thousand bar such
as those required for metering 1n polyolefin pro-

®

High-Pressure Technology 605

duction or for water jet cutting the piston heads
are designed with coaxial pump valves to avoid
the notch effect (see Fig 28 and Chap 361)
Hydraulic pressure converter pumps can also be
easily controlled at high powers for automation
purposes
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Figure 26 Process diaphragm pump for hugh pressure (Lewa)

A) Propulsion system with straight thrust crank dnve for multihead arrangement B) Diaphragm pump head for the pressure

range up to 500 bar

a) Shding gate for controlling the position of the diaphragm b) Diaphragm (PTFE sandwich form) ¢) Hvdraulic e\ hnder

d) Piston with seal ¢) Pump valves
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Figure 27 Monoblock and component mode of construction (URACA)
A) Monoblock valves displaced B) Monoblock valves flush C) Component mode of construcuon
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Figure 28 Coaxial arrangement of the pump valves
a) Piston b) Piston seal c¢) Suction valve d) Pressure valve

3312 Transfer Pumps

In contrast to metering pumps, which gener-
ally have a single cylinder and an adjustable
stroke transfer pumps are always designed with
several cylinders (e g, triplex) in a multithead
structure 1n order to smooth out pulsations 1n
the flow rate (Fig 23g) Powers over I MW are
achieved 1n a vertical or honizontal mode of con-
struction Piston pump heads currently still pre-
dominate Dnves for multthead piston and di-
aphragm pumps are very similar (Fig 26a) At
high pressure and when using corrosion resis-
tant high-strength steels the mono-block mode
of construction (Fig 27A B) 1s replaced by a
component mode of construction (Fig 27C)
The advantage 1s that the parts which are most
subject to fatigue can be replaced more easily
Above 100-300 bar, a coaxial valve arrange-
ment (Fig 28) 1s suitable because in this way the

|
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notch stresses can be reduced by at least a factor
of two compared to the customary T intersec
tion of the pump head bores (see Chap 36 1)
Such designs can deal with differential pressures
up to ca 1500 bar with long-term operational
reliability Such pressures are presently required
forexample 1n high-pressure cleaning technology

Diaphragm transfer pumps in a multihead
structure with powers up to about 1 MW have
recently also been built for the pressure range up
to 1000 bar (Fig 26B) [39] [3 12] The avoid-
ance of piston seals with fluid contact and leak-
ages leads to remarkable operational rehability
For this reason multihead diaphragm pumps are
economical for hazardous fluids at high pres-
sures as compared to multthead piston pumps
despite the higher investment costs

With the development of pipeline transport
of coal or ores the chemical refining of ore and
coal hydrogenation high-pressure pumps are
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currently being used for suspensions that are
loaded with solids There are various methods to
keep abrasive particles away from the piston
seal e g hydraulicisolating lines sedimentation
spaces and flushing systems [3 13] For pre
dominantly aqueous abrasive slurrnes with a
high concentration of solids multicylinder di
aphragm pumps are suitable up to a pressure of
200 bar and for powersof ca 1 S MW They gen
erally have a four cylinder arrangement and
elastomer diaphragms [3 14]

A new branch of high pressure engineering is
the conveyance of matenals with high consisten
cy eg mortar concrete sludge slurmes over
long distances for which pressures of up to
200 bar may be necessary This can be carned
out with slow hydraulic long-stroke piston dis-
placement elements if the inlet opening of the
two-cylinder arrangement 1s controlled with shd-
ing switches which operate as valves [3 15]

332 Rotary Displacement Pumps

At high differential pressures rotary dis-
placement pumps are suitable only for viscous
fluuds As the wviscosity increases the internal
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sealing clearances seal better and the pump effi

ciency and the attainable pressure difference
reach satisfactory values Gear and screw pumps
are suitable for process engineering applica

tions up to 300 bar with fluid wviscosities
>ca 100 mPa s Typical applications for gear
pumps are the injection conveyance filtration

and spinning of polymer melts (viscosities
>10°mPa s) Delivery pressures up to 450 bar
occur 1n these applications In the case of hot and
direct spinning processes the heated high-pres

sure gear pump with a large inlet cross section
takes the polymer melt from a reactor which
may be under vacuum and presses 1t through
filters towards the gear spinning pumps whose
flow rate 1s especially umform and does not de

pend greatly on the delivery pressure Gear
pumps (Fig 29) are used behind compounding
extruders to increase the pressure (e g from 100
to 300 bar) and to smooth out fluctuations in the
extruder output [3 16]-{3 20]

333 Centrifugal Pumps

Centrifugal pumps require high circumferen
tial speeds and several or many stages at high
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Figure 29 High pressure gear pump (heated) for polymer melts (Maag) [3 20]
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pressure differences EconomicC application of
centnfugal pumps depends on the specific speed
of the single stage (at least 1020 rpm) and thus
on the magmtude of the flow rate and the hy

drauhic power

3331 Multistage Centrifugal Pumps

High pressure centnfugal pumps have long
been used as feed pumps for steam boulers (3 21},
[322] power extends to beyond 30 MW and
pressures up to 400 bar The design of high pres-
sure centrnifugal pumps for process engineenng
varies depending on the pressure level the tem-
perature conditions (including those durning
starung) and the operational requirements as
well as the directives of the international regula-
tions

