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Summary

A method for calculating fluxes and temperature and chemical potential profiles over interfaces
using an approach called the integrated interface approach is established for systems with known
properties of bulk phases for vapor and liquid and a system in steady state. In the integrated
interface approach flux equations are derived in a systematic manner using non-equilibrium
thermodynamics including all possible coupling effects and opening for the possibility of non-
equilibrium over the interface. The system where the transport between the two phase bulks
takes place is treated as three subsystems; the vapor diffusion film, the interface and the liquid
diffusion film. Resistivities and local driving forces are assumed constant within each of these
subsystems.

A de-ethanizer distillation column is modelled using ChemSep, a commercially available software
where an approach developed by Taylor and Krishna is used. In their approach equilibrium
over the interface is assumed, and coupling between heat and mass transport is neglected. It is
shown that when these assumptions are taken in the integrated interface approach will the two
approaches be equivalent, except for the mass and heat transfer coefficients used.

New fluxes and temperature and chemical potential profiles are calculated using the integrated
interface approach. The impact of the choice of diffusion film thicknesses and Soret coefficients
is examined. The calculated fluxes and profiles are compared with the fluxes and profiles
calculated by ChemSep. The importance of including non-equilibrium over the interface and
coupling of heat and mass transport is examined by neglecting these effects and comparing the
results with calculations where all these effects are included.

Both the choice of film thickness and Soret coefficients had a high impact on the system. The
dependecy on the film thicknesses was especially high, at the same time as this value is related
to a high level of uncertainity.

The fluxes calculated by ChemSep deviate widely from the fluxes calculated using the integrated
interface approach, also when the same assumptions concerning interface and coupling are used.
This deviation is then due to the different coefficients used. The impact of including non-
equilibrium over the interface and coupling between heat and mass transport is shown to be
small for the distillation column considered here. Both neglecting the interface resistance and
multiplying the interface resistance with 10 change the fluxes with less than 0.5 %. Neglecting
the coupling of heat and mass transport changes the fluxes with less than 2 %. The impact of
these effects can be higher for other distillation prosesses.
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Chapter 1

Introduction

Distillation is a separation method where chemical components are separated based on their
different volatilities. Distillation columns are important process equipment that are widely used
in the industry. The process is the most common separation method, and it consumes large
amounts of energy. In 1991 it accounted for 11 % of the industrial energy demand in the United
States [7]. Good models can help to design better and more energy efficient columns, and
through this save the environment.

The classical distillation model has been an equilibrium model. In such models equilibrium
is assumed between the vapor and liquid stream leaving each distillation tray. In reality such
an equilibrium is not reached. The Murphree efficiency was introduced to account for this
irreversibility [9]. This efficiency measures to which degree equilibrium is reached. However,
this efficiency provides no physical explanation for why equilibrium is not reached.

During the last 30 years also non-equilibrium models have been introduced. They seek to model
the distillation processes more accurate by assuming equilibrium only at the interface, and then
include the transport of heat and mass that take place in the liquid and the vapor phases.
Taylor and Krishna have played central roles in the development of such models, and they
describe their research in the book “Multicomponent Mass Transfer” [17]. They propose to use
mass transfer coefficients from correlations that apply to the type of equipment. ChemSep [1]
is a commercially available software where Taylor and Krishna’s approach is used, and it is
developed by among others Taylor.

By using irreversible thermodynamics, transport equations for distillation can be derived in
a systematic way with all possible coupling effects included. The approach of Taylor and
Krishna is based on irreversible thermodynamics, but they neglect the coupling of heat and
mass transport. Kjelstrup and de Koeijer have developed a more general formulation called the
interface integrated approach [11]. This approach includes all coupling effects. It also includes
the possibilty for not having equilibrium across the interface by treating the interface as a
separate phase where only local equilibrium is assumed.

This project aims to calculate fluxes in distillation columns using the integrated interface ap-
proach. A closer look is taken at the differences between this approach and Taylor and Krishna’s
approach. The importance of including effects from non-equilibrium over the interface and from
coupling between heat and mass is investigated for transport equations for use in non-equilibrium
distillation models.

A de-ethanizer column is modelled using ChemSep, and new fluxes are calculated for this



column. The fluxes are calculated both with and without including the effects mentioned
above, and the differences are investigated. The calculated fluxes are also compared to the
fluxes calculated by ChemSep, to see the differences between the two approaches.

The project is a part of an overall effort at Department of Chemistry to find applications for
the theory of non-equilibrium thermodynamics. A long term goal is to make an accurate non-
equilibrium distillation model using the integrated interface approach.

The remainder of this thesis is outlined as follows: First the relevant theory is presented in
chapter 2. The concept of distillation is explained and a general introduction to non-equilibrium
thermodynamics and to different descriptions of the interface is given. Taylor and Krishna'’s
approach to non-equilibrium distillation and the integrated interface approach is presented. A
comparison between the theory of the to approaches is given. Then the method used to do the
calculations are described in chapter 3. The results are presented and discussed in chapter 4,
and eventually in this chapter are suggestions for further work described. A conclusion is given
in chapter 5.



Chapter 2

Theory

2.1 Distillation

A distillation process is a process in which the varying volatility of chemical components are
used to separate them. Because of the varying volatility, the distribution of the components
in the vapor and the liquid phase is different. If a part of a mixture is evaporated, the vapor
phase will be richer on the more volatile component than the liquid phase. The vapor phase can
be condensed, and the process can be repeated to give an even purer vapor phase. Distillation
is done industrially in distillation columns where evaporations and condensations are done in
several stages. The vapor of each stage will continually flow up and mix with the contents of
the stage above, and the liquid will flow down to the step below. There are two main designs
of distillation columns; tray columns and packed columns. Only tray columns are considered in
this project. In tray columns, each column stage consists of a tray in which liquid and vapor
are brought into contact.

2.2 Non-equilibrium thermodynamics

In this section a short presentation on non-equilibrium thermodynamics, also called irreversible
thermodynamics, will be given following Fgrland, Forland and Kjelstrup [5] and Kjelstrup and
Bedeaux [10].

Non-equilibrium thermodynamics can be used to describe systems which are not in global
equilibrium. The theory describes interacting transport processes in a systematic way, using
fluxes and forces obtained from the entropy production. Coupling between different types of
transport in the same system is included. The description in this section will be limited to
systems with only heat and mass transport.

The local entropy production of a system, o, can be written as the product sum of fluxes, J;,
and driving forces, X;. The second law of thermodynamics gives:

o= JiX; >0 (2.1)

The total entropy production is the integral of this over the volume. A basic assumption in
non-equilibrium thermodynamics is that each of these fluxes is given by linear combinations of
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the driving forces:
Ji=> LiX; (2.2)
J
where the L’s express conductivity. The theory is limited to systems with microscopic re-
versibility. For such a system, the reciprocal relation has been proven:

Lij = Lji (2'3)

The flux equations, equation 2.2, can alternatively be written as forces that are linear combi-
nations of fluxes:
Xi =) RiJj (2.4)
J
where the R’s express resistivity, and we have the relation:

RxL=1 (2.5)

where R and L are n X n matrices with the resistivities and conductivities of the system and
I is the identity matrix. Now the reciprocal relation is expressed as:

Ry - Ry, (2.6)

It can be shown that as a consequence of the second law of thermodynamics must all pairs of
coefficients obey the following boundary condition:

RiiRjj — Rinji >0 (2.7)

2.3 Description of interface

An interface is the thin layer between two different homogeneous phases. It is often looked upon
as a two dimensional surface that not has any volume, nor any other extensive variables. It is
often assumed to be equilibrium over the interface, so that temperature and chemical potential
is continous through this surface. This means that the temperature and chemical potential at
each side of the surface has to be the same. A shematic overview of a temperature profile for
a system out of equilibrium, but with equilibrium over the interface is given in figure 2.1. In
Taylor and Krishna’s approach to non-equilibrium distillation, the interface between vapor and
liquid is treated like this.

If a higher preciseness is needed, the description above is not good enough. The interface
layer has a thickness, even though it is small, and thus also a volume and other extensive vari-
ables. Already in 1874 Gibbs described how these layers can have special profiles for intensive
variables [15]. He constructed a thermodynamic description of equilibrium surfaces in terms of
excess densities and treated the surface as an autonomous thermodynamic system. The descrip-
tion implies for instance that the surface has its own temperature. Kjelstrup and Bedeaux [10]
show how Gibbs description of interfaces in systems with global equilibrium can be extended to
systems that are out of equilibrium, also over the interface. Then local equilibrium has to be
assumed through the whole system. Now temperatures and chemical potentials do not have to
be the same on each side of the interface. The property of the interface that is of interest for
this project is the entropy production, to be able to calculate the fluxes and the forces of the
system. This is treated more in detail in section 2.5, and after some assumptions we shall see
that only the properties on each side on the interface are of importance. A shematic overview
of a temperature profile for such a system is given in figure 2.2, where the profile inside the
surface is left out since it is not needed in this project.
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Figure 2.1: Shematic overview of temperature profile in a two phase system with equilibrium
across the interface.

-|-Vb -I-V -I—VI -|—LI TL TLb

Figure 2.2: Shematic overview of temperature profile in a two phase system where the interface
is treated as a separate thermodynamic system where only local equilibrium is assumed.

2.4 Modelling non-equilibrium distillation

The following section is based on Taylor and Krishna’s [17] discussion of nonequilibrium stage
models on multicomponent distillation.

A non-equilibrium model will include material balances, energy balances, equilibrium relations,
summation equations and mass and energy transfer models. The mass and energy balances
are written for each phase in the considered stage. The balances are linked together, as all
components leaving one phase have to enter the other phase. Equilibrium relations are used
to relate compositions of either side of the phase interface. These realtions are dependent on
temperature and compostion at the interface. Transport equations describe the transfer of mass
and energy inside the phases.

Throughout this section, all main equations are written on a form with zero on the left hand
side, as they are intended to be solved numerically, and each such equation is given a letter in
the font sansserif. L and V' are molar liquid and gas streams, respectively. x and y are molar
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Figure 2.3: Shematic illustration of flows of mass and energy in tray j in a distillation column.
The dashed line represents the interface. The thin, black arrows represent mass transfer, and
the thick, grey arrows represent energy transfer. A refers to interface mass transport while £
refers to interface energy transport.

fractions of the liquid and gas phases. H is molar enthalpy, T is temperature and () is heat
stream. f is molar feed. In this section subscript ¢ refers to component 4, and subscript j refers
to stage j. Superscript V refers to the vapor diffusion film and L refers to the liquid diffusion
film, superscript I refers to interface, fV refers to vapor feed, fL refers to liquid feed, Vb refers
to the vapor bulk and Lb refers to the liquid bulk.

A shematic illustration of a distillation tray is given in figure 2.3.

2.4.1 Mass balances

On the principle of conservation of mass, balance equations of both phases can be written for
each stage. There is no accumulation of mass in the system.

The component material balance for the two phases can be written as follows:

Vo o_ Vb Vb v v
M = Vi = Viewyija — fiy + NG
0 (2.8)
L _ Lb Lb L L
Mi; = Ljziy — Ljaxiy o — fij —Mj
0 (2.9)

where N refers to the interphase transport, and transport from the vapor to the liquid phase
is defined positive. No mass accumulates at the interphase, implying the following equation:

I _ ArV L _
ML =NY —NE =0 (2.10)
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By summing equation 2.8 and equation 2.9 over the components, the total material balances
for stage j are obtained:
MY =V = Vi — F) + MY =0 (2.11)

M{ =L;j—Lj—Ff-Nl=0 (2.12)

where the subscript ¢ means total, F; = >¢_; fi; and N;j = > i_; N;j. The interphase mass
transport is described in section 2.4.3.

2.4.2 Energy balances

When assuming no heat leakage from the column, the conservation law yield the following
balance for energy in the vapor phase and gas phase respectively:

B =ViHY Vi HY, - FYHIV +QY — &) =0 (2.13)

Ef=L;HMY — L HM — PRI+ QF —cF =0 (2.14)

where H are molar enthalpies, () is heat added or withdrawed from the tray, and £ represents
the energy loss or gain due to interphase transfer.

