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Preface to the Chemical Engineering Graduate School Y ear book

The 2003 Chemical Engineering Graduate School Yearbook is thgefirktook in
a series of yearbooks to come, which will be published by the Degar of
Chemical Engineering, at the Technical University of Denmarkbehalf of the
graduate students associated to the department, and on behalf fsticeatad
graduate school$/P,T in chemical engineering, and the graduate school of Polymer
Science, which are both co-funded by the Danish Research TrainingilGoghdR
under the Ministry of Science, Technology and Development.

In the graduate school yearbooks, graduate students in proghlepsesgnt an
annual status of their research project, while newly imma#ted| graduate students
will present the background and aims that motivate their studiesdeRe of the
yearbooks may thereby follow the progress of individual graduate nétuced
studies from one year to another over the entire immatriculatiemdpend read about
the numerous research activities at the department.

This first edition of a graduate school yearbook sincerely réltes the broad
spectrum of research activities performed by graduate studestxiae to the
department. Our graduate students demonstrate first class and ivenogsgarch by
mastering the use of classical chemistry, chemical and biochlemngineering
disciplines within major research fields such as: chemical ikgetnd catalysis,
process simulation and control, integration and development, reaction emgjnee
thermodynamics and separation processes, oil and gas technology, c@mbust
polymers, aerosols, mathematical modeling, and our new field of chermand
biochemical product design. The graduate students’ individual worksilndatr
significantly to the department’s research activities, and fiactor that allows the
department to continue to be among the leaders in its focused research areas.

It is with great pleasure that | present yicdhe Chemical Engineering Graduate

School Y earbook 2003.

Kim Dam-Johansen

Professor, Head of Department
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PM-IRRASasan in situ Method for | nvestigations of Reactions
of Relevancefor Fuel Cells

Abstract

The fundamental mechanisms behind the poisoninfuelf cells such as the PEMFC and the DMFC will be
investigated, the goal is to gain knowledge abbatfuindamentals and thereby enhance the develophéetter
catalysts for anode material by for example allgyihhis work includes the identification of surfaggecies under
catalytic reactions such as methanol reforming &®@ exchange on platinum. In order to performsitu
experiments an existing UHV chamber has been rieand a PM-IRRAS system capable of detection ofaser
species under reaction conditions is being ingtalle

Introduction Thus new methods for analysis of well-defined syste
The study of adsorption of molecules on surfacasnder ambient pressures have been developed. Among
under well-defined conditions gives much needethese is PM-IRRAS (polarization modulated infrared
insight into the kinetics and thermodynamics goiwregn reflection absorption spectroscopy). This method is
heterogeneous reactions. For many years experimeb&sed upon the fact, that if a plane metal surface
have been carried out under UHV (Ultra High Vacuumijluminated by p- or s-polarized infrared light agar
conditions with pressures in the order ofa. Even grazing incidence, around 80°, only p-polarized ban
though much knowledge has been gained during suaehsorbed by vibrational and rotational excitatioh o
experiments, attention has been given to the thet, adsorbents, as the electrical component of s-peldri
pressure conditions in industrial production arenyna light will vanish due to destructive interferente.PM-
orders of magnitude larger. This is the so-calletRRAS a fast modulation between s- and p-polarized
pressure gap, and it is well known, that this défee in  light combined with electrical filtering and
conditions can have great influence on the stata ofdemodulation makes it possible to extract the
surface, especially concerning alloys, where serfageflectivities (R - R) and (R + Ry of the sample. By
segregation is an important issue. When developirigking the ratios between these, the sample aligorpt
catalysts for heterogeneous reactions, insight theo can be distinguished from gas phase absorption [2]
coverage of the catalyst surface and the nature of
adsorbents is vital. Often improving a catalyseans Specific Objectives
lowering the chemisorption energy of the most alaud The idea behind this Ph.D. project is to investgat
species on the catalyst surface as this speciedaady the poisoning mechanism in fuel cells such as the
to self-poisoning of the catalyst. The chemisomptioPEMFC (polymer electrolyte membrane fuel cell) and
energy of smaller molecules on late transition tsetathe DMFC (Direct methanol fuel cell). The key
can be manipulated by inducing stress or straiatom parameters are the nature of the poisoning adsrben
by alloying. The trend is, that induced strain @ages and the dynamics of the system. In this field rssul
chemisorption energy, while compression leads to feom in situ methods such as PM-IRRAS are needed,
decrease in chemisorption energy[1]. This knowledge both from the viewpoint of understanding the
a helpful guideline in designing new catalysts, bulundamental mechanisms and for developing bettdr an
experiments identifying the most abundant species amore resistant catalysts. To meet this lack ofltesan
its coverage under reaction conditions are neeflech existing UHV chamber will be completely rebuild and
insight can only be gained under operating conaitio fitted with a new high-pressure cell and a PM-IRRAS