For high pressure process engineerng cen-
tnfugal pumps with vertically-split barrel con-
struction have become established for powers
above ca 1 MW 1n petrochermustry as well as 1n
petroleum and natural gas exploration especial-
ly as injection pumps (3 23], [3 24] Injection
pumps for surface water and seawater 1mpose
much more stringent requirements as regards
corrosion and eroston resistance of their compo-
nents (power up to ca 20 MW pressure up to
300 bar) The entire running gear can be with-
drawn without disassembling the housing which
facilitates repairs (Fig 30) For pressures below
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250 bar and lower powers multistage cemtrifugal
pumps are also used with staged housings and
modular construction They generally require
lower investment costs For the pressure range
up to 150 bar a longitudinally divided (horizon
tally spht) housing design (pipeline pump) 1s
suitable for many applications including boiler
feeding and transferring hiquids into chemucal
processes

3332 High-Speed Centnifugal Pumps

In recent years high speed single stage and
two stage centrifugal pumps have been intro
duced (Fig 31) They now represent a significant
alternative to multistage centrifugal pumps in
the range up to 100 m*/h The required high cir
cumferential speed (max 200 my/s) 1s effected by
high rotor speed by using gears (up to ca
30000 rpm) so that pressure increases per stage
up to about 200 bar are possible Although the
efficiency 1s then generally poorer than in the
case of multistage pressure increase high-speed|
centrifugal pumps have a compact construction
(3 25]

Two-stage gear-centrifugal pumps (Fig 31 B)
achieve higher pressures than single stage pumps
(Fig 31 A) However the shaft seal of the second
stage 1s exposed to higher pressure, the slow-run-
ning booster stage that 1s shown in Figure 31 B s

b

Figure 30 Six stage vertically sphit barrel housing centnfugal pump (Sulzer)
a) Barrel housing b) Shaft c¢) Axal thrust compensation d) Shaft seal ¢) Six internal pump stages
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Figure 31 High speed gear centnfugal pumps (Sunstrand)

A) Single stage B) Two stage with booster stage for improving the NPSH
a) Stages b) Booster stage
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Figure 32 Ten stage canned motor centrifugal pump in tandem arrangement for carbon dioxide arculation (HERMETIC)
a) b) Tandem rotor ¢) Canned motor d) Cooler e) Terminal box [) Cooling circuit impeller g) Mechanical shaft seals

used to increase the suction pressure or the head
above vapor pressure to avoid cavitation

For hydrauhc powers below 1 MW (pres
sures from 100 to 300 bar) only a detailed cost
benefit calculation will generally indicate the
most favorable choice between multistage cen

tnfugal pumps high speed one or two stage
centnnfugal pumps or reciprocating mult
head piston or diaphragm pumps The ener
gy consumption and expenses for investment
and maintenance determine the optimal solu
tion
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3333 Hermetic Centrnifugal Pumps

With centrifugal pumps there 1s also a trend
towards avoiding leakages and problems with
shaft seals by means of a leak free design Nor
mally the shaft seals of centrifugal pumps are
exposed only to intake pressure and thus can be
dealt with relatively easily With higher intake
pressures or svstem pressures 1t 1s recommended
that centnfugal pumps with a canned motor
dnive be used especially in the power range be
low 500 kW and if the fluids are toxic or haz
ardous [3 26] [3 27] Expenence 1s available up
to svstem pressures of 1000 bar the support of
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the thin walled containment shells of austeniuc
steel in the grooved stator against the high pres
sure 1s especially important The rotor beanngs
lubricated bv the delivery fluid are now fre
quently made of silicon carbide

Figure 32 shows a multistage canned motor
centrifugal pump with a separate water cooling
circut for the motor such as 1s used for exam
ple to circulate carbon dioxide at 300 bar system
pressure The pump rotor 1s mounted in the mo
tor area the tandem pump stages and the cool
ing circuit 1mpeller operate over mounted on
both sides of the bearings The entire internal
cooling flow passes the canned motor The cool
ing circuit 1s separated from the hquid circut by
mechanical shaft seals (sem:1 hermetic design)

Permanent magnet dnives for pumps and sur
rers are increasingly being used 1n high pressure
technology {3 26] {3 28] [3 29] The containment
shell of the magnet dnve 1n contrast to canned
motors must take up the full pressure difference
and must have appropnately thick walls

If larger flows of nonproblematic fluids must
be circulated at high pressure (e g carbon diox
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Figure 33 Two stage high pressure centnfugal pump for arculating carbon dioxide at a system pressure of 300-400 bar

(Grassel)

a) Pump stages b) Sealed high pressure mechanical seal (two stage)

c) Radial beanng d) Axial bearing e) High pressure
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ide at 400 bar) two stage mechanical seals with
pressure blockage are sometimes used The axial
thrust 1s taken up for example by a segment
bearing (Fig 33) Hydrodynamic mechanical
seals make 1t possible to control system pressures
up to 300 bar even 1n a single stage (3 30]

34 Compressors

Optimal compressor types for the various
power ranges have been developed Figure 34
which shows power ranges for various compres
sors was calculated on the basis of 1 bar intake
pressure and an isothermal efficiency of 64%
(3 31] It can give only approximate reference
points for the most favorable area of application
which varies depending on the manufacturer If
the intake pressure 1s greater than 1 bar as s the
rule 1t 1s necessary to recalculate (For example
Compression of ethylene at a flow rate of
6400 kg/h =~ 51130 m*/h (STP) from 231 to
2151 bar corresponds to a real intake volume
flow rate at 231 bar of 161 m*/h and a power
consumption of 8200 kW)