As there is no energy accumulation at the interface, an energy balance yields:

I _ oV L _

2.4.3 Taylor and Krishna’s transport equations

The mass transfer rates in the vapor and liquid diffusion films have to be modelled. The fluxes
inside each bulk phase, relative to a stationary interface, can be given by:

JYTK _ VK | VIR v (2.16)
JETR LI 4 R 217

where the superscript T K indicates that these are the transport equations used by Taylor and
Krishna. am indicate that the flux is relative to the average molar velocity. J; is the mixture
molar flux.

Ideally mixed bulk phases with diffusion films along the interface are assumed. Taylor and
Krishna estimate the molar diffusion fluxes with the following equations:

(Jam ) k)" —yh) (2.18)

(Jam ) = K" —2?) (2.19)
where [kV] and [k”] are matrices with mass transfer coefficients.
k"] = [R"] T (2.20)
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where the superscript P refers to an arbitrary phase, [R] is a matrix with mass transfer re-

sistances and [I'] is a matrix of thermodynamic factors. The matrix of thermodynamic factors
appears bacause the fundamental driving force for mass transfer is the chemical potential gra-
dient, and not the mole fraction gradient.

The resistances are calculated from the following formulae:

P Z; Zk
Ri = 5+ 2 W (2.21)
e k=1,k#i
1 1
P
i ic

where z is the mole fraction of the phase in question and the k’s are binary mass transfer
coefficients computed from empirical models. ¢ is te number of components in the system.

The thermodynamic factor matrix I' is defined by:

Oln ¢f
P _5.. . i
F’Lj — 51] + Z’L ( 62]

) (2.23)
T,P,zi k#j=1,...,c—1

where ;; is the Kronecker delta and ¢ is the fugacity coefficient. When the mixture is ideal,
the thermodynamic factor matrix is an identity matrix.

By combining the equations 2.16 - 2.19 and multiplying with the interfacial area, a;, the total
mass transfer rates for the two phase bulks in each stage are obtained:

N = k] Jaj(yy? = uly) + Nl (2.24)
N = e [kf)aj(al; — =) + NEal (2.25)

where /\/t = a]J is the total mass trasfer rate on stage j and a; is the net interfacial area
of stage j. The mterfacial area is dependent on equipment and operating conditions, and can
be found from empirical models.

Since the system described is steady state, there can not be any accumulation at the interface,
so there are only one set of independent mass transfer rates, and N;; = M‘J/ = ./\/Zg can be
substituted into equation 2.8, 2.9, 2.11 and 2.12. By combining the mass transfer rate equations
and the interface material balances the following relations occur:

R =N — N = (2.26)

%)

R =N, — N5 =0 (2.27)

’L]_

The heat flux for each phase can be written as:

VTK _ 1V /mVb I . V. TK+5Vb
JTE = (T =T+ > g T H (2.28)
=1
JETE = pb(T! — T + Z TN (2.29)

where h; is the heat transfer coefficient, and H,; is the partial molar enthalpy of component
1 for stage j.



The energy transfer rates are obtained by multiplying the fluxes with the interfacial area, a;:

Cc
Vb
& = ay(r} - 7)) + LA (230
i=1
C
£ = hfas(T] = T/*) + N (231)
i=1

2.4.4 The interface model

At the interface, there is assumed to exist phase equilibrium, as in figure 2.1. At face equilibrium
the ratio between the vapor and liquid mole fraction of each component is called the K-value of
this component:

I

I

Kij =

(2.32)

where K is the K-value. This value is dependent on temperature and composition at the
interface. Rewriting this equation gives:

Ql; = Kijal; —yj; =0 (2.33)

Furthermore, the mole fractions at the interface have to sum to unity:

c
STT=>y-1=0 (2.34)
i=1
C
LI I
i=1

2.4.5 Hydraulic equations

The pressure drop over the column depends on the design and the operating conditions. The
pressure of each tray is dependent on the tray above, and this can be expressed as follows:

Pj = Pj — Pj—l — (APJ_1> =0 (236)

where P; is the pressure of stage j, and AP;_; is the pressure drop from stage j — 1 to stage j.
If the column has a condenser, the pressure has to be specified, and the condenser is numbered
as stage 1. The pressure of the top tray also has to be specified, and this is numbered as stage
2.

PL=P.—P =0 (2.37)
P2 = PS — PQ =0 (238)

where P, is the pressure of the condenser, and Ps is the specified pressure of the top tray.
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2.4.6 ChemSep

Taylor has used the theory presented here to develop the non-equilibrium distillation model
program ChemSep [1]. The approach has been tested for various systems, compared with
real systems and found to give good results, see Taylor and Krishna [17], Krishnamurthy and
Taylor [14] and the ChemSep Book [12].

2.5 The integrated interface approach

In this section diffusive transport equations for a heterogenous system with two components and
only heat and mass transport are derived using non-equilibrium thermodynamics including non-
equilibrium over the interface. The approach used by Kjelstrup and de Koeijer [11] is followed,
but in this document the fluxes are defined positive when directed from vapor to liquid. The
approach is called the integrated interface approach. The system consists of a bulk phase with
vapor, a diffusion layer in the vapor, an interface, a diffusion layer in the liquid and bulk phase
with liquid, as shown in figure 2.2. The bulk phases are assumed to be uniform. The system
is in a stationary state, so the mass fluxes and the total heat flux is constant throughout the
system. The measurable heat flux, however, is not constant due to changes in molar enthalpies
at the phase transitions. All fluxes and forces are assumed to be perpendicular to the interface,
so for the derivation of these equations, the system can be considered one dimensional.

The total entropy production rate of the system is then:

dsirr dSl'TT,V dsirr,l dSl'rr,L
= + +

dt dt dt dt (2:39)

where d‘zitw is total entropy production, and here the superscript V refers to the vapor diffusion

film, I refers to the interface and L refers to the liquid diffusion film.

2.5.1 Interface
For an interface with a binary mixture, the entropy production along a one-dimensional part
across the whole interface can be written:

d Sirr,[
dt

=JV X[+ hX] + Xy (2.40)

Jév is the measurable heat flux in the vapor, and J; and Js are the fluxes of component
1 and 2. A derivation of this expression is given in appendix A.1.1 where the following driving
forces are obtained:

1
X' = Aviu (T> (2.41)
1
XII = —ﬁAV],LI,Ul,T(TLI) (242)
1
X2I = —ﬁAVLL],UQ’T(TLI) (243)
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Each driving force can be written as a sum of products of resistivities and fluxes:

x;t o= rLaV el ks (2.44)
Xll = quJ/V + Tll‘]l + T{QJQ (245)
X3 = vy Y+ i+ ds (2.46)

where the r’s express the resistivities.

2.5.2 Diffusion films

For the liquid and vapor films in the system, the local entropy production can be written for
P=LV:
P = giPxiPlee 1 i XD 4 Jp Xy (2.47)

A derivation of this expression is given in appendix A.1.2 where the following local driving
forces are obtained:

d 1
XIP,loc - <> 2.4
q dz \TF (248)
1 dpyr(T7)
XPJOC — R At bl S 2.4
1 TF dx (249)
L dps T(TP)
xplee = _ _TERIAS ) 2.50
2 TF dz (2:50)
The local driving forces can be written as:
X(l]P,loc _ (ZJQP + rqul +T1532J2 (251)
X{D’loc = quJ,P + 7"11<]1 + T{DQJQ (252)
X;loc = rqu/P + T£J1 + T%JQ (2.53)

To find the total entropy production of the diffusion films, the integral over the film thickness
is taken: ,
d Szrr,P
dt
where 6 is the thickness of the diffusion film of phase P. We assume here that the value of

the enthalpy of the mass streams does not vary due to temperature gradient over the diffusion
film. We then have that the measurable heat flux is constant throughout the film.

= /5 i oPde = TP X" + WX + X5 (2.54)

By assuming constant local driving forces and resistivities, the total driving forces for the films
can be written:

X(;P _ 5PX(;P,loc _ quép n quJl + fé;J2 (2.55)
X]{:’ _ 6PXPJOC _ 1q q + Tlljl + fr12J2 (256)
XP = §P xPlee — 2qJ/JP 7D+ 7D (2.57)

where 77 = §7rP. Note that one common film is defined for all the transport processes in each
phase. The thickness of this film vary with different operating conditions in the column.

11



2.5.3 Total system

The total entropy production of the system is the sum of the entropy production for each of
the subsystems. Equation 2.39, 2.40 and 2.54 give:
d Sirr
dt

= JV(XY + XD+ TEXE + (XY + X+ X))+ (XY + XS+ XD) (2.58)

The measurable heat flux in the liquid, J(’IL, can be eliminated using the energy balance for the
interface:

JiE =TV + I AwapH + JaAvap Ho (2.59)
This gives:

d Sirr
dt

_ J(/IV(X(/IV +X(/11 _‘_X(/]L)
+ (XY + X+ XE 4 Aoy Hi XU
+ (X3 + X§ + XT + AvapHa X[F)
= JV X+ 1 X1+ 2 Xo (2.60)

Then we have that the driving forces for the whole system are:

r 1A% 24 1L
X, = X+ X!+ X, (2.61)
X1 = XV +X{+ X[+ A H1 X[F (2.62)
Xy = X3 + X5+ X5 + Dpap Ha X' (2.63)

The relationship between the fluxes and the overall forces can be written:

XZ] = quJé,V + qut]l + Tq2<]2 (2.64)
X1 = rigd) +rndi+rieds (2.65)
Xo = rog)) +ro1J1 + razds (2.66)

where the 7’s are overall coefficients for the entire system. By filling in the expressions for the
forces in equation 2.61 - 2.63 and comparing with equation 2.64 - 2.66, the following expressions
for the resistivities can be found, where the reciprocal relations are still fulfilled:

Tag = Toq T Toq F Tgq (267)
T = Tig=Tg i A TH 47k AvepH (2.68)
re = Fag =g+l + Pl 4 FE A, Hy (2.69)
rino= )i+ A 2080 HiTh 4 AvapHiTry (2.70)
Ty = Ty Thy + oy + 20vapHaT iy + Avap H3 Ty (2.71)
Tia = To1 =Ty + Ty + iy + DyapHaTiy + Avap HiThy + AvapH1 Ayap Horlyy  (2.72)
In order to have expressions for the fluxes equation 2.64 - 2.66 can be rewritten:

Jév Tqq Tql Tq2 I x A

Ji | =] 719 ™1 Ti2 X1 (2.73)

J2 Tog T2l T22 Xo

12



2.5.4 Resistivities

The interface resistivities can be found from kinetic theory. In kinetic theory ideal gas is
assumed, and the molecules are treated like hard spheres. For the interface it is also assumed
a thickness of approximately one Knudsen layer, or one mean free path. The expressions for
a binary mixture used by Kjelstrup and de Koeijer [11], corrected for misprints in Bedeaux et
al [3], are:

I VT

‘U 4CVR(TV)2Ump

2
1+% y{)\Y 1_*_&4% +
257 [\ AV v\ My

1 I\V \% M
R [14_ 6y <14-02 41>] (275)

T

X

Mg = 8¢V TV vy 5rAY

I I VT [14_ 16y5 Ay <1+ o M2>

T 2 - 7'2 —
4 T 8V TV Uy

— (2.76)

R\/m 1 1 3 ey My
I 2 4
= —— 1432(—+——- )1+ 54— 2.77
1 16¢Y vy % [ + <01 + T 4) ( + ey | M (2.77)
R/ 1 1 3 ey My
I 1 4
= — 14+32(—+——- )1+ <4/ — 2.78
22 160vap “Ht (0’2 + T 4) ( + cg M, ( )
Ry7
7‘12 — Tél — 7160VUmp (279)

where A is thermal conductivity, M is molar mass and o; is the condensation coefficient,
meaning the fraction of component i that stays in the interface after collision. v, is the average
of the most probable velocities of the components given by:

1 2RTV 2RTV
vmp = (CY“ A, +c¥,/ o, ) (2.80)

Resistivities for the diffusion films can be found from Maxwell-Stefan diffusivities, thermal
conductivities and Soret coefficients. This is shown in appendix A.2. The derived relations are:

1
P _
Tag = \P(TP)2 (2:81)
Oln ¢
rfq = _Zgrt;ST (M + 1) R(T")? (2.82)
P 2 P
=2, (2.83)
2
RzY rf
P 2 1q
T _= — 284
" LPePDE rh (2:84)
P 4 p
T19 = _?rll (285)
2
P Zf P
Tog = —27137“12 (286)
2

where P = Vb, Lb.
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2.5.5 Chemical potentials

The chemical potential of a liquid component ¢ in equilibrium with an imaginary ideal vapor at
the liquid interface temperature is:

P (TH)

pl(TH) = () + BT In =2

(2.87)

where p; is the vapor pressure of the liquid component i. The chemical potential of an ideal
vapor at the liquid interface temperature is:

p (TH) = (M) + RTH I (2.88)
This gives that: -
_AVLL%/E(:F) _ Rlnngjf)x{ (2.89)
and we have:
x! = Rlnﬁ(ﬁl)x{ (2.90)

for i+ = 1,2. Here, the gas is assumed to be ideal. For a non-ideal gas, the pressure must be
replaced by fugacity. If we assume constant resistivities and driving forces for the diffusion
films, we have the same way as above that:

yI

X/ =—-Rln <be) (2.91)
be

XF=-Rln - (2.92)

2.6 Comparison between the integrated interface approach and
Taylor and Krishna’s approach

In their approach Taylor and Krishna assume equilibrium at the interface and no coupling
between heat and mass transport. This is equivalent to setting all interface resistivities and all
coupling coefficients between heat and mass transport in the integrated interface approach to
Z€ro.