mailto:manders@fysik.dtu.dk
http://www.icat.dtu.dk/

setup. Initial experiments will be done on platinunsurface will be carried out. By evaporation of eifnt
single crystals. In time focus will be turned umdloys, metals onto the platinum crystal, the effect obyilig
made by metal evaporation on single crystals. can also be measured. Finding a catalytic alloyickvh
allows the water-gas reaction to proceed at thekiwgr
Experimental temperature of the fuel cell, would of course haaor
Figure 1 shows a representation of the rebuild UHYreakthrough for the hydrogen fuel cell.
system. A metal single crystal is mounted in suglag,
that it can be annealed to above 1000°C or codled M ethanol Reforming
needed. The chamber is fitted with ion guns, alfmwvi Equation 1 shows the anode reaction in the DMR@8ds
cleaning of the sample by sputtering with Ar ioAtso  following:
the sample can be sputtered with He ions with the
purpose of achieving LEIS (low energy ion scatigyin
spectra. Other methods of analysis available on the
chamber are XPS (X-ray photoemission spectroscopyj methanol reforming the same overall reaction
LEED (low energy electron diffraction), TPD proceeds, however in this case hydrogen atoms
(temperature programmed desorption) and HREEL&combine to produce hydrogen gas. The DMFC suffers
(high resolution electron energy loss spectroscopyg  from even worse loss of cell voltage due to poisgris
chamber is equipped with a range of gas dosers2andhe PEMFC. In this case the poisoning species ts no
metal evaporators wherefrom different metal can beecessarily CO. Studies done on methanol syntloesis
dosed. copper have shown that formate is the predominant
surface species. PM-IRRAS studies could be verfulise
to identify the surface species and the reactianitilig
step in methanol reforming.

CH3OH + H,0O - CO, + 6H + 6€ (1)

Manlipulator

s ams Glycol as a Possible Hydrogen Source

A possible renewable hydrogen source as an
alternative to fossil fuels is the catalytic refang of
biomass. Even though this field has been given
attention, the mechanisms in the reforming process
not well understood [4]. Again identification airface
species is information, which is needed to undadsta
the fundamentals of reaction. In this project caizl
reforming of ethylene glycol is to be studied amadel
reaction. Equation 2 shows the reaction:

LEED

S

Figure 1. Schematic overview of the UHV chamber
9 CH,OHCH,OH(g) + 2HO(g) ~ COX(g) + 5H(g) (2)

Dynamicsin the Platinum-CO system Results

It is now well established, that CO present imhe UHV chamber has been rebuild and the PM-IRRAS
hydrogen fuel is one of the major causes of porspoif  equipment is currently being optimized and testéte
the anode in low temperature fuel cells such as tHiest project to be undertaken is the examinatidn o
PEMFC. This poisoning reduces the cell voltagelynamical behavior of the platinum-CO system.
significantly, thereby of course lowering the eifficcy
[3]. As CO is inherently present in syngas, the anaj Acknowledgements
source of hydrogen fuel today, this presents an We thank STVF for financing the rebuilding and
important problem. A clean up of the gas is expansi purchasing of new equipment through the “Towards th
and research has been focused towards improvindeanddydrogen Society” research programme.
catalysts. The best catalysts currently known dre a
platinum alloys, with platinum-ruthenium catalystsReferences
being the most promising. Two different theorieséha 1. |. Chorkendorff, J. W. Nietmantsverdriet, Concepts

been developed to explain this enhancement rel&ive
pure platinum. The first is the so-called ligandeef,
which states that alloying with ruthenium causefose 2.
platihum atoms to weaken interaction with CO. The
other theory, the bifunctional theory, states thaface 3.
ruthenium atoms dissociate water and removes C@ fro
platinum by oxidation. 4.
We plan to use PM-IRRAS to examine the dynamic
properties of the platinum-CO system. Experiments
measuring the exchange of?0 with C°O from the

of Modern Catalysis and Kinetics, Wiley-VCH
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Toward a hydrogen based society:
Preparation and Characterization of New Metals and Alloys
for Hydrogen Storage'

Abstract

The main objective for this Ph.D. project is to kxp new metals and alloys for hydrogen storagéhbying metal
hydrides. In order to be realizable as hydrogerages medium for mobile applications there are djgegdémands to
the properties of a metal hydride candidate to bé Besides that it should contain enough hydrdgese of prac-
tical interest it should also take up hydrogen anldsequently release it at an appropriate speeétits) and at
least, it should also be able to supply hydrogethéoengine at a sufficiently low temperature (thedynamics).
Different ways of tailoring the kinetic and thernymémic properties are investigated in this project.