The application boundary between piston
and radal turbo compressors lies approximately
at 10*m3/h intake volume flow rate (pow
er > 1-5S MW) In individual cases the most
economical solution must be determined in the
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boundary region Development of piston com

pressors has partially stagnated 1n recent yedrs

Rotating screw type compressors and radidl tur

bo machines have taken over certain areas For
large multistage horizontal process gas piston
compressors built up to powers in excess of
10 MW development has been largely conclud

ed The trend toward radial turbo compressors
dominates for economic reasons Their advan

tages are that they operate with little vibration
and pulsation are more easily sealed and re
quire less space

341 Piston Compressors

At lower powers (<2 MW) there 1s much
development of piston compressors in the direc
tion of a higher stroke frequency a more com
pact modular construction with a horizontal
vertical or V shaped arrangement (Fig 35) dry
running compression sparing lubnication and
simpler maintenance [3 32]-(3 35] The dry-run
ning range for continuous operation extends up
to about 300 bar depending on the type of gas
Labyrinth and piston ring compressors have
charactenistic fields of application The com
pletely encapsulated labynnth compressor with a
pressureproof housing 1s suitable for gases of
higher density (Fig 36) Dry-running piston ring
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Figure 34 Power range of vanous compressor tvpes for high pressures {3 31]
D = diaphragm compressor P1 = piston compressor dry running (piston nng labyninth) P2 = piston compressor lubn
cated (piston nng) P3 = ultrahigh pressure compressor lubricated (plunger piston) TR = radial turbo compressor

TA = axial turbo compressor S = screw compressor
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Operating gas
Air or flush gas
coolant
Lubricating oil

Figure 36 Sealing concepts for labyninth compressor [3 34]

A) Pressureproof housing B) Spacer
a) Labynnth piston b) Cyhinder c) Labynnth piston rod seal d) Spacer e) Orl wiper ) Piston rod g) Guide beanng

h) Cross head 1) Crank shaft )) Mechanical seal

i
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Figure 37 Designs of propulsion systems for high pressure
piston compressors

A) Vertical crank B) Honzontal crank C) Honzoatal
crank (double acion) D) Honzontal shding block

®

bososwad
Tr22TT

High-Pressure Technology 613

compressors can be used universally as far as gas
density i1s concerned to achieve sausfactory run
ning times (> 10000 h) modern design and ma
tenal concepts must be implemented for the pis
ton nngs The so called spaning lubrication also
plays a role here in reducing the lubricant con
tamination of the gas However most high pres
sure piston compressors are designed to be lubn-
cated so that trouble free running times above
10 000 h are the rule

Ethylene secondary compressors are a special
case These compress typically from ca 200-
300 bar to 2000—3500 bar in two stages and are
built for powers of up to ca 10 MW [3 36]-
(3 38] In contrast to crank compressors their
dnives are designed with aninterior robustcross
head guide (Fig 37D) and pairwise opposite
cylinders The most important prninciple is to
keep any transverse forces away from the piston
seal For components subject to cvclical pres
sure notches are avoided (Fig 38) Valve bodies
with cone valves are used here at large capacities
several valves are arranged in parallel Super-
pressure compressors mainly work with station-
ary piston sealing elements this 1s a fundamental
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Figure 38 Final stage of an ultrahigh pressure secondary compressor (Sulzer Burkardt) (3 36]

A) Overall arrangement B) Valve block

a) Plunger piston b) Stationary sealing elements c) Valve housing d) Compressor valve arrangement e) Plue vahe
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difference from standard piston compressors
with mobile piston nngs Only with a stationary
sealing arrangement does one achieve the re
quired effective high pressure lubrication which
furthermore requires extremely hard smooth
and precisely machined plunger pistons

342 Diaphragm Compressors, Laboratory
High-Pressure Compressors

The diaphragm compressor (Fig 39) one of
the oldest leak free machines 1s limited to lower
powers (< 100 kW) because of 1ts sensitive metal
diaphragms which must be used because of the
high compression temperatures Its applications
include laboratonies pilot installations and spe
cial production facilities An attracuve feature 1s
their very high pressure ratio (up to 20) pro
duced by a single stage as a result of the small
clearance volume and good cooling At every
stroke the diaphragm s pressed against the up-
per contact surface by a hydraulic fluid (smallest
clearance volume) {3 39] However for this rea
son 1t 1s sensitive to particles coatings hquid
droplets and surface defects so that its lifetime
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1s generally less than 5000 h It 1s possible to sig
nal diaphragm rupture by means of sandwich
diaphragms [340] Diaphragm charactenstics
and rupture control are similar to diaphragm
pumps (see Section 331 1)

Diaphragm compressors are built for pres
sures up to 4000 bar at least for short term oper
ation They are economical when leak free oper
ation with no gas contamination 1s required at
low volume flow rates and at high pressure

For very small dehivery quantities (0 1 —1 m?3/
h) and pressures up to 2000 bar air dniven pis
ton and diaphragm compressors (Fig 40) are
suitable for transferrnng and compressing gases
Because of their compact construction their ex
ploston protection and their ease of regulation
such machines are attractive for short term oper
aton tn research factlities especially for booster
and filling applications