2.6.1 Mass transport

In appendix A.3 it is shown that when the Soret effect is neglected in the integrated interface
equations, the mass transport equations for two components within one phase can be rewritten
on the same form as Taylor and Krishna’s mass transport equations:

_ 50
T om = —cPDETP % (2.93)
I =T + 21 (2.94)
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By comparing these equations with equation 2.16 - 2.19, it is clear that the only remaining
difference between the two approaches is the coefficients. The Maxwell-Stefan diffusivity divided
by film thickness is replaced with —k in Taylor and Krishna’s approach. This is valid also for
systems with more than two components.

The binary mass transfer coefficients used by Taylor and Krishna are functions of tray design
as well as operating conditions. In ChemSep a set of different empirical models are used for
the binary mass transfer coefficients, and the model chosen for each case depend on the tray
conditions. More can be read about this in The ChemSep Book [12]. In "Multicomponent Mass
Transfer” [17], Taylor and Krishna start with describing diffusion in general with the Maxwell-
Stefan equations. For diffusion in distillation, however, they choose to use the binary pair mass
transfer coefficients.

2.6.2 Heat transport

When the Dufour effect is neglected the integrated interface equation for the measurable heat
flux is equal to Fourier’s law:
A\ AT

J/P —
a Az

(2.95)

where Ax is the length difference.

The corresponding equation from Taylor and Krishna’s approach is the measurable heat flux
part from equation 2.28 and 2.29:
JPTR = hAT (2.96)

The equations have the same form, but the heat conductivity divided by the film thickness in the
integrated interface equation is replaced by —h in Taylor and Krishna’s equation. Taylor and
Krishna calculate the heat transfer coefficients from analogies between heat and mass transfer
such as the Chilton-Colburn analogy or penetration models. More can be read about this in
"Multicomponent Mass Transfer” [17]. They recommend to correct the estimated heat transfer
coefficients for the effects of mass transfer by multiplying with a correction factor. So first
they neglect the Dufour effect, but then they correct for the mass transport effects through this
factor.
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Chapter 3

Methodology

The integrated interface approach was tested on a de-ethanizer column. This column was
first modelled using ChemSep. Then the fluxes and temperature and mole fraction profiles of
this column were calculated using this approach. The impact of the choice of diffusion film
thicknesses and Soret coefficients was examined. The importance of including heat and mass
coupling and non-equilibrium over the interface was analyzed.

The de-ethanizer that was used as test-case was an ethane-propane column with 5 trays. The
column pressure was 12 bar throughout the column. The feed was vapor at 280 K and 12
bar with 0.05 kmol/s ethane and 0.15 kmol/s propane. An overview of physical properties
calculated by ChemSep for each tray, and of the properties of the phase bulks calculated by
ChemSep is given in apendix B. In the ChemSep model, the heater and condenser, tray 1 and
5, were modelled as equilibrium trays, while tray 2 - 4 were modelled as non-equilibrium trays.
Thus only trays 2 - 4 are used here. The mixtures were assumed ideal.

3.1 Solving the integrated interface transport equations

To find the fluxes over the interface, the temperature and composition profiles must be found
to be able to find the right resistivities. The bulk temperatures and compositions are already
set and used as boundary conditions for the system. We assume constant resistivities within
each phase, and use the mean temperature and composition of the phase to approximate them.
Temperatures and compositions are assumed to vary linearly through each phase. The overall
driving forces for phase P can be written:

1

P
X(/] :AA’BT (3.1)
B
XP = R (Z;) (3.2)
1
P ol
X =-Rin (2 (3.3)
%9

where A and B are the diffusion film borders from left to right.

We then have the following 9 unknown variables: J;V, Ji, Jo, TV 41 (1), 1 (2), T, 27(1) and
21(2). From section 2.5, we see that the variables are determined if the following equations are
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fulfilled:

Jév Teq Tql Tq2 X

Ji | = | rig i1 T2 X1 (2.73)

J2 Tog T2l T22 Xo
Xo& =g dl i+ i d (2.55)
XU =l P+ + (2.56)
D A W A (2.57)

where equation 2.55 - 2.57 must be fulfilled both for the vapor and liquid phase. Alterna-
tively the equation set for one of the phases can be replaced with the corresponding equations
for the interface, equation 2.44 - 2.46. The forces are functions of interface temperature and
composition, see equation 3.1 - 3.3.

These equations were solved iteratively, with a procedure explained below using matlab. An
overview of the procedure is given in figure 3.1. First initial guesses for the profiles were made.
Here the interface temperature and mole fractions from ChemSep’s solution of the system were
used, both at the vapor and the liquid side of the interface. These values were used to calculate
the resistivities, r, see equations in section 2.5.4. Then the total forces, X, were calculated using
equation 2.61 - 2.63. Here, only T is a variable, since most of the interface properties cancel out
and the bulk properties are constant. Next step is to calculate the fluxes, using equation 2.73.
Then the vapor phase and liquid phase forces were calculated using equation 2.55 - 2.57. New
temperatures and mole fractions were found from these forces, using equation 3.1 - 3.3. This
procedure was repeated until convergence was obtained. The value of J(;L was then calculated
using equation 2.59.

In the calculation the values for densities, molar weight for mixture and diffusivities were taken
from the ChemSep model for the exact same tray. The heat conductivities were taken for
the correct temperatures from the databank in ChemSep. Ideal mixtures were assumed, and
the Antoine model for vapor pressure was used. When calculating the interface resistivities,
the condensation coefficients are set to 0.8. If nothing else is specified are the diffusion film
thicknesses used 600 um and 35 pum for the vapor and liquid film respectively. The Soret
coefficients are —6.0- 1074 for the liquid, and from 0.0234 -10~* - 0.3617-10~* for the vapor.

The answers were checked for consistency in several ways. The calculated mole fractions were
checked whether they summed to 1. It was checked whether Gibbs-Duhem’s equation was
fulfilled within the vapor and liquid diffusion film, and if the coupling coefficients calculated
lie within their boundary values, see equation 2.7. The temperature and pr;/(T") profiles were
plotted, and inspection of these plots was also used to evaluate the answers.

The matlab program used was written such that different resistances can easialy be enlargened
or neglected. In this project different cases with such assumptions are used in the calculations.
These cases are labelled and explained in table 3.1.

3.2 Sensitivity to diffusion film thicknesses

The sensitivity to the choice of diffusion film thicknesses was analysed. Also an evaluation on
what thicknesses to use further was done.
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In ChemSep empirical relations for distillation columns are used to find the mass transfer
coefficients. Thus the widths of the diffusion layers are not used in ChemSep, as the resistances
of these layers are taken into account through the mass transfer coefficients. In order to find
a rough approximation for the thicknesses of the diffusion layers, Fick’s law was used together
with values for diffusion fluxes, concentrations, mole fractions and molar diffusivities calculated
by ChemSep, see appendix C. Based on this a selection of thicknesses was tested for one of the
distillation trays. To be able to compare with ChemSep, the resistances from the interface and
the coupling coeflicients between heat and mass were neglected. The results were inspected,
both concerning the values of the fluxes and the temperature and composition profiles. Only the

START

Initialize start
variables
TVI7 TLI’ yI and 2!

(T y")
fL (TLI’ $I)
X(TLI)

Use new
VI TL ol and 2!

" Convergence Vs EXIT

Figure 3.1: Flowchart over iteration method for finding fluxes and temperature and mole fraction
profiles.

19



Table 3.1: Overview over cases with neglected or enlargened resistances used in this project.

Label Explanation

Standard No resistances are neglected or enlargened

riI =0 The coupling between the two components in the interface is neglected
r/ =0 All resistance in the interface is neglected

r.10 All resistance in the interface is multiplied with 10

rfi =0 The coupling between heat and mass in both diffusion layers is neglected

fluxes are of importance for importance for use in a distillation model, but the profiles provide
information on whether the solution makes sense or not. Eventually one set of film thicknesses
was chosen and tested for all the trays, both with the assumptions used above and with no
assumptions, to see if it could be used for further calculations.

3.3 Sensitivity to Soret coefficient

The choice of Soret coefficients is based on data for similar mixtures to the ethane - propane
mixture for the liquid coefficient, and on kinetic theory for the vapor coefficient, see appendix D.
Higher and lower extreme values for the Soret coefficients were tested to see the influence from
these values.

3.4 Assumptions on coupling and interface

The importance of including the coupling of heat and mass and the resistance of the interface
was analyzed by neglecting these effects by setting the resistivities to zero and see if this changed
the solution. First the coupling between the components in the interface was neglected. Then
the entire interface was neglected. As this made almost no difference and the interface resistance
used is for hard spherical molecules, also calculations with the interface resistance multiplied
with 10 were done to check the influence of this. Eventually the coupling coefficients between
heat and mass in the diffusion films were neglected, while the interface was included.
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Chapter 4

Results and Discussion

4.1 Sensitivity to diffusion film thicknesses

The fluxes found for tray 2 with different film thicknesses and the same assumptions as Chem-
Sep are listed in table 4.1 together with the fluxes calculated by ChemSep. The (ur;)/T-,
composition and temperature profiles are shown in figure 4.1 - 4.5. The profiles calculated for
cases with the same film thickness ratios were identical, so only one figure is shown for each
ratio. The (ur;)/T profiles vary so little that the variation is hard to see in the plots.

Table 4.1: Fluxes calculated with different film thicknesses and assuming no heat and mass
coupling and no resistance in the interface for tray 2. The bottom line shows the fluxes calculated
by ChemSep. The precision is reduced to two digits since this is enough to show the variation
between the fluxes.

sV oL oL /sv JY JiE Ja
[pim] [pm] [J/s] [J/s]  [mmol/s] [mmol/s]
1200 700 0.58 -4.8-10' 5.7-10° 5.4 4.0-10"
1200 70 0.058 1.4-10' 7.7-10> 9.0 4.7-10!
1200 7 0.0058 2.1-10" 2.1-10® 4.5-101  1.2-10%
120 700 58 -3.2-10° 24-10° 6.0-10*  4.1-102
120 70 0.58 -4.8-10% 5.7-10% 5.4-10" 4.0-102
120 7 0.058 1.4-102 7.7-10° 9.0-10' 4.7-10?
12 700 58 -5.0-10* 3.3-10° 6.7-10>° 4.3-10°
12 70 58 -3.2-10* 24-10* 6.0-102 4.1-10°
12 7 0.58 -4.8-10% 5.7-10* 5.4-10>° 4.0-10°
ChemSep 2.7-10> 6.7-10>° -5.5-10>° 6.8-103

All the fluxes are inversely proportional to the film thicknesses as long as the ratios between
the thicknesses are the same. This is in agreement with that a higher resistivity gives a lower
flux. Since the local resistivities only are dependent on temperature and composition, and the
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same ratios give the same profiles, the same local resistivities are obtained. As the resistance of
the interface is neglected, we have that the total resistance is directly proportional to the film
thicknesses.