Introduction Metal hydrides

The hydrocarbon based society may eventually face Many metals and alloys are known to react with hy-
problems due to limited reserves of fossil fuel.dibyt drogen under formation of metal hydride and relezse
gen has been proposed as a promising alternatergyn heat:
carrier to hydrocarbons (coal, oil, natural gasjt can Me + x/2H, - MeH+ Q
be utilized from renewable energy sources througt-e
trolysis of water using electricity produced by din In order to be of practical interest the US Depart-
mills, solar cell or water poweii) Ideally, the only ment of Energy has determined that a potential Imeta
combustion product is watéi) The heat of combustion hydride storage material must be able to absotbaat
pr. mass is very high approx. 3 times higher thanid 6.5 wt. % hydrogen and that thermodynamics enable
hydrocarbons. desorption of hydrogen at arounc.F 100 °C. The

For the hydrogen society to be fully implementedpecified gravimetric capacity allows a fuel cetivp
there are however some challenged to be met egy. Téred car to have a working radius of approx. 40qKm
fuel cell technology must be matured and a propgy w For instance magnesium reacts with hydrogen and
of storing hydrogen must be found (more could ba-imeforms MgH,. Thus, magnesium is capable of storing 7.6
tioned). These challenges are dealt with in theighan wt. % of hydrogen. However, magnesium suffers from
research projectToward a hydrogen based society” poor thermodynamics (approx. 30Q is required to
with the following participants: Technical Univetssiof  desorb hydrogen at 1 bar corresponding to a heg-of
Denmark, Risg National Laboratory, Aarhus Universit action of approx. 75 kJ/mol) and according to some,
IRD fuels cells, Haldor Topsge A/S and Danfoss. Thpoor kinetics.
main topic of the Ph.D. Project described hereisx-
plore metals and alloys for reversible hydrogemagje.

! The Danish Technical Research Council through rekegrant #2025-01-0054 finances the project.
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Improving kinetics and ther modynamic properties nation of powders at conditions essentially freégju-
The equilibrium desorption pressure is given by theties a new apparatus have been designed at 1QeT

van't Hoff equation: figure 2 for a simplified layout), which is currgnbe-
ing tested. It allows evacuation of the system daevn
IN(Ped/Prer) = -AHI(RT) + 4AS/IR approx. 1¢ mbar. The hydrogen uptake can be deter-

mined from a pressure change in a container with a

From the above equation it can easily be calculatdshown volume and the process may also be monitored
that for a material to desorb hydrogen at 1 bar aray the measured mass flow. The hydrogen desorption
100°C the enthalpy of formation of the hydride mustan be monitored in a similar fashion. The quad®po
equal approx. 48 kJ/mol. mass spectrometer (QMS) allows monitoring of leaks

It is possible to alter the thermodynamic propsertieand impurities and allows for desorption experiraent
by alloying e.g. MgNi forms MgNiH, from which where the hydrogen signal is measured. The re&ctor
hydrogen desorbs at 28D which is a slight improve- custom build ball-milling container that can be -dis
ment. However, the hydrogen density is reduced.6o 3mounted and transported to a ball mill without esipg

wt. %. Below are other examples: the sample to air. Ball milling optimally reducdset
particle size to approx. 100 nm and allows meclanic
2Mg,Cu + 3H, — 3MgH, + MgCuw, () alloying e.g. by introducing a small amount of daea
Mgy7Al, + 17H, — 17MgH, + 12Al 10 Iytically active material to the sample this may de

posited on the surface of the powder and duringottie

For both of the above reactions desorption of hydrdnilling process. A similar but simpler apparatusiso
gen at 1 bar takes place at approx.°280The hydro- being made at Risg.
gen capacity is 2.6 wt. % and 4.4 wt. %, respebtive
Improved kinetics may be achieved in a variety o @ N - Manifold
different ways e.g. reduction of particle size bgllb
milling [2] thereby reducing the diffusion path aird v |_|
creasing the active surface area for hydrogen digso e Ll
MFC
(W]