343 Turbo Compressors

For large volume flow rates (2 x 10°-
10° m3/h), radial turbo compressors have now
largely displaced process-gas piston compres-
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Figure 39 Diaphragm compressor (Hofer) [3 39}

a) Diaphragm b) Gas space c) Pressure valve d) Suction valve ¢) Diaphragm cover f) Perforated plate g) Hydraulic
cylinder h) Oul overflow valve 1) Ou return 3) Cylinder cooling k) Check valve 1) Crank dnive m) Cooling water in/out
n) O1l cooling coil 0) Oil chamber p) Ol injection (leakage compensation) q) Compensaton pump r) Check valve s) Oil

supply
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Figure 40 Two stage filling compressor with pneumatic linear drive (Haskel)
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Figure 41 Six stage radial compressor with final stage 350-800 bar (Mannesmann Demag)
a) Rotor with compressor stages b) Stage housing ¢) Verucally spht barrel housing d) Seal for vertically sphit barrel housing

sors even 1n the range above 150 bar Typical ap-
phications in urea ammonia and methanol plants
for compressing synthesis natural and refinery
gas as well as for transporting and 1njecting gas
extend up to the pressure range of 400 bar (3 41]

For high pressure technology radial com-
pressors are designed similar to high pressure
centrifugal pumps 1n vertically split barrel con
struction For hazardous gases this design 1s al-
so used for pressures beginning at about 80 bar
on account of the more favorable seal There are

good possibilities for compensating the axial
thrust by an appropnate arrangement of im-
peller stages with intermediate cooling

Mulustage gear—radial turbo compressors
are suitable as prehminary stages for high-pres
sure stages for pressure ratios up to about S0 bar
[342] [343] For pipeline gas transport single
stage and two stage vertically split barrel designs
have been produced for final pressures up to
80 bar and for powers above 20 MW These de
signs are easy to install and maintain
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A senies of prototypes were developed to ex
pand the range of application of turbo compres
sors By way of example Figure 41 shows a six
stage high pressure stage (350-800 bar) The
impellers are machined smooth and are made
up of tno disks (e g by soldering) anexit gap of
a few millimeters can be achieved here Never
theless the shaft seals here must seal against the
suction side pressure level (350 bar) they work
with pressurized o1l blockage [3 44]

35 Other High-Pressure Machines

The problem of sealing rotating shafts is also
encountered with high pressure stirrers and
high-pressure extruders which greatly resemble
rotaung pumps [316]-[320] {3 28] [329]
High pressure sluices for bulk goods present spe
cial sealing problems [3 45] A new type of high-
pressure machine has anisen in the area of high-
pressure extractors with automatically opening
locks [3 46]

36 Special Problems Involving High-
Pressure Machines

361 Strength of the Components

Since high pressure components are general-
ly subject to high loads a precise stress analysis

N
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1S necessary possibly with the finite element
method or with photoelastic testing This 1s espe
cially true for impellers that have a high circum
ferential velocaity and also for the vibrational
analysis of rotor shafts

In general there 1s no special problem about
dealing with stresses in statically loaded pressure
housings especially since a suitable stress flux can
achieve a favorable strain (e g verucally split
barrel design) By contrast 1t1s much more diffi
cult to dimension components that are stressed
in cychcal fashion by internal pressure The
largest cyclical internal pressure stresses occur
with reciprocating hquid pumps The permussible
dynamic matenal stress lies below the yield point
of the matenal The maximum stresses occur at
notch pornts

Compared to the smooth thick-walled
pipe the usual notch points (Fig 42) have notch
factors from 15 to 35 (3 3] [347] The notcH
factor charactenizes the local stress sizing effect
Thus 1n the T-intersection crossbore (Fig 27) at
point X the tangential and radial stresses super
impose whereas the smooth pipe section
(Fig 28 point Y), 1s loaded only by the stress of
the corresponding single bore Studies on ferntic
tempering steels and recently also on soft
martensitic, semiaustenitic and precipitation-
hardened high alloy chromium-nicke! steels
make 1t possible to design dynamically loaded
thick walled components [32] [33], {348]-
[3 56] With tough high alloy chromium-nickel

Figure 42 Tvpical notch points in thick walled high pressure components
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steels an increase of their dynamic loadabulity by
autogeneous dynamic autofrettage (see Section
231 3) has been observed which explains the
favorable behavior of these steels in practice
Studies show that thick walled forgings can ex
hibit anisotropy and that the surface quality has
a perceptible influence Furthermore the mechan-
ical properties of the matenal depend on 1ts pun
ty With components subject to very high stress
the use of high punty steel grades smelted under
inert gas or in vacuum are therefore always rec
ommended All-round forging promotes isotropy

At very high pressures for parts made of brit
tle steels that are subject to cychcal stresses a
clear discrepancy exists between the mechanical
properties of the matenal for umiaxial and thick-
walled samples [352] Varous studies have
shown that the penetration of pressures into the
microcracks (e g slag inclusions) which are al-
ways present in the matenal creates a noticeable
additional stress However with high-alloy
chromium-nickel steels these stresses appear to
be reduced by local plastification

For thick-walled components the follow-
ing design measures help to deal with cyclical

} e
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pressures

1) Avoiding notches for example by a coaxial
arrangement of the pump valves (see Section
3312 Fig 28) If this cannot be achieved
then the point that 1s subject to the greatest
stress must be rendered safe by giving 1t a
Y shape (rounded) instead of a T shape
(Fig 43) A tangential layout of the intersect
ing bores can also yield advantages [3 56]

2) Apphcation of compressive prestresses in the
limiting case up to pure cyclic compressive
stress by autofrettage cold working shrink
age or local shot peening