(1 /T [IK *mol -] (1 /T [IK *mol -]
108.5 ‘ ‘ 114 ‘ ‘
108} 1 113.5¢
S
107.5¢ 1 113¢
107¢ 1 112.5¢
106.5 ‘ ‘ 112 : :
\% VI LI L Y VI LI L
Temperature [K] Mole fractions
297 ‘ ‘ 1
0.8/ e
2961 1 T |
0.6 ]
L -2
2951 1 04l ee-- S
-— ] -
0.2} Tl
294 ‘ ‘ 0
Y, VI LI L Y, Y LI L

Figure 4.1: Profiles calculated for §7/6" = 0.0058 for tray 2. The calculated profiles are shown
with black lines while the ChemSep profiles are grey. The mole fraction profile labelled 1 is for
ethane while 2 is for propane.

The profiles are calculated from the values of X" and X¥. As the interface resistivity is
neglected, the overall resistivity matrix consists only of terms multiplied by 6" and 6%, see
equation 2.67 - 2.72. The inverse of this 3x3 matrix has only terms multiplied with a factor
consisting of two film thicknesses (6" or §*) divided by terms with tree such film thicknesses.
This matrix is used to find the vector of fluxes, see equation 2.73. This means that the equations
for the fluxes consist of only terms multiplied with two film thickness ratios divided by either
8V or 6%, thus the fluxes are dependent on the magnitude of the film thicknesses as commented
above. When XV and X are calculated from equation 2.55 - 2.57, all the terms will again
be multiplied with 6" or ¢%. This is why the profiles only are dependent on the film thickness
ratio.

The interface temperatures lie between the vapor and liquid temperatures for ratio 0.0058 and
0.058, but it increases with increasing ratio, and at ratio 58 it is around 30 K higher than the
vapor temperature.

For cases with high temperatures at the interface, the mole fractions at the liquid side of the
interface do not sum to 1. This is a result of a vapor pressure model that performs badly at
these temperatures. The Antoine vapor pressure model is used, and as the temperature rises it
starts to predict vapor pressures for ethane that are too high. This gives mole fractions that are
sometimes far too low at the liquid side of the interface, see equation 2.87. This again influences
the liquid resistivities that are calculated, since they among other things are dependent on the
mean mole fractions of the liquid phase. Through this, the bad performance of the vapor
pressure model is responsible for some error in all the profiles and fluxes calculated for cases
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Figure 4.2: Profiles calculated for 6% /5" = 0.058 for tray 2. The calculated profiles are shown
with black lines while the ChemSep profiles are grey. The mole fraction profile labelled 1 is for
ethane while 2 is for propane.
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Figure 4.3: Profiles calculated for 6%/§" = 0.58 for tray 2. The calculated profiles are shown
with black lines while the ChemSep profiles are grey. The mole fraction profile labelled 1 is for
ethane while 2 is for propane.
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Figure 4.4: Profiles calculated for 6%/6V = 5.8 for tray 2. The calculated profiles are shown
with black lines while the ChemSep profiles are grey. The mole fraction profile labelled 1 is for
ethane while 2 is for propane.
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Figure 4.5: Profiles calculated for §/6V = 58 for tray 2. The calculated profiles are shown
with black lines while the ChemSep profiles are grey. The mole fraction profile labelled 1 is for
ethane while 2 is for propane.
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with this high temperatures. This error was first assumed to be small, so the equation was not
replaced, but after checking this more thoroughly, it was shown to have a higher impact than
first assumed, see appendix E.

4.1.1 Choosing film thicknesses for further calculations

The diffusion film thicknesses vary strongly with the geometry of the equipment and the hy-
draulics of the system. But as the choice of film thicknesses will imply a high level of uncertainty
anyway, the thicknesses will be assumed to be constant throughout the column.

From the section above, we see that some film thickness ratios give very high temperature
gradients through the systems. The most extreme case has a temperature rise on 30 K over 12
pm. Such temperature profiles can not appear in reality. The ratio §%/6" = 0.058 is the tested
ratio that gives the profile closest to the profiles calculated by ChemSep. This ratio is chosen
for further work. None of the cases tested in the previous section gave fluxes that all were close
to the fluxes calculated by ChemSep. The case with 120 ym and 7 pum diffusion films give a
heat flux at the vapor side that is in the same order of magnitude as the same flux calculated
by ChemSep, while the case with 1200 um and 70 pm give a heat flux at the liquid side that is
not too far from the flux calculated by ChemSep. None of these have comparable mass fluxes,
especially not for ethane. To be able to go on with the calculations, the thicknesses 600 and 35
um is chosen for the vapor and the liquid film, respectively. This is a compromise between the
two cases mentioned above, and it still has the thickness ratio 0.058. Both thicknesses are also
within the intervals proposed by Bedeaux and Kjelstrup, see appendix C.

The chosen thicknesses are tested also for tray 3 and 4, both with the assumptions used by
ChemSep and with all resistances included. This is to check that the thicknesses still can be
used. The impact of the assumption and the still big difference from ChemSep’s calculation is
discussed later in this chapter. The fluxes of the tested thicknesses are listed in table 4.2. The
profiles for tray 3 and 4 are shown in figure 4.6 - 4.7. The profiles for tray 2 are already shown
in figure 4.3. Only the profiles for calculations with ChemSep assumptions are shown, because
the differences between the profiles for this and for the calculation with all resistances included
are minimal. Also for tray 3 and 4 the profiles look sensible, and they are quite close to the
ChemSep profiles. The fluxes do not fit very well with the fluxes calculated by ChemSep, but
compared to the other thicknesses tested for tray 2, they are ok. To be able to go on with the
calculations, these film thicknesses are considered acceptable.
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Table 4.2: Fluxes calculated for tray 2 - 4 with 600 and 35 pum for vapor and liquid film
thicknesses, respectively. Calculations labelled “int int” are calculations done in this project
with the integrated interface approach, while calculations labelled “ChemSep” are done by
ChemSep. The numbers are given with three digits since this is the precision of the input
numbers used in the integrated interface calculations.

Tray Calculation  Assumptions J, év J, éL J1 Jo
[J/s] [J/s] [mmol/s] [mmol/s]
2 int int Standard 2.73-10' 1.54-10% 1.77-10' 9.35-10'

int int IzO,r%zO 2.78 .10 1.55-10% 1.79-10% 9.40-10!
ChemSep =0,70=0 275-102 6.71-10> -5.52-10° 6.79-10°

3 int int Standard 7.16-101 5.10-10° 6.87-10' 3.08-102
int int rl=0,rF =0 7.27-10' 5.14-10% 6.98-10' 3.09-10?
ChemSep ! =0 0 245-10% 6.71-10> -2.31-10* 3.02-10%

4 int int Standard 2.08-10" 5.82-10° 4.40-10' 3.85-102
int int rl=0,r0=0 2.05-10! 5.86-10% 4.46-10' 3.88-10?

0
ChemSep 1! =0, ij.:o 2.35-10> 7.14-10> -1.65-10* 2.29.10%

4.2 Sensitivity to Soret coefficient

The choice of Soret coefficients is based only on data for a few similar mixtures for the liquid
coefficient, and on kinetic theory for the vapor coefficient, see appendix D. To see how dependent
the calculated fluxes are on these coeflicients, calculations with values 10 times bigger than the
values used are checked, and also calculations for this value with opposite sign. These values
were compared with calculations with Soret coefficients equalling zero. The results are presented
in table 4.3.

For variation of the vapor Soret coefficients, the measurable heat flux at the vapor side is 21 %
higher for the high positive Soret coeflicient than for zero Soret coefficient, and for the low
negative value, the vapor measurable heat flux was 21 % lower than for zero Soret coefficient.
The other fluxes changed only with less than 1 %. For variation of the liquid Soret coefficient,
the vapor heat flux increased and decreased with around 3 % when using the extreme cases
compared to coefficients equalling zero. The liquid heat flux increased and decreased with
around 6 %. The ethane flux increased and decreased with around 15 %, while the propane flux
increased and decreased with around 5 %. Equation 2.82 and 2.83 show how the heat and mass
coupling parts of the equations are directly dependent on the Soret coefficients. The variations
in the profiles caused by the different Soret coefficients are so small that they are not visible in
the plots.
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Figure 4.6: Profiles calculated for chosen film thicknesses with ChemSep assumptions for tray
3. The calculated profiles are shown with black lines while the ChemSep profiles are grey. The
mole fraction profile labelled 1 is for ethane while 2 is for propane.
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Figure 4.7: Profiles calculated for chosen film thicknesses with ChemSep assumtions for tray 4.
The calculated profiles are shown with black lines while the ChemSep profiles are grey. The
mole fraction profile labelled 1 is for ethane while 2 is for propane.
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Table 4.3: Fluxes calculated for different Soret coefficients for tray 2. The numbers are given
with three digits since this is the precision of the numbers used in the integrated interface
calculations. S¥ is the vapor Soret coefficient while S% is the liquid Soret coefficient.

S¥ S%’w J éV J (/]L J 1 J: 2
[J/s] [J/s] [mmol/s] [mmol/s]

-4.00 -107* -6.00 -107* 33.6 1.55-103 17.7 93.7

0 -6.00-107* 27.8 1.54-10° 17.7 93.5
4.00 -107* -6.00 -107* 22.1 1.53-10° 17.6 93.3
3.60 -107® -6.00 -107% 28.1 1.46-10° 15.5 89.2
3.60 -107° 0 273 1.54-103 17.9 94.0
3.60 -107®  6.00 -107% 26.5 1.64-10° 20.6 99.2

4.3 Assumptions on coupling and interface

The fluxes calculated for tray 2 - 4 with different assumptions are listed in table 4.4. The
differences between the results of each calculation and the same calculation with standard
assumptions are also listed. When the coupling between the two components in the interface is
neglected are the changes in the fluxes too small to be visible with tree digits accuracy. When
all resistance in the interface is neglected, the calculated fluxes are changed with around 2 %o
for the heat flux at the liquid side and for the ethane mass flux for tray 3. All the other fluxes
had too small changes to be visible. When the interface resistances are multiplied with 10 are
the fluxes changed with from -6.49 %o to 3.47 %o. Neglecting all coupling between heat and
mass in the two diffusion films changed the fluxes with -14.4 %o to 18.3 %o.

The temperature, (pr,;)/T and composition profiles calculated with the different assumptions
gave so similar results that it is impossible to see the differences in the profile plots. The
profiles for tray 2, 3 and 4 look all identical to the profiles in figure 4.2, 4.6 and 4.7. Figure 4.8
shows the temperature and (ur;)/T profiles for tray 2 when zoomed in dramatically so that
only the interface area is shown and that it is possible to distinct the profiles from each other.
All the profiles calculated for r{, = 0 and the profiles calculated with standard assumptions
overlap even in this plot. The profile calculated with ! = 0 is around 0.0001 K higher than the
profile with standard assumptions in the temperature plot. In the (p7,;)/T plots, the profiles lie
around 50 pJK~'mol~! over and 30 uJK 'mol~! below the profile with standard assumptions.
These profiles are all straight lines, as the assumption means that there must be equilibrium
over the interface. The temperature and chemical potential have to be the same on each side.
This implies that also the values for (ur;)/T must be the same on each side. The profiles for
the calculations with the interface resisance multiplied with 10 have a higher slope than the
others, since the higher resistance implies that the system is further away from equilibrium over
the interface. For the temperature is the profile on the most 0.001 K lower than the profile
with standard assumptions, and the (u7;)/T profiles are 0.0003 JK~'mol~! lower and around
0.0001 JK~'mol~! higher than the profile with standard assumptions. The profile calculated
for rfi = 0 lie around 0.004 K higher than the other profiles in the temperature plot. In the
(nr,)/T plots, the profiles lie very close to the profiles for standard assumptions. Generally, the
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Table 4.4: Fluxes calculated using different assumptions for tray 2 - 4. The columns labelled
“Diff” give the difference of the foregoing flux from the same flux calculated without any as-
sumptions. The values are given with three digits since this is the precision of the numbers used
in the calculations.