tion, adding small amounts of transition metal tbetia-

lyzes the dissociation of H

From time resolved in-situ powder x-ray diffraction !
(TRIPXD) of Mg and Mg with 2 wt. % Ni at different :
temperatures by constructing transformation curve |
from the integration of selected diffraction peadsd O BM
o{ 7T

performing an Arrhenius analysis we have found Miat
reduces the effective activation barrier of dehgeéra-
tion of MgH, with approx. 50 kJ/mol. With the use of H> Argon
TRIPXD we have also studied the dehydrogenation ¢
MgH, + MgCuw,, MgH, + Mg,Cu, MgH + Al (see fig-
ure 1 below) and LiNK+ LiH [3].

Reactor

Figure 2 Apparatus for studying hydrogenation/dehydrogematid

ball milled (BM) powder samples
'3d.dat’

, Conclusions
sy (e Urite} f The effect on the activation barrier of dehydrogena
‘ tion of MgH, by doping with Ni has been investigated
with TRIPXD. Scientific apparatus to test hydrogena
tion properties at clean conditions have been con-
structed. The work is continuing with focus orogil
ing, ball milling and catalysis in order to improvee
properties of hydrogen storage candidates.
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Transport Coefficientsin Hydrocarbon Mixturesunder Microgravity
Conditions

Abstract

It is of great importance in petroleum engineetingletermine the transport coefficients associatith the fluxes
occurring inside a reservoir. There is vast litagraton this subject and different approaches feerdgning the
coefficients involved can be obtained, like grawffect, pressure gradient and even temperatuidigga For the
last case, also known as Soret effect, the litezaitsl mainly referring for binary mixtures and tégtention for
multicomponent systems is not be easily or canbeotlone. Furthermore, the combination of gravitg #rermal

gradient almost always leads to convection, beiifficalt to analyze the Soret effect independentlyhe

involvement of space technology is required to iobtaliable measured data. It is the goal of thigjgrt to put
some light into the inconsistencies, propose gawdetations for the prediction of the Soret coédfit in a general
way so in can be applied both for binary and maitiponents.

Introduction thermal diffusion effect. There is a vast literaton this
Within petroleum engineering it is important toarea, also know as Soret effect, which is mainthjtéd
estimate the composition of the fluids that impiggn to binary mixtures. For multicomponent systems save
the reservoir and the fluxes between the differentncertainties appeared due to the fact that theitiefs
reservoir units in order to get an optimal develeptrof are given for a two component system [13] and the
the field [8]. Several forces may contribute to theextension to multicomponent is not direct.
distribution of the components in a reservoir, aghon  Furthermore, the combination of gravity and heating
them, gravity, thermal gradient, pressure gradiett, almost always leads to convection, being diffictdt
Gravity has the most striking effect and has bemlely analyze each effect separately. There is no reliabl
studied. However of its importance, it was not egiou method to determine the thermal diffusion coeffitée
to correctly estimate the distribution of the compots on the Earth. Therefore the involvement of the spac
inside a reservoir and other forces had to be takien technologies is necessary, in order to interpret th
account. The pressure gradient has been satidfactoresults of the measurements correctly [19]. Thee/alf
incorporated by the use of Darcy's law. Furtheradet the Soret coefficient obtained in the space mayesas
analysis had been done for diffusion, where thé& lina basis for selection of the right experimental hodt
between the measured Fick diffusion coefficientd anfor routine determination of the transport coeéfitis
the Maxwell-Stephan diffusion coefficients had beeand calibration of the experimental data obtainedhe
obtained and studied [18]. However when consideringarth. Presently IVC-SEP is participating in the
the thermal force big uncertainties are found, eigfly SCCO project (Soret Coefficient in the Crude Oil)?
for multicomponent mixtures. The correct estimatidn related to the measurements of the transport ptieper
the transport coefficients involved in the desdoiptof performed under microgravity conditions. Several
the fluxes occurring inside the reservoir is crufa an institutions and industries are involved in the sam
optimal evaluation of the composition. project as MIRC (Microgravity Research center —
Our motivation for the study is to understand thé&niversité Libre de Bruxelles), Total (Industrial
irreversible processes occurring inside the reseivo partner), Department of Aerospace, Mechanical and
order to find correlations for the prediction ofeth Industrial Engineering of Ryerson, Polytechnic
transport coefficients. We focus our work mainlytba  University, Master-ENSCPB (laboratory of ENSCPB is
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associated to Bordeaux | University) and C-CORE (masses, of volumes, or of molar amounts. The genera
non-profit research corporation located on the a#mnp expression is as follows:
of Memorial University of Newfoundland in St-Johp’'s