3) The use of pure i1sotropic matenals that are
as tough as possible and the avoidance of
corrosion which lowers fatigue strength
[3 57] Reliable data on the fatigue strength of
thick walled components have recently be
come available for modern high-strength
soft-martensitic semiaustenitic and precipi
tation-hardened steels {3 58]

In general, the design of components that are
subject to cyclic pressure requires great exper
ence In compressor construction the problems
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Figure 43 Piston pump head for the pressure range up to 3000 bar (Uhde)
a) Piston b) Piston sealing elements ¢) Valve head d) Y intersection e) Lubnication f) Cooling
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are generally easier to solve because of the
smaller pressure amplitudes

362 Seals

In high pressure technology metallic seals—
lenses nng joints cuts—are used as static seals
Self sealing elastomer sealing ings e g O nings
have also proved suitable for easily loosened
connections as long as the pressure temperature,
and fluid permit their use

Where such seals are unfavorable for exam
ple with horizontally split compressor housing
structural measures e g vertically split barrel
housings are used to guarantee a reliable seal
The clamping and sealing of diaphragms for di
aphragm pumps and compressors [3 9] require
special static seals

The problem points tn hugh-pressure machines
are the dyvnamuc shaft and piston seals Seals create
special problems when they shde rapidly under
high pressure and if the fluid being sealed does
not have any lubricating action Cyclic stress ad-
ditionally creates fatigue problems in the seal
Noncontact seals with defined narrow clearances
such as labyninth seals (F1g 44 A) are less prob-
lematic due to the generally low differential pres
sures (<50 bar) however the fluid should not
have an erosive effect Differential pressures up
to several hundred bar occur at the axial thrust
compensation pistons of centrifugal pumps and
compressors but these are distributed over the
many labyninth stages Labynnth seals on recip-
rocating pistons require very precise alignment
and are imited to gases that do not have too low
a molecular mass as well as to pressure differ-
ences Ap < 150 bar (Fig 44 B)

The leakage flow of noncontact gap and
labyninth seals 1s considerable and must be recy-
cled internally With the floating ring seal a typi-
cal shaft seal for igh pressure turbo compressors,
the high-pressure sealing o1l system maintains a
shight overpressure compared to the gas pressure
at the floating nng so that the sealing problem 1s
reduced to the gap seal for the o1l [3 44]

Conventional mechanical seals for hquids are
limited to pressures below 100 bar [3 59] The
hmits are determined by the product of the
shding speed v and the differential pressure
Ap with the rule of thumb Ap v <2000-
5000 bar ms~! Ths value 1s based on the fric
tion power ansing in the gap With pressures
above 100 bar sealing pressure blocking systems
are used to reduce the differential pressure to
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Figure 44 Labynnth seals
A) Radial impeller B) Labyrinth piston

avoid evaporation to improve lubrication and
to provide cooling [3 30] High-pressure me
chanical seals are needed for centnifugal pumps
only 1f the system pressure or vapor pressure 1s
high For lower powers leak-free canned motor
pumps are generally used

It 1s especially difficult to seal pistons with
reciprocating motion Piston rings are suitable as
piston seals in piston compressors up to ca
1500 bar, above 200 bar, lubrication 1s generally
required With dry running or sparsely lubncat-
ed piston compressors the use of piston rings
made of PTFE composites (Fig 45) has proven
effective as an alternative to noncontact laby-
rinth seals At high pressure the captive piston
nng 1sespecially interesting (Fig 45 stage 3) It
1s supported after a run in process and thus
makes contact at low compression [3 60] For
lubnicated high pressure stages up to 700 bar
metallic piston rings are used Generally these
are made of perlitic gray cast iron At still higher
pressures (up to 1500 bar) piston rings made of
forged bronze have also proven suitable



DS

5/{(//43‘

High-Pressure Technology 619

Gas withdrawal

Figure 45 Vanous designs of piston and rod seals for piston compressors (Neuman & Esser)

Piston seals of ethylene secondary compres-
sors for polethylene production are a special case
(Fig 46) Supercnitical ethylene 1s compressed
from 300-350bar 1in two stages to 3000-
3500 bar (specific volume at 4500 bar 1 5 dm?/
kg) Stationary bronze seals which run against
hard metal pistons have proven suitable The
sealing elements consist of a sequence of radially
and tangentially slotted rings generally preceded
by a throttle nng Lubncating fluid 1s injected
between the individual sealing elements against
the high pressure produced by the compressor
[3 61] Similar sealing elements are also success
fully used for sealing piston rods at pressures up
to 500 bar [3 62]

Piston seals for reciprocating displacement
pumps must cope with the highest dynamic pres-
sure differences because compression 1s always
performed in a single stage as well as with a wide