Tray Assumptions J(’]V Diff JéL Diff J;  Diff Jo  Diff
[J/s]  [%o] [J/s]  [%o] [mmol/s]  [%o] [mmol/s]  [%]

2 Standard 27.3 - 1.54-103 - 17.7 - 93.5 -
rly, = 27.3  0.00 1.54-10% 0.00 17.7  0.00 93.5 0.00
rf=0 27.3  0.00 1.54-10% 0.00 17.7  0.00 93.5 0.00
r x 10 27.3  0.00 1.53-10° -6.49 17.6  -5.65 93.3 -2.14
r&i=0 27.8 183 1.55-10° 6.49 179 11.3 94.0 5.35
3 Standard 71.6 - 5.10-103 - 68.7 - 308 -
rly, = 71.6 0.00 5.10-10% 0.00 68.7 0.00 308 0.00
rl=0 71.6 0.00 5.11-10% 1.96 68.8  1.46 308  0.00
! x 10 71.6  0.00 5.10-10% 0.00 68.5 -2.91 307 -3.25
réi =0 72.7 154 5.14-10® 7.84 69.7 145 309 3.25
4 Standard 20.8 - 5.82-108 - 44.0 - 385 -
rl, = 20.8 0.00 5.82-10% 0.00 44.0  0.00 385 0.00
rf =0 20.8 0.00 5.82-10% 0.00 44.0  0.00 385  0.00
rl % 10 20.9 3.47 5.80-10% -3.44 43.8 -4.54 384 -2.60
r&=0 20.5 -144 585-10° 5.15 446  13.6 388 7.79

Temperature [K] (M YT EK Mol ™ (i )/T [JK“mol ]

107.7895 112.7208 — Standard
[
r..=0
] 12
295290 - - - - .. __ 293 1 ...06 |
295.289 o r| -0
.91 ] .04 ] rao
295.288 ] - rgi =
...89 ] .02 ]
295.287 [ e |
295.286 .87 1 ...00
295.285 107.7885 112.7198
VI LI \4 LI \4 LI

Figure 4.8: The interface profiles calculated with the different cases for tray 2. Mind that the
ticks on the temperature and (ur,;)/T") axes change with very small steps.
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differences caused by the assumptions taken here are minimal. For the fluxes, the assumption
on neglecting the coupling between heat and mass has highest impact. The magnitude of this
impact is dependent on the values of the Soret coefficients, which in this project have a high
level of uncertainty. In the previous section we saw how the fluxes were much more influenced
when higher values for the Soret coefficients were used.

The interface was expected to have a bigger impact on the calculations than what is seen here.
To have a closer look on this, the contributions from the interface resistances to the overall
resistances are calculated and plotted in table 4.5. It can be seen that for this system the
interface contributions are all far less than 1 %. To multiply the interface resistances with 10
made more difference, but still not much.

Table 4.5: Interface contribution to overall resistance in tray 2. The values are given with three
digits since this is the precision of the numbers used in the calculation.

Resistance Overall Interface  Interface contribution [%)]
T'yq 3.74-1077 8.13-10712 2.17-1073
Iq1 2.08-107° 8.89-107° 4.28 1072
Ig2 6.95-107° 8.52-107° 1.23-1072
1] 4.11-10  3.70-1074 9.01-10*
r99 8.42 2.27-107* 2.70-1073
r12 -1.53-10%  5.27-1076 -3.43-107°

For systems with other components, pressures and temperatures, can the influence of the inter-
face to the overall resistance be higher. For instance are rf;l and réQ inversely proportional to
temperature, while 1751 and 7752 are temperature dependent only through the Soret coeflicient
and thermal conductivity. All the interface resistivities are dependent on pressure through the
oy

c"-terms. They will all increase with decreasing pressure. 7% is not dependent on pressure,

aq
and if the system is assumed ideal ffq and f{; are only pressure dependent through the Soret
coefficient. In calculations done by Bock and van der Ham [4] for distillation of air, the heat
fluxes became around twice and the mass fluxes half as big when neglecting the interface re-
sistance compared to using standard assumptions. This is radically different from the results
found here. The fluxes are calculated with a different approach, but the same assumptions can

be checked. Air distillation operates with pressures just above 1 bar and temperatures around
85 K.

The relative influence from the resistivities in the diffusion films compared to the resistivities in
the interface is also highly dependent on the chosen values of the film thicknesses. If lower film
thicknesses are assumed, the resistances in the vapor and liquid films will be correspondingly
lower. Thus the interface resistance will be responsible for more of the overall resistance.

4.4 Heat of transfer in interface

An interesting property of the interface is its high values for heats of transfer. If we write the
general transport equations as fluxes, and rewrite to replace one of the component’s mass force
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in the heat flux equation with a mass flux, we have that:

IV =1gqXq+ ﬁ‘ﬁ (J1 — 114X, — 112X2) + 12X (4.1)
The coefficient in front of the mass flux is the heat of transfer for this component. Kjelstrup
and Bedeaux [10] have shown that for the interface is this coefficient related to the heat of
evaporation, and therefore big. As we can see from the equation will the measurable heat flux
then get a high contribution from the mass flux. The same is true also for the other component.
This effect is especially important in the case of distillation, where it is a goal to achieve high
mass fluxes across the interface. For the rest of the system is the heat of transfer not necessarily
that big. In tray 2 in the distillation column considered here is the heat of transfer -1.11-103
J/mol for component 1 in the interface, while it is -3.95-10? J/mol for the overall system.

The three fluxes in the system can be looked upon as several fluxes in series. Since we have
steady state, do the fluxes in the same series have the same magnitude, but each of them can
have different contributions from other fluxes and forces. The fact that the properties of the
transport through the interface is different than the transport through other phases do not
influence the importance of including the interface resistance. This importance is only decided
through the contribution of the interface resistances to the overall resistances.

4.5 Comparison with ChemSep

In table 4.2 we saw that the fluxes calculated by ChemSep deviate widely from the fluxes calcu-
lated here, even when the same assumptions are taken with respect to the interface and coupling
between heat and mass. The differences within the solutions from the integrated interface ap-
proach caused by different assumptions are very small compared to the differences between the
solutions of the two approaches. In section 2.6 we saw that with the same assumptions, the only
differences between the two approaches are the coefficients used. Since we know that ChemSep
has given good results compared to experiments, it is natural to assume that their coefficients
give better results than the ones used in the integrated interface approach.

The ChemSep results give fluxes of the two components with different signs. The fluxes cal-
culated here have the same sign, but the flux of ethane is smaller than the one for propane.
The two different sets of fluxes predict very different separation properties of the column. The
fluxes calculated by ChemSep give a better separation because in each tray, a net flux of ethane
evaporate while propane condensate. The fluxes calculated here predict condensation of both
ethane and propane. This will still give some separation, since taking the composition of the
mixtures into account, more propane condensate than ethane.

The difference between the vapor and liquid measurable heat fluxes calculated is much higher
than the difference between the same fluxes calculated by ChemSep. This is related to that
ChemSep predicts just a small net condensation, while the calculations done here predict a high
net condensation, see equation 2.59.

4.6 Error sources and uncertainity

In this project, some variables with a high level of uncertainity are used. The film thicknesses
found as described above have a high level of uncertainity, and they have a high impact on
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the system as seen in section 4.1. Using a 10 times higher or lower film thickness changed
the order of magnitude or the sign of some of the fluxes, and the temperature and chemical
potential profiles changed dramatically when different ratios between the thicknesses were used.
Physical properties are taken from the ChemSep databank, and are related to a low level of
uncertainity compared to this. The vapor pressure model was used outside its temperature
limits, and is therefore the source of some error as discussed earlier in this chapter and in
appendix E. It influenced the values of some of the resistivities and resistances. This however is
of less importance than the uncertainity of the film thicknesses that have a direct impact on all
the resistances, and have a higher level of uncertainity. The vapor pressure error was smaller
in tray 2 than in tray 3 and 4. When assumptions are tested in section 4.3 the influence of
the asumptions have around the same size for all trays, even though the error from the vapor
pressure model is of diffent sizes. The choice of Soret coefficients is also related to a high level of
uncertainity, but the highest and lowest Soret coefficients tested in section 4.2 only changed the
fluxes within the same order of magnitude, and the changes in the temperatures and chemical
potentials were not visible in the profile plots.

A general estimation of uncertainities in the calculated values is not done, since the film thick-
nesses seem to be of higher importance than anything else, and since it is hard to evaluate the
uncertainity they contain.

4.7 Suggested directions for further work

Before further work with this project, all calculations should be done again with a better vapor
pressure model, just to get rid of this error source. Then the approach should be tested on more
systems, to get an overview on how big influence the interface and coupling between heat and
mass have on different distillation systems. One start can be to look closer on air distillation,
since Bock and van der Ham have found a high influence from the interface in this system. If
the conclusion is that these things have an influence of importance, it is worth to work further
with this.

Since the coefficients used by ChemSep are assumed to give better results for diffusion in dis-
tillation columns, a way to continue this work can be to use these coefficients in the integrated
interface approach. If this is possible, we will have the advantage of the ChemSep coeflicients
that take the tray conditions and design into account, and that are shown to give good results,
in addition to the advantage of including the effects of the interface and the coupling between
heat and mass.

The ChemSep coefficients can be included in the integrated interface approach by deriving
expressions for resistivities the same way as is done in appendix A.2, but by comparing with the
transport equations used by ChemSep instead of Fourier’s law and the Maxwell-Stefan equations.
The expressions for these resistivities will contain the film thicknesses in the denominator. As
the expressions later will be multiplied with the film thickness when the total resistances are
found, the film thickness will cancel out. This means that the problem with finding good film
thicknesses disappears. As an example the expression for rfq found this way is shown below:

1
rP «

99" — T §P}LPT2 (4.2)

where the * indicates that this is a resistivity found from Taylor and Krishna’s equations.
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The heat transfer coeflicients used by ChemSep are corrected for the influence of the mass
transfer with a correction factor. When used in the integrated interface approach, this factor
must not be included, as the Dufour effect is taken into account through the coupling terms.
Taylor and Krishna [17] write that such correction factors not are necessary to correct the
mass transfer coefficients in distillation, so they have probably not used it on mass transport in
ChemSep, but this has to be checked. It must also be checked whether effects from the interface
somehow can be included in the coefficients, to make sure that this is not taken into account
twice.

The long term goal with this project is to make a non-equilibrium model with the interface
effects and coupling between heat and mass included. If the method proposed above gives good
results, these transport equations can be included in Taylor and Krishna’s non-equilibrium
model instead of the equations they use.
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Chapter 5

Conclusion

A method for calculating fluxes and temperature and chemical potential profiles over interfaces
using non-equilibrium thermodynamics is established. Fluxes and profiles are calculated for a
de-ethanizer column. It is found challenging to find reasonable values for film thicknesses and
Soret coefficients. Both these values are shown to have a high impact on the solution, especially
the film thicknesses. The fluxes calculated deviate widely from the same fluxes calculated by
ChemSep. This deviation is concluded to come from different coefficients used in the transport
equations. With the film thicknesses and Soret coefficients chosen, the coupling of heat and
mass and the inclusion of resistance in the interface is shown to have only a small impact on the
solution. Both neglecting the interface resistance and multiplying the interface resistance with
10 change the fluxes with less than 0.5 %. Neglecting the coupling of heat and mass transport
changes the fluxes with less than 2 %. It is proposed to check this also for other distillation
processes with other operating conditions, and a direction for further work is outlined.
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Appendix A

Derivations

A.1 Entropy Production of Two-Component System

To be able to find equations for transport using non-equilibrium thermodynamics, the entropy
production of the liquid diffusion layer, the interface and the vapor diffusion layer must be
derived. The system has only transport of heat and mass, it is in a stationary state, and
consists of ¢ different components. Local equilibrium is assumed so the local thermodynamic
state functions, expressed as densities, have the same values as they would have had in an
equilibrium situation. The derivations below follows Kjelstrup and Bedeaux [10]. All fluxes are
relative to the laboratory frame of reference.

A.1.1 Interface

A shematic overview of the interface with all fluxes entering and leaving is given in figure A.1.

VI LI
| |
| |
D
— | —
VI Py
q ! I q
— —
J JH

Y

Figure A.1: Shematic overview over fluxes entering and leaving the interface.

The entropy balance for the interface can be written:

881 _ asirr,l

T +JYT - g (A1)

where s is entropy density, Js is entropy flux and ‘%gzr is the entropy production. Local

equilibrium is assumed, thus the Gibbs equation must be valid, and for an interface element on
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local form it is as follows:
du! =T!ds" + Z pldr; (A.2)
=1

where u is internal energy density and I is the excess interface concentration. Rewriting and
taking the time derivative of the entropy density gives:

ds' 1o 1 &gl

= ~ A.
ot T ot TIZ;“’ ot (4.3)
The first law of thermodynamics gives for this system:
du’ VI LI
where J; is the total heat flux. The mass balance around the surface gives:
T;
i _ gvi_ JE (A.5)

dt !
There are no chemical reactions in the system, only phase transformations. Mass enter and
leave the surface as liquid at one side and as vapor at the other side. By inserting equation A.4
and A.5 in equation A.3, the following equation is obtained:

gzi(JV_JL)_iZC:MI(JV_J.L) (A.6)
ot T\ 4 q TI P

By rewriting the entropy balance, equation A.1, using that Js; = %(Jq—Zle wiJ;), and inserting
equation A.6, we have that the entropy production is:

asirr,l

_ L(l 1 1 1 c ul
ot

I
v L l’Li V Hi
q *Tl—ﬁ)Jrjq (W—ﬁ>—§:Ji (ﬁ_TLI ZJ TVI ﬁ) (A7)
i=1

The total heat fluxes consists of the measurable heats and the enthalpies of the mass fluxes:

(&
Jo=Jy+ Y HiJ; (A.8)
i=1
The term Apy (%) can be approximated using linearization the following way by using —S; =

(%’}i)pm and pu; = H; — T'S;:

A (MZ) — :U’zI(TI) _ :u’iLI<TLI)
LILI T TI TLI
W) T | uED )
T! T TLI

_|_
1 8
= —A . v 7l _ LI
71 oo (1) + ( aT T ) TLI ( )
1 A , 1 SLI :U’z' 7! _ LI
= 71 crrpir(T TLT (TLT)2 ( )
1 LI | H I 1
= grcrr(T DR TZLI> T'Arrr | 7
1 T! 1
= FALI,IMZ‘,T(TI) +H (TU> Arrg (T> (A.9)
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The ratio = L can be approximated to 1, so that:

1 1
Arr 1(‘}) ﬁALLIM,T(T}) + HF AL <T) (A.10)

By inserting equation A.8 and A.10 into equation A.7, the entropy production can be expressed
the following way:

asirr! 1L 1 1% 1 & 1 I ~ v 1 I

5 = Jq ALLIT—i—Jq A]’VT—F; Ji (_T]ALI,IMZ',T(T )) —i-z; Ji <—TIA],VI,U1',T(T ))
1= 1=
(A.11)
For a stationary state J» = JV = J. Then the above equation can be rewritten as:
oS! 1 1< 1
TR J;LALLIT + JéVAI,VIT + Z Ji (_TIALI,VIM,T(TI)) (A.12)
i=1

Here the chemical potential differences are evaluated at the surface temperature. In a stationary
state the total heat flux is constant throughout the system, giving the following relation:

Jo=J) +> HJi=JF+> HlJ; (A.13)
i=1 i=1

By using this, the liquid heat flux in equation A.12 can be eliminated. Gibbs-Helmholtz’
equation

O(u/T)
=H A.14
a(1/T) .
can be used to rewrite the term expressing the force conjugate to the mass flux:
1 1 o | pVHT) — pt(T) 1 1
FTRAY i T = ——A i T ( a )
prAcyiir(T7) rrArrvipr(T™) + 91/T) 7 o\ g
1 1 1
= ﬁALl,VI/Ji,T(TLI) + (HYT — g (TI TU> (A.15)

Now, the entropy production can be written:

asirr,l
ot

=JY AL[V[( )+ZJ< TLIALIVIMT(TU)) (A.16)

A.1.2 Diffusion Film

The derivation of the entropy production in the diffusion films follows the same procedure as
the derivation for the interface. The entropy balance in a volume element in a homogeneous
phase is given by: b

83 P 8 P
where o is the local entropy production. Where P = V| L and means that the variables belong to
a volume element in the vapor or liquid diffusion films. Also here local equilibrium is assumed,

and then we have Gibbs equation on local form for a volume element:

du” =TFds” + Z;Lfdcf (A.18)
i=1
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Rewriting this and taking the time derivative of the entropy density gives:

ost 1 ouf P
-z -z - . Al
ot TF ot TP;’” ot (A-19)
From the first law of thermodynamics we have:
dUP 8 P
— == A.20
dt ox 1 ( )
and a mass balance gives:
dCZ'P 0 P
= J A.21
dt ox " ( )
By inserting equation A.20 and A.21 in equation A.19 we have:
9" _ _1 a Z p 9 JP (A.22)
ot~ TPox q TP Hi 696 ’

The entropy balance, equation A.17, can be rewritten using that J; = %(Jq — 354 pniJ;) and
inserting equation A.22. We then have that the entropy production is:

0 1 c 0 !

P P P i

- 7 E , A.2
1 92T 1Jz ( Ox Tt > (A-23)
We see from using the definition of derivation:

0 pl (zile + Az), T(x + Ax)) — pf (Zz‘(@’T(fﬁ)))

0z TP ~ AxliIEl>0 Az ( T(x + Ax) T(x)

(A.24)

where z; is the mole fraction of component i of the phase in question, that the term can be
approximated with linearization the same way as equation A.9. We then have that:

o = o) 4 HE (25 (4.25)

where the subscript 7" indicates that the derivative of the term is taken with constant tempera-
ture. By using this and equation A.8 in equation A.23, the entropy production can be expressed

o= g () 3 () (a2
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A.2 Resistivities for Vapor and Liquid Phase

Values for the resistivities of the vapor and the liquid phase can be found from Maxwell-
Stefan diffusion coeflicients, thermal conductivity and Soret coefficients. Relations between the
resistivities and these values are derived here, following Kjelstrup and Bedeaux [10].

From section 2.5.2 we have the following equations describing the fluxes and forces within a
vapor or liquid layer:

d 1 P 1/P P P
@ <Z_P> = quJq + qujl + Tq2J2 (A27)
1 duyr
—FF gl = rig i+ i+ i g (A.28)
1 dusr
—TF g = rog il + o Ji + riJo (A.29)

where superscript P = V, L and indicates phase. These equations can be written in terms of
velocities instead of component fluxes, where the velocity of component i is defined by v; = J;/¢;:

0 1

Br 7P = Tiali TV v (4.30)
c1 0
-2 ggT — 1 TP v 4 v (A.31)
co O
Ot (a3

Written this way, the Onsager reciprocal relations hold also for the new resistivities. The
relations between the new and old resistivities are:

/. _ P /! _ P /! _ P
qu — qu qu — rqlcl qu — quCQ
/1 _ P /. _ P 2 / _ P
T = T14C1 T =il Tlg = riaC1C2 (A.33)
/ P / P / P 2
Toq = T21C2 T91 = T21€1C2 T'og2 = T'22C3

The sum of the left hand side of equation A.31 and A.32 is zero according to Gibbs-Duhem’s
equation. And as Onsager reciprocal relations apply, and equation A.30 - A.32 hold for any
arbitrary measurable heat flux and component velocities, it follows that the resistivities in the
matrix are dependent, and satisfy

r'lq + réq =0

o+ 19 =0
When the mass fluxes, or velocities, are zero, equation A.30 reduces to:
01 ! qIP
%T = T'quq (A35)

For simplicity the superscript indicating phase on temperature is suppressed. By comparing

with Fourier’s law,

T
JIP=— P% (A.36)
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where A is the thermal conductivity of the mixture, and as equation A.30 is valid for all com-
ponent velocities, the following relation is obtained:

1
P _ _
Tqq = T;q = \PT2 (A.37)

The Soret coefficient, sy, which can be found from experiments, is the ratio between the thermal
diffusion coefficient and the interdiffusion coefficient, and we have that:

-1
4G (Om T)
== | —= A.38
ST ClT ( 861 ( )
where ¢ indicates measurable heat of transfer of component ¢ and is given by:
rP
g =25 (A.39)
Tqq
Rewritten, equation A.38 gives:
0
g = —TegsTC1T FLT (A.40)

Ocy

Differentiation of the chemical potential with respect to the concentration of component 1 gives:

op,r _ A(u° + RT In(¢px1p))
dci Ocy
O(ln¢ +Inzy) (%)

a371 861
aln¢ alnxl + 81H$1> (ggc— <9acclcl>

=RT

= RT
R (81nw1 0z 0z c?

Odlng¢ 1 1 c—ac

— RT Z 4=
R (31nx1x1+x1>< c2 )
RT(alnng +1>a:2

1 \Olnzy c

(A.41)

where p is the total pressure if the phase considered is vapor, and vapor pressure of component
1 if the phase is liquid. The vapor pressure is only dependent on temperature, and the total
pressure is assumed constant. Using this in equation A.40 gives:

dln
qu = —IQ’I“(;ST (1 + 8ln£> RT? (A.42)
From equations A.34 and A.33 we have that
i _ﬂrfq (A.43)

T2

For further analysis it is convenient to write equation A.30 - A.32 in the following form:

oT 1 * "

or = Y (J(/] —Cqv1 — C2(J2V2> (A.44)
c1 0 ciqt 0T
= gf = —;—‘Q% — Ruivi — Riave (A.45)
co 0 coqs 0T
?2 giT = —;7(22% — R21V1 — R22V2 (A46)
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where

T or
Rjj, = 1l — 242 (A.47)
q9
with j,k = 1,2.

From equations A.34 and A.33 we have that:
cigi +c2q5 =0

Ri1+Ri2=0 (A.48)
Ro1 + Ry =0

The Maxwell-Stefan equations describe multi-component diffusion at constant temperature, and
Krishna and Wesselingh [13] write them the following way for two components:

Om _ BT

_ - — A4
(9%' D12 2 (Vl V2) ( 9)
8,LL2 RT

_ — — A.
ax D21 xl(Vg V1) ( 50)

where Diy is the Maxwell-Stefan diffusivity for component 1 and 2. These coefficients can be
used to describe multicomponent diffusion, but they are binary, and therefore easily available
from experiments. They are symmetric, so Do = Da;.

Equation A.45 and A.46 rewritten for constant temperature are:

0 T T
— gl’T = —Riy1vi + —Ry9ve (A.51)

i C1 C1

0 T T
—% = —R91vi + —Roove (A.52)

i Co C2

Since equation A.45 and A.46 are fulfilled at any temperature gradient, we have from comparing
equation A.49 - A.50 and A.51 - A.52 that:

Ry = cREL22 Ryp = —cRZ2
D12 D12
R21 = —CRx}x2 RQQ = CRx}m2 (A.53)
12 D19

This is consistent with Onsager reciprocal relations and equations A.48. From these equations,
equations A.33 and equation A.47 we have that:

P2
P BT g (A.54)
1 CCchlg 7’51
Equations A.33 and A.34 gives:
X1
7"12 = —;27'{)1 (A55)
X1
7{} = —x—QTfQ (A.56)

The expressions for the resistivities derived here are summarized in table A.1. The same ex-
pressions were derived by Kjelstrup and de Koeijer [11], following a somehow different track of
derivation using the Maxwell-Stefan equations with temperature gradient.
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Table A.1: Expressions for resistivities in the diffusion films

P _1
qq  A\PT?

rfq —:rgr,i]sT ( oo | 1) RT?