spectrum of fluid properties (¢ g toxicitv corro-
sivity abrasiveness, low vapor pressure) Lubn
cation 1s often effective because the pumped
fluid acts as a solvent The seals varv widelv 1n
terms of shape and matenal Solid or braided
PTFE composites are often used The piston
should be hard smooth, geometnically precise
and gwded centrally so that 1t runs in the seal
without force The sealing elements should
press just hard enough as 1s required for sealing
Dry running must be avoided possiblv by lubri-
cation or flushing (for design forms see Figs 28
and 43) Spnng tensioned chevrons with lubnca
tion are used successfully up to very high pres-
sures (up to 3000 bar) As the pressure increases
the lLfetime decreases quite drastically (e g
3000 h at 500 bar 1000 h at 3000 bar) Packing
nngs with a separately clamped lubncating or
flushing chamber have proven to be a robust
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Figure 46 Plunger piston seal of an cthylene ultrahigh
pressure compressor for 2000~ 3000 bar (Nuovo Pignone)
a) Plunger piston b) Seal housing c) Sealing nngs d)
Compressor cylinder ¢) O1l supply
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design for the pressure range from 200 to
300 bar With heterogeneous fluids or with flu
1ds of low lubncity 1t1s advantageous to inject a
flushing fluid into the working space (Fig 47)
The maintenance and installation of piston
seals requires a great deal of expenence the nec
essary flushing and lubricating systems are some
umes quite complicated Frequently the optimal
design (3000-8000 h lifeume) must be deter
mined empinically by systematic troubleshoot
ing At very high pressures (> 1000 bar) special
measures are needed pistons and guide bushings
of sintered hard metals, extremely precise
smooth machiming, and seals made of PTFE
compounded with carbon graphite ceramic or
metal powder To this is added an external lubn
cation which supports the discharge fluid lubn
cation as well as sealing elements which operate
as automatically as possible under pressure A
low piston speed reduces the friction power and
increases the lifeume of piston sealing elements
In this respect hydraulic inear dnves (Fig 25)
are more favorable With high pressure piston
seals for abrasive suspensions, the particles must
be kept away from the seals by injection flushing
or by using sedimentation spaces as experience
with coal slurry pumps (3000 bar) has shown

[313]
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Figure 47 Piston seal with packing nngs lubncation and injection flushing (URACA)
a) Injecion b) Piston ¢) Injection bushing d) High pressure seal ¢) Flushing lubncating f) Guide bushings g) Low

pressure seal



Vol B4

Problems with piston or shaft seals can be
avoided totally by using hermetic diaphragm or
canned motor pumps

363 Wear and Vibration

The wear of automatic pump valves and the
determination of pressure oscillations 1n recipro
cating pumps and compressors at high pressure
are dealt with in [3 63]—[3 68]

4 Piping and Fittings

Standard DIN parts are not generally used 1n
the chemical industry for high pressure piping
Since the large scale chemical industry used high
pressures and temperatures earlier than for ex
ample the power engineening sector the devel
opment of piping elements took place indepen-
dently and was concluded as early as 1930 for
pressures up to 700 bar The so-called IG Stan
dard developed at that time was used 1n all Ger
man high-pressure plants, and was also common
outside Germany 1t 1s still used today From
1950 further pressure stages up to 4000 bar were
added for polyethylene plants

The following pressure ratings are used for
new plants
Nomunal pressure 325 bar for nominal bores up to 200

Nomuinal pressure 700 bar for nominal bores up to 58
Nomunal pressure 3600 bar for nomunal bores up to 65

The following steels are predominately used

CK 15 and CK 35 for pipes flanges bolts up to 700 bar
20CrMoV 135 for pipes above 200 C up to 700 bar
30MNiCrMo8 for pipes flanges bolts up to 3600 bar
18/8 CrNi steels  for corrosion resistant piping

up to 700 bar

Pipes are used only in seamless designs Pipe
bends are produced from pipes which are bent
when cold or hot, or from hollow cylinders
which are bent 1n a forging die Tighter bending
radu can be achieved with bending 1n a die but
the reduction in wall thickness ansing during
bending must be taken into account

Only forged steel 1s used for valves and fit
ungs (e g T pieces) Pipes and valves are con
nected by flanged joints with threaded flange and
lenticular sealing rings The piping itself can be
flanged or welded for use at pressures up to
700 bar Welding 1s not possible at higher pres
sures because the steels used here are with very
few exceptions not weldable
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For ease of production shut off valves are
designed predominantly as angle valves

Figures 48 and 49 show angle valves for 325
and 3600 bar A coupling between the upper and
lower valve spindles of the 325 bar valve elim:
nates the need for the spindle to rotate in the seal
dunng opening and closing V-shaped nings of
reinforced polytetrafluoroethylene have proved
to be good packing matenals for the gland at
temperatures of up to 250°C This valve can be
operated manually In contrast the large valves
for 3600 bar can be operated only hydraulically
or by an electnic dnive

For instrument lines and high pressure labo-
ratories frequent use 1s made of valves of the
form shown 1n Figure 50 The screwed fitting can
be used for pipes with an inner diameter of up to
ca & mm

Relief valves are constructed as spring-loaded
proportional valves or full stroke values Figure
51 shows a full stroke relief valve for 3600 bar A
stamnless steel ball takes over the function of seal-
ing and assisting the stroke since it 1s hfted by
the back pressure generated dunng blow-off
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Figure 48 Manually operated angle valve for 32> to
700 bar

a) Lower stem b) Packaging nngs c¢) Coupiing between
upper and lower stem to prevent rotation of lower stem
d) Upper stem e¢) Handle
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Figu « 49 Angle valve with operatuon by o1l plunger for
360U nar
a) Stem b) Packaging nngs c) Hydraulic piston

//a

AhA

Figure 50 Straight way valve for small nominal sizes

a) Designer handle b) Stainless steel body c¢) Packing
gland d) Loading device ¢) Nonrotating stem [) Ad
justable packing below threads
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Figure 51 Full stroke relief valve for 3600 bar

a) Inlet nozzle b) Qutlet nozzle c¢) Stainless steel ball
d) Stem e¢) Disk spnngs ) Adjusung screw for spring
load g) Magnetc hifting device

The disk spring chamber 1s designed for an inter
nal pressure of 325 bar so that the gas to Y
discharged can be collected in a pressure vessel
The valve can be opened by the lifing magnet
even If the internal pressure has not yet risen to
the set blow off pressure Rupture disks are also
used up to 3000 bar instead of the relief valves

Nonreturn ball valves are manufactured up
to nominal width 30 mm spring-loaded plate
valves are used for larger nominal sizes The
check valves with pear shaped cones that were
developed for coal hydrogenation plants are now
rarely used Check valves should be installed ver
tically with the flow direction upwards so that
the dead weight of the sealing element supports
the closing force of the spring The lengths of the
valves and fittings are coordinated with one an
other so that they can be interchanged eg 2
pipe bend for a corner valve or T piece
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8 Design and operation of the pressure vessels used
1n near-critical extraction processes

R EGGERS

8 1 Introduction

Industrial processes proposed for the extraction of natural products with near-
critical solvents work 1n a pressure range between 50 bar and 500 bar, and 1n
some exceptional cases up to 1000 bar Therefore this type of extraction must
be regarded as a high pressure process The pressure vessels are very important,
since 1t 1s in these that the imitial extraction takes place and also in which the
saturated solvent 1s separated from the product The design and operation of
the pressure vessels have a decisive influence on the successful performance
of equipment for extracting natural products with near-critical solvents While
the calculation of the necessary wall thicknesses 1s based on well-established
codes of practice for pressure vessels the mechanical design and especially the
operation 1tself are specific to the type of extraction process considered

8 2 Classification of pressure vessels

8 2 1 Influence of process type on pressure vessel requirements

The processes for extracting natural products with near-critical solvents which
are of industrial nterest at the present time can be divided into four basic types
or groups (Table 8 1)

Type A  Extraction 1s from a particulate solid materal and separation of
the product from the solvent 1s effected by reduction of pressure (or change
of temperature) In addition to the idealised single-stage version shown, tn
which one pressure vessel s used for extraction and a second one for separ-
ation, several different procedures have been developed Fractional extraction
for example may be practised with several separators connected 1n series and
working at different pressures, or ‘quasi-countercurrent’ extraction may be
achieved with a battery of switched extractors (see chapter 1) For the basic
process, the extraction vessels (Ex) on the loading side have to be charged and
discharged respectively before and after each extraction and must therefore be
equipped with quick opening and closing mechanisms The same apphes to
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Table 8 1 Basic types of near critical extraction process and the associated pressure vessels

Process type

Key to pressure vessel
requirements

A Extraction of
sohid material
with
separation by
reduction
of pressure

B Extraction of
solid maternal
with
separation by
adsorption

C Extraction of
solid material
with
separation by
absorption

D Continuous
extraction of
pumpable
materials
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EX Extractors may be
solid or mult1 layer
vessels Quick closure
system required
Special inner baskets
may be required

SE Separators may be
solid or multt layer
vessels Quick closure
system required
Inner heating systems

EX As above

AD Adsorption vessels
(solid or multilayer
construction) Quick
closure system
required Inner
baskets

EX As above

AC Absorption column
Internals may include
dispersing systems
packings filling
matenals or

operate as spray tower

EC Extraction column
with dispersing
systems and sight
glasses Packings
filling materials
required or operate as
spray tower

AC As above

the separation stage, if the separated extract 1s obtained as a solid However,
the extract 1s often mobile so that 1t can flow continuously out of the pressure
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vessel and thus a quick-acting closure mechanism 1s unnecessary for with-
drawing the product

Type B In the basic process the solute 1s separated from the solvent (and
the solvent 1s ‘regenerated’) by passing 1t through a bed of a suitable adsorb-
ent In contrast to the situation with type A processes substantial pressure
changes do not take place within the extractor circuit, so the pressure differen
tial across pump P, 1s much reduced This has economic advantages in terms
of energy However the associated disadvantage 1s that the recovery of the
extract from the adsorbent 1s very difficult, if not impossible The separators
are simple pressure vessels which can be equipped with baskets to take the
adsorbents In this type of process both the extraction vessels and the vessels
containing the adsorbent should have quick-acting closure mechanisms Some
decaffeination processes are of type B (see chapter 5)

Type C  In order to overcome the disadvantage of loss of extract mvolved
In processes of type B, the adsorption stages may be replaced by absorption
into a liquid In processes of this type the extract which has been dissolved 1n
the solvent 1s absorbed by a wash fluid flowing countercurrent to the ex-
tract/solvent stream The absorption takes place in high pressure vessels which
may either be operated as spray towers or as packed columns Quick-acting
closures are not necessary for these vessels

Some processes for decaffeinating coffee and tea are of type C

Type D Extraction 1s from maternial which 1s sufficiently fluid to be
pumped and the product 1s also a flurd In this case extraction takes place in
a high pressure column in which the material to be extracted flows counter-
current to the solvent stream Depending on the product the separation takes
place by release of pressure or by adsorption 1n standard pressure vessels or
by absorption in a high pressure vessel operated as a column (Table § 1 D)
Examples of type D processes include the refining and fractionation of seed
olls and the fractionation of milk fat at pilot plant scale

In addition to the high pressure vessels and columns listed above, any plant
for the extraction of natural products with near-critical solvents will require
pressure vessels for the supply and recovery of solvents All the pressure
vessels will need to be designed manufactured and inspected to conform with
national and international codes of practice