Olnxq
Tfjl szg%P ‘|‘T§;
167 Py Taq
r —%rﬁ
rd —%rﬂ

A.3 Rewriting the integrated interface mass transport equa-
tions

In order to describe mass transport within one phase, Taylor and Krishna find the diffusion
relative to the average molar velocity, and from this the total mass transfer rate relative to a
stationary interface:

JIN, = ckI'Az; (A.57)
T = T + 2 (A.58)

The Soret effect is neglected. k is a binary pair mass transfer coefficient. In this appendix is
superscript indicating the phase suppressed for convenience.

The equations used by de Koeijer are given in a form directly relative to a stationary interface,
see section 2.5. It is also possible to describe the same system with equations for the fluxes
relative to the average molar velocity, and relate these fluxes to the stationary interface. These
two equation sets are equivalent. The latter set is easier to compare with Taylor and Krishna'’s
equations, and is therefore derived below.

This derivation is based on Kjelstrup and Bedeaux’s discussion on how to use different frames of
reference [10]. Here, a two-component system is considered, but the derivation can be extended
to multicomponent systems.

When the average molar velocity is used as reference velocity, we have:
Upef = Vam = 21V1 + 2202 (A.59)
Then we have the velocities of each component relative to the average molar frame of reference:

Ul,am = V1 — Vam (A60)

V2,am = V2 — Vam (A61)
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where vy, v9 and v, are relative to the laboratory frame of reference. The corresponding fluxes
are:

Jl,am = J1 — c1Vam (A62)
J2,am = Jo — c2Vam (A63)

Using equation A.59, A.62 and A.63 we have:

Jl,am + J2,am =0 (A64)
The transport equation for component 1 can be written:
Cc1 8/11 T R11 Ry
—= = = ——J - —J A.65
T Oz 1 1,am Co 2,am ( )

The equation for component 2 follows from Gibbs-Duhem equation. This equation is indepen-
dent of frame of reference, since as we can see in appendix A.2:

Ri1+Ri2=0 (A.66)

Since the equation is independent of frame of reference, we can use the same relation between
the Maxwell-Stefan diffusivities as used in appendix A.2:

Ry = CRxle (A.67)
12
By using equation A.64, A.66, A.67 and rewriting we have that:
1 8M1T R ( 29 21 )
— + J1,am A.68
T ox D12 D12 ! ( )
The chemical potential driving force can be rewritten to a mole fraction driving force:
Opa,r _ Op,r 021
ox 821 ox
82’1
— T In(
82’1 ( i + RT'In Zl’YlP)) ox
1 Oln 71> 021
—RT (=
<21 + le 837
Ri < Oln ’71> 0z
A1 (921 8$
RT 82’1
=—TI— A.69
o (A.69)

where p is the total pressure if this is the gas, and the vapor pressure of component 1 if this
is the liquid. T' is often called the thermodynamic factor, and for multicomponent systems it
becomes a matrix with factors. When the system considered is ideal, the thermodynamic matrix
is an identity matrix.

Using equation A.69 and rewriting equation A.68 we have that:

am = —cDpI'—=— A.
Ji, Dl (A.70)

Since c1Vqm = z1J¢ where Jy = J; + Jo, we have from equation A.62 that:
J1=Jiam + 210 (A.71)

which can be used to find the fluxes relative to the stationary interface.
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Appendix B

Properties provided by ChemSep

The properties of the phase bulks of each distillation tray used as boundary conditions for the
calculated profiles are taken from the ChemSep model. These properties are listed in table B.1.

Table B.1: Properties of the phase bulks of each tray taken from the ChemSep model. Compo-
nent 1 is ethane while component 2 is propane. The values are listed with the accuracy provided

by ChemSep.
Property Tray 2 Tray 3 Tray 4 Units
TV 296.1878 297.4220 301.8949 K
TLb 294.6957 293.0536 298.9381 K
yy'b 0.322084 0.292616 0.171869 .
P 0.677916 0.707384 0.828131 -
yit 0.110894 0.123711 0.0689183 -
zh? 0.889106 0.876289 0.931082 -

Most of the physical properties used in the calculations are taken from the ChemSep model.

The values of these properties are listed in table B.2.
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Table B.2: Physical properties used in the calculations taken from ChemSep. The values are
listed with the accuracy provided by ChemSep.

Property Component Tray 2 Tray 3 Tray 4 Units
Molar mass ethane 30.070-10~3 30.070-10~3 30.070-10~> kg/mol
propane 44.097-1073  44.097-1073 44.097-10~%  kg/mol
Vapor thermal conductivity —ethane 2.08-1072 2.08-1072 2.08-1072  J/(m?s)
propane 1.74-1072 1.74-1072 1.74-1072  J/(m?s)
Liquid thermal conductivity ethane 7.47-1072 7.47-1072 7.47-1072  J/(m?s)
propane 9.39-1072 9.39-1072  9.39-1072  J/(m?s)
Density vapor 19.3 19.4 19.9 kg/m3
Density liquid 487 489 485 kg/m3
Vapor mixture molar mass 39.6-1073 40.0-1073 41.7-1073 kg/mol
Liquid mixture molar mass 42.5-1073 42.4-1073 43.1-107%  kg/mol
Diffusivity vapor 7.28-1077 7.33-1077 7.52-1077 m? /s
Diffusivity liquid 1.50- 1078 1.48-1078 1.53-1078 m? /s
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Appendix C

Diffusion film

The thicknesses of the diffusion films in chemical processes are strongly related to chemical
species, geometry of equipment and the hydraulics of the system. Thus, they vary with tray
design and operating conditions. For distillation trays, the geometry is made such that as much
contact between vapor and liquid as possible is obtained. This results in a complex mixture
between vapor and liquid. Vapor enters the tray from below, first forming vapor jets or bubbles,
froth and foam when the vapor is mixed with the liquid. Froth also enters from the tray above,
and mixes with the rest. Figure C.1 gives a small impression on the complexity of the interfaces
in the trays. It shows idealized views of distillation trays dominated by two different bubbling
regimes.

'1
L
o

. _IF

Figure C.1: Idealized views of the free bubbling regime and the spray regime on a distillation
tray respectively. Taylor and Krishna, 1993 [17].

Often for such complex systems empirical relations for heat and mass transfer coefficients are
used rather than diffusivities, heat conductivities and diffusion film thicknesses. In addition,
heat and mass transport are usually considered separately, such that the diffusion films of the
two types of transport not necessarily have the same thicknesses. This project considers coupling
of processes, and thus one film thickness must be found for each phase.

De Koeijer [11] determined resistivities for distillation of water and ethanol. In lack of precise
knowledge about the diffusion films, he used two different ratios between the liquid and vapor

49



film thicknesses. Then he found the liquid film thicknesses by fitting the entropy production of
the system calculated from non-equilibrium transport equations to the entropy production from
experimental data, where this value was the only adjustable variable in the fit. The first ratio
was taken from the literature, Taylor and Krishna [17], where vapor controlled mass transfer is
claimed to have a ratio between liquid and vapor film thickness around 0.001. The second ratio
he found from using the thermal conductivity and Fick’s diffusion coefficient, and this gave a
ratio of 10. For more details about this, see the article cited above.

Bedeaux and Kjelstrup [2] write that the film thicknesses vary from 10~* to 10~2 m for the
vapor film and 1075 to 10~ m for the liquid film, refering to Taylor and Krishna [17].

To find approximate film thicknesses for this project, the column in question was modelled with
ChemSep. In ChemSep empirical relations for distillation columns are used to find the heat
and mass transfer coefficients, which corresponds to the thermal conductivities and diffusivities
divided by the film thicknesses. Thus the width of the diffusion layers are not used explicitely
in ChemSep, as they are taken into account through the heat and mass transfer coefficients.
To find from this approximate film thicknesses, Fourier’s and Fick’s law were used. These
equations are the most banal models for heat and mass transport, and no cross-effects are taken
into account.

Fourier’s law is given by:
/ AT
P _ _\P
Ji == o (C.1)
q
where J(;P is the measurable heat flux in phase P, A is the thermal conductivity of phase P,
AT is the temperature difference and d, is the thickness of the thermal diffusion film.

Fick’s law is given by:
—cDEAz;
P i
P =00 (©2)
”w

where JiP is the diffusion flux of component 7 in phase P, ¢ is the total concentration, 55 is the
mass diffusion film thickness, DZ-I; is the molar Fick’s diffusivity of component ¢ in component j

in phase P and Az; is the mole fraction difference of component 1.

Fick’s law rewritten to find the mass diffusion film thicknesses given by:

—eDii Az

ol = —— C3

All values on the right hand side can be found from the ChemSep model. ChemSep calculate

D;; because it is used in the empirical mass transfer coefficient model. The mass flux equations
are based on the Maxwell-Stefan equations.

In ChemSep the heat flux was found with the following equation:

/

J,

L =-h"AT (C.4)

where h" is the heat transfer coefficient, which is found from analogies between heat and mass

transport. By comparing equation C.4 with equation C.1 we see that the heat diffusion film
thickness can be approximated with the following equation:

(C.5)



Both AP and h” are calculated by ChemSep, although only h” is used directly in the heat
transport equations.

The film thicknesses obtained this way are very approximate as they are found from Fick’s
and Fourier’s equations, which are very simple models, using ChemSep, which again is another
model. The film thicknesses will vary strongly within each distillation tray, and it can be seen
in the sections below how they vary from tray to tray. But as the values found here are already
not precise, the thicknesses will be treated as constant within each system modelled.

Film thicknesses approximated for the ethane-propane column, assuming ideal mixture, are
given in table C.1. Based on these numbers, 120 ym and 70 pum are chosen as sensible values
for the vapor and liquid film thickness, respectively. These thicknesses lay within the values
given by Bedeaux and Kjelstrup, and the ratio between liquid and vapor film thickness is 1.7
which is close to de Koijer’s second ratio. These values are used as basis for a number of values
that are tested and compared, see section 4.1.

Table C.1: Diffusion film thicknesses

Colum stage 5X 5;/ (5ﬁ (5qL
pgm o opgmoopmo o pgm

2 104 98.8 224 93.6
3 155 146 50.7 133
4 156 145 33.1 135

o1
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Appendix D

Soret Coeflicient

D.1 Ethane-propane

Soret coefficients for ethane-propane mixtures at 12 bar and around 300 K are needed. An
approximate value for the Soret coefficient of the liquid mixture is found from the measured
thermal diffusion factors of two similar mixtures, see table D.1. The relation between the
thermal diffusion factor and the Soret coefficient is:

ap = Tsp (D.1)

Table D.1: Thermal diffusion factors and Soret coefficients for component 2 in two hydrocarbon
mixtures

Component 1 Component 2 7 9 T p aT9 ST9

[K]  [bar]
Methane Propane 0.34 0.66 346 40.5 0.79 2.3-1073
n-hexane n-octane 0.55 0.45 320 1 0.161 5.03-10*

According to Kjelstrup and Bedeaux [10], the Soret effect is larger in liquids than in gases,
and the magnitude increases the closer one comes to the critical point. The coefficient is
smaller for mixtures with more similar molar weights and volumes. Also, the Soret coefficient
is often positive for the lighter component and negative for the heavier. This does not apply
to the mixtures in the table, and is therefore assumed to also not apply to the ethane-propane
mixture.

To find an approximate Soret coefficient for the mixtures at 12 bar, an interpolation between
the two coefficients as a function of pressure is done. Then, the value is 0.001. Since the value
needed is for a mixture with a lower temperature, the coefficient should be a bit lower. Also the
components are more similar in the ethane-propane mixture, than the mixtures in the table,
so the Soret effect should be smaller. Thus eventually the Soret coefficient for propane in the
ethane-propane mixture at 12 bar and around 300 K is assumed to be 0.0006, giving the value
-0.0006 for ethane. The coefficient is also dependent on composition. For a methane-propane
mixture the thermal diffusion factor varies between 0.65 and 12.51 due to this, see Kempers [8].
This is not taken into account for the value found here.
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For the vapor mixture, the Soret coefficients were found using kinetic theory. The method used
is described by Hirschfelder et. al. [6]. This gave the values in table D.2 for the ethane-propane
column. These values show that the Soret coefficient vary a lot with the conditions on each
tray. This indicates that the Soret coefficients found here, both for vapor and for liquid, only
are rough estimates.