8 22 Classification of pressure vessels according to method of construction

Figure 8 1 summarises the most important methods of pressure vessel con-
struction [1] In this figure a distinction 1s first drawn between vessels with
solid walls and those with compound (or layered) walls Solid-walled vessels
are normally produced as single torgings In this method of construction the
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High—pressure—vessel

|

Sohd wall Compound wall
l
Forged Welded
| | | |
Shrinkage construction Mululayer construction Winding construction
f | l |
Ferrand ~ Muluwall (AO Smith)  (Krupp) Schierenbeck Coillyer  Plywall
(Struther Wells)  (Thyssen) (BASF) (Mitsubishi)

(Hitach1 Zosen)

Figure 8 1 Methods of pressure vessel construction

diameter 1s limited to about 1 m and the wall thickness to about 150 mm
Greater heights may be obtained by joining several cylinders by circumferen-
tital welding and wall thickness in excess of 200 mm may be achieved by the
expedient of producing two half shells 1n a forging press and joining these by
longitudinal welding to give the final cylinder

The technological limitations of weight and size imposed by the above
construction methods for solid-walled vessels may be overcome to a large
extent by using vessels with laminated walls A number of designs for such
vessels are 1llustrated in Table 8 2 [2]

A common feature of these designs 1s that the pressure vessel consists of
concentric steel layers These are held together by shrinkage and (in many
cases) welding The diagram at the top of Table 8 2 shows a vessel consisting
of two concentric weldless forged cylinders, the outer one being ‘shrunk on’
to the inner The diagram beneath 1t shows the Ferrand system in which
seamless rings are ‘shrunk on’ to a welded central tube Beneath this again
15 a diagram of a system devised by J Schierenbeck In this system interlock-
ing bands are used in place of the seamless rings used in the Ferrand system
These bands are wound on the inner cylinder at temperatures above 900°C
Using this procedure vessels have been constructed which can be used
at pressures up to 4000 bar, even under fluctuating stress The circumferen-
tial and axial stresses are absorbed by the inner cylinder and the winding
layers, as a result of the band profile Modifications of this manufacturing
procedure have been proposed 1n which the inner cylinder absorbs all the axial
stresses [3]

The remaining diagrams tn Table 8 2 show vessels 1n which welding, as well
as shrinkage, 1s involved A distinction should be made between (1) thick-
walled layers with thicknesses above 30 mm, (2) thin-walled layers with wall
thicknesses between 3 mm and approx 20 mm
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Table 8 2 Alternative ways of constructing laminated high pressure vessels

Compound |Components System Shell construction
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In the multiwall technique (developed by the Struthers Wells Co ) single
thick-walled layers are shrunk onto each other and this 1s followed by longi-
tudinal seam welding The sections produced in this way can be connected by
circumferential welding or by welding the forged ends

Laminated pressure vessels with thin-walled layers may be produced by a
technique devised by the A O Smith Co of Milwaukee USA and subsequently
used by the Struthers Wells Co This and similar techniques (Krupp, Coillayer
and Plywall) are 1llustrated in the bottom three diagrams in Table 8 2 The
shell of the multilayer system consists of concentric cylinders, each of which
1s itself built from three segmented layers with longitudinal seams The seg-
ments are staggered and on one side welded to the previous layer by three-
plate welding (Figure 8 2)

Flange Layer Inner Tube

Figure 8 2 Multilayer vessel

The Krupp fabrication technique 1nvolves the use of casing cylinders, each of
which 1s closed by a single longitudinal seam These seams are staggered so that
they do not form a continous wedge through the wall thickness (Figure 8 2)

The plywall system 1s a combination of multilayer- and coillayer-cons-
truction The shell segments are spirally welded by three-plate welding with
the layer below

8 2 3 Relative merits of multilayer and thick solid walled vessels [4]

In welded sohid-walled vessels, the wall strength 1s dependent on the integrity
of the longitudinal seam A substantial advantage of the multilayer construc-
tion 1s that this 1s no longer the case In multilayer technology, due to the way
in which the longitudinal seams of the constituent layers are distributed around
the vessel circumference (Figure 8 2) the vessel strength 1s not dependent on
a single weld Although the presence of multiple layers 1s normally beneficial
1t can produce complications the insertion of a nozzle in a layered wall, for
example, requires very careful design

In comparing the two types of vessel, consideration should also be given to
properties such as the tensile strength, yield strength duculity homogeneity



238 NEAR CRITICAL SOLVENTS

and corrosion-resistance of the construction materials used and the way n
which these can influence the design in the two cases The elastic constants
have much the same importance in the two cases though 1t 1s of much greater
importance to ensure homogeneity with sohid-walled vessels than with mult-
layered ones (The latter exhibit the composite principle of crack arrest since
a crack in one layer, coil or wire does not propagate to others ) The resistance
to corrosion 18 of course of the same importance for both solid and mult-
layered-wall pressure vessels Nevertheless, it 1s much easier to solve a
particular corrosion problem with the multlayer vessel, because it 1s only
necessary to select a corrosion resistant material for the inner lining

stress produced
by shrninkage

b stressincrement due to
applied pressure p,

C resulting stress

Figure 8 3 Circumferential stresses tn a layered wall

Finally mention must be made of some problems which are specific to
multilayered technology and which have no parallel in the solid-wall situation
As can be seen from Table 8 2, each element of the multilayer wall consists
of a sheet of thin metal which is wound tightly round preceeding sheets after
being rounded in a bending machine without the help of bending moulding It
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1s nevitable therefore that, while zones exist where the contact between
the layers 1s ve