Table D.2: Vapor Soret coefficients for ethane calculated from kinetic theory

Column stage st

2 0.3617-10*
3 0.3266 - 10~*
4 0.0235-10*
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Appendix E

Discussion on error from vapor
pressure model

The vapor pressure model used is the Antoine equation. For this model is the applicable tem-
perature range not large, and it should never be used outside the stated temperature limits [16].
The upper temperature limit for ethane is 273.32 K. The temperatures used here are all higher
than this. This has resulted in that the vapor pressure model predicts ethane vapor pressures
that are too high, giving ethane mole fractions that are too low. Thus the mole fractions do
not sum to unity. This can be seen in figure 4.3 - 4.5. The calculated mole fractions are used
to find values for the resistivities. First the impact on these values were assumed to be small,
so the model was not replaced. The temperatures used here are slighly higher than the critical
temperature of ethane, so to find another way to estimate the mole fractions can be challenging.
Later the impact of the mole fractions was checked more thoroughly, and shown to be higher
than first assumed.

The influence on the whole system is hard to calculate, since the equations were solved itera-
tively. To get an impression of the influence, Gauss’ law of error propagation was used to see
how the error in the ethane mole fractions propagate to the resistivities and resistances.

The mole fractions used to find the resistivities, ¥, are the mean of the liquid interface and

the liquid bulk mole fractions, 2™/ and z*. The error propagation in this can be written:

2
ozt 1\?2
2 1 2 _ 2

The error propagation in the liquid resistivities that depend on the liquid mole fraction is
described with:

ork \? Oln ¢ 2
2 2q 2 L 2 2
O',ré,q = (81‘%) 0-1'{’ = <qusT (8]11352 + 1) RT > sz (EQ)
2 2
ork Rx
2 11 2 _ 2 2
Tt = \ gk ) 7ot (293%@@52) Ot (E-3)




This again propagates to the overall resistivities:

2
or 2
2 _ 92 2 _ (5L 2
Tra = (87‘§2> UT;@ - (6 ) U?”ng (E.6)
o (Orn ? 2> _ (st 2, o
Tra =\ ork ) Ok T (6%) %, (E.7)
2 2
O = Oz ol + Ora 0% = ((5L)202L + <2A H25L>202L (E.8)
r22 (97'52 T 87«52 Tgo rh vap rL, .
2 2
or or 2
2 - 12 2 & 2 _ L 2 2 92
Orio (a’f‘{é) 0-7%2 + (87“52) UquQ = ((5 ) 0-7’%2 + (Avale) 0-7’52 (Eg)

The propagation of error from the ethane mole fraction to the resistivities and resistances in
tray 2 - 4 with chosen film thicknesses is calculated and given in table E.1. The value used as
the error in the mole fraction is the deviation of the sum of the mole fractions from 1. The error
propagation is calculated with the values obtained after the iteration is finished, and it do not
show the full impact on the system. It just shows that the mole fractions have a considerable
impact on some of the variables. Even an error of 0.015 in tray 2, causes an error of 15.5
% on r19. From equation 2.73 and equation 2.55 - 2.57 we see how errors in the resistances
and resistivities will propagate directly to the fluxes and temperature and chemical potential
profiles.

Table E.1: The propagation of error in the ethane mole fraction to resistivities and resistances
in tray 2 - 4. The values are calculated using Gauss’ law of error propagation, and using values
for finished iterations. The error is given in percentage of the absolute values of the resistivities
and resistances, with three digits that is the precision of the values used for the calculation.

Value error tray 2 error tray 3 error tray 4

[%0] (%] %]

z# 1.50-1072  5.00-1072  5.00-1072

rko 677 20.3 36.3
r% 3.63 12.3 22.8
rl,  9.86 27.9 40.3
rl,  7.54 22.3 49.8

ree  2.07-100%2  6.89-1072  7.66-1072

rip 1.19 3.72 6.78
reo  2.49-1071  8.00-107!  1.35
ry  15.5 53.4 36.7
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Nomenclature

(JETE) Column vector with Taylor and Krishna’s liquid diffusion fluxes relative to average

molar velocity

mol /m?s

(JY:TK) Column vector with Taylor and Krishna’s vapor diffusion fluxes relative to average

molar velocity
I'"]  Matrix with thermodynamic factors for phase P
k¥ Matrix with Taylor and Krishna’s liquid mass transfer coefficients
kY]  Matrix with Taylor and Krishna’s vapor mass transfer coefficients
RP]  Matrix with mass transfer resistances for phase P
ar Thermal diffusion factor
Do Maxwell-Stefan diffusivity
sz Maxwell-Stefan diffusivity of component 1 in component 2 in phase P
T Resistance in phase P
AP;j_1 Pressure drop from stage j — 1 to stage j
AT  Temperature difference
Ax  Length difference
oF Diffusion film thickness in phase P
55 Mass diffusion film thickness in phase P
(5(11D Thermal diffusion film thickness in phase P
0ij Kronecker delta

Apri Evaporation enthalpy of component ¢

dS o Entropy production in interface

S bk Entropy production in liquid diffusion film
dsm Entropy production in phase P diffusion film
dsm“ Entropy production in vapor diffusion film
s

2 Total entropy production

rr Thermodynamic factor for two-component system in phase P

57

mol /m?s
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Excess interface concentration

Thermal conductivity of phase P

Thermal conductivity in vapor

Thermal conductivity of component ¢ in vapor

Energy loss due to evaporation

Energy loss due to condensation

Molar rate of phase transposition of component i on stage j
Molar rate of phase transposition from liquid of component ¢ on stage j
Molar rate of phase transposition from vapor of component i on stage j
Total mass transfer rate from liquid phase in stage j

Total mass transfer rate from vapor phase in stage j

Molar rate of total phase transposition from liquid in phase j
Molar rate of total phase transposition from vapor in phase j
Liquid chemical potential for component 4

Vapor chemical potential for component 7

Standard chemical potential for component &

Interface chemical potential for component 7

Chemical potential for component ¢ differentiated at constant T'
Partial molar enthalpy of component ¢ in liquid for stage j
Partial molar enthalpy of component ¢ in vapor for stage j
Fugacity coefficient for component ¢ in phase P

Local entropy production

Local entropy production in phase P

Condensation coefficient for comonent 14

Error in quantity =

Energy balance equation for liquid on stage j

Energy balance equation for vapor on stage j

Mass balance equation for interface of component i on stage j
Mass balance equation for liquid phase of component ¢ on stage j
Mass balance equation for vapor phase of component ¢ on stage j
Summation equation for liquid for stage j at interface

Summation equation for vapor for stage j at interface

o8

J/s
J/s
mol /s
mol/s

mol/s



A%
Jq

JqL7TK Taylor and Krishna’s total heat flux in liquid due to interphase transfer

Interfacial area in stage j

Number of components in the system

Total concentration in liquid phase

Total concentration in phase P

Total concentration in vapor phase

Total concentration in vapor phase

Concentration of component ¢ in vapor phase

Molar diffusivity of component ¢ in component j in phase P
Total molar liquid feed flow to stage j

Total molar vapor feed flow to stage j

Molar feed flow rate of component i to stage j in liquid phase
Molar feed flow rate of component i to stage j in vapor phase
Heat transfer coeflicient

Heat transfer coefficient in liquid for stage j

Heat transfer coefficient in vapor for stage j

Molar enthalpy of liquid in tray j

Molar enthalpy of liquid feed to tray j

Molar enthalpy of vapor in tray j

Molar enthalpy of vapor feed to tray j

Identity matrix

Measurable heat flux of phase P

mol /m?

mol m~2

mol /m?

mol m—3

mol m—3

m? /s
mol/s
mol /s
mol/s
mol/s

3/ (0’Ks)
W/m?K
W/m?K

J/mol
J/mol
J/mol
J/mol

J/(m?s)

Integrated interface diffusional flux of component ¢ in phase P relative to average molar

velocity

Integrated interface mixture molar flux of phase P

Taylor and Krishna’s molar flux in liquid phase for component ¢

Taylor and Krishna’s molar flux in vapor phase for component 7

Mass flux 1

Mass flux 2

Diffusion flux of component 4
General symbol for flux of ¢

Measurable vapor heat flux

99

mol m—2 g1

mol m~2 g1

mol m—2 g1

mol m—2 g1

J/(m?s)
J/(m?s)
)
1

mol/(m?s

9 -

storJm2s

J/(m?s)
J/(mol s)



J(}/ "TK Taylor and Krishna’s total heat flux in vapor due to interphase transfer J/(mol s)
JP Entropy flux for phase P JK1 st
JtL K Taylor and Krishna’s liquid mixture molar flux mol m~2 57!
JtV TK Taylor and Krishna’s vapor mixture molar flux mol m—2 !
Jféff( Taylor and Krishna’s diffusional liquid flux of component ¢ relative to average molar
velocity mol m~2 s!
Ji‘i’f;K Taylor and Krishna’s diffusional vapor flux of component ¢ relative to average molar
velocity mol m~2 s~!
K;;  K-value for component 7 at stage j
k{; Taylor and Krishna’s binary mass transfer coefficients for phase P
L; Molar flow rate in liquid phase from stage j mol /s
L;j,l;; Conductivity coefficient for coupling of fluxes ¢ and j
M; Molar mass kg mol !
D Total pressure if in vapor, vapor pressure if in liquid Pa
D; Vapor pressure of component ¢ Pa
Do Standard pressure Pa
P. Pressure of the condenser Pa
P; Pressure of stage j Pa
P Specified pressure at the top tray Pa
Q Heat added or withdrawed from column J/s
qi* Measurable heat of transfer for component 4 J/mol
R Gas constant J K= mol~!
R;;,7i; Resistivity coefficient for coupling of fluxes i and j
7"2']; x  Resistivity found from Taylor and Krishna’s equations
st Entropy density for phase P JK1tm™3
T Temperature at liquid side of interface K
TV  Temperature at vapor side of interface K
le Temperature in interface in stage j K
Tij Temperature in liquid bulk in stage j K
Tij Temperature in vapor bulk in stage j K
uf Internal energy density for phase P Jm™3
Vj Molar flow rate in vapor phase from stage j mol/s
Ump  Average of most probable velocities m/s
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Molar fraction of component ¢ from stage j in liquid phase
Driving force konjugate to mass flux 1 in interface
Driving force konjugate to mass flux 1 in liquid
Driving force konjugate to mass flux 1 in phase P
Driving force konjugate to mass flux 1 in vapor

Local driving force konjugate to mass flux 1 in phase P
Driving force konjugate to mass flux 2 in interface
Driving force konjugate to mass flux 2 in liquid
Driving force konjugate to mass flux 2 in phase P
Driving force konjugate to mass flux 2 in vapor

Local driving force konjugate to mass flux 2 in phase P

Driving force konjugate to flux ¢

|
—

Jmol~! K~}
Jmol~! K}
J mol~! K~}
Jmol~! K~}

Bl B‘ B‘ =

|
—

J mol™! K~!
Jmol~! K~}
J mol~! K~}
Jmol~! K~}
Jmol~! K~}

EBlB‘ElE

|
—

Jmol~! K= m~!

Jmol 'm!K—! or K-'m~!

Driving force konjugate to measurable heat flux at vapor side in interface K-!'m~!

Driving force konjugate to measurable heat flux in liquid
Driving force konjugate to measurable heat flux in phase P

Driving force konjugate to measurable heat flux in vapor

Local driving force konjugate to measurable heat flux in phase P

Liquid mole fraction of component 7 at stage j at interface
Vapor mole fraction of component i at stage j at interface
Molar fraction of component i from stage j in vapor phase
Mole fraction of component 7 in arbitrary phase

General Soret coeffcient

Liquid Soret coeffcient

Vapor Soret coeffcient

Velocity of component ¢
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K 1lm™!
K 1m!
K 1m!

K 1m!

mol/s
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