The aim of the project is to measure the thermal _aQ-aQ Equation (1)
diffusion  coefficient in  hydrocarbon mixtures. a= o
Unfortunately the previous launch failed and az‘(azjj

experiments were obtained. A new laboratory box is
being created at the present time. The new lausch i Here a (i=1,2) are the partial molar properties
expected for 2005 where diffusion and thermal diffa  corresponding to the system of coordinates selected
coefficients are going to be measured for the wifie partial molar volumes/, for the system associated with
types of systems.
The goal of the thesis is within the frame workte the center of volumes, molar masdel for the center
SCCO project, to study the transport coefficients,of masses, and unities for the center of molar arsou
analyzing the experimental values (which unfortatyat The value ofa is an average determine 2§ + z a.

will not be ready before the end of the thesis) &ind  gome authors do not compute the absolute valutrof
correct estimations for their determination. Ittle paats of transport, but the relative values witiard to

purpose of the present paper to show the resulisfixed (normally, ideal) state. If the supersclptefers
obtained so far. Firstly, calculations for binarjxtares 4 ths state, Equation (1) is modified to

will be presented, presenting the existent model$ a
their dependency with the equations of state used f
their estimation. The results had been comparetl witr = 3
experimental data. Furthermore, an analysis foratgr zlﬂ azlﬂ

systems, as a first approach to multicomponent 62{ ) 9z )
mixtures, will be presented. The results will be The ideal state is normally considered as a state a

compared with some molecular dynamics data found @l pressure, where the mixture becomes an gigsal
the literature. Further work has been performedhen [ this case the value of; is computed on the basis of
theory. Finally an insight to the theory will bethe Boltzmann gas kinetic theory. The formula foe t

arRT | &(Q, - Q) -a,(Q -Q) Equation (2)

presented. thermal diffusion ratios for binary mixtures, inetffirst
approximation of the Chapman-Enskog expansion, may
Calculationsin Binary Systems be found in Hirshfelder, 1954 [15].

Along the years several thermodynamic models for The different models will not be explained in dktai
the thermal diffusion factors for binary mixtureavie just a small introduction to the equations will inade.
been proposed. Seven of these models had beed tefdetailed explanation can be found in the correspond
in combination with different equations of stathe$e references. To begin, we have Rutherford and
are: Rutherford and Drickamer [10], Dougherty andrickamer [10] who presented an approach for
Drickamer [1,2], Haase [4], Kempers [6], Kemper [7 evaluation of the heats of transport based on @cuntdr
and Shucla and Firoozabadi [12]. In its beginnihg t model for such transport, obtaining an expressian |
modeling for the thermal diffusion factor was Ifai;ge e (ZH” +Z,HE)HZ -H”) Equation (3)
based on the work of Denbigh [14], who described in Z(RT— 2 (H% —H% 2)

2z,(H;" -H;)

detail the thermodynamic approach to thermal diffaus Dougherty and Drickamer [1] presented an approach
based on the concept of the thermal heat of trahsp gherty . P PP
ased on the previous work of Rutherford and

Most of the_ proposed models have been based on t ﬁckamer, but the energies involved were expressed
concept, with different expressions for the heats A

: , e final expression as functions of the intermadrgies
transport, like, Rutherford and Drickamer, Doughert . ; - 4
and Drickamer and even Shucla and Firoozabadi. of the mixtures and of the solution, finding an atin

. . L of the type
Denbigh determines individual heats of transpQrt 1U,-U, U, Equation (4)
of the components in the mixture in the followingyw a= T om
Let us assume that a mixture is divided into the tw 2171
layers or regions, each at a different thermodyoami 4 .
state. The heat of transport of a comporigatdefined In the same year, Dougherty and Drickamer [2]

as the heat that must be provided in layer | ambred Presented a second approach where the heats of
from layer Il in order that a mole of this componeray ~{ransport were calculated from viscosity measurdsnen
pass from state | to state Il, with temperature an@d the solution thermodynamic data. They expressed
pressure constant. the thermal diffusion factor in terms of the activa

An expression for the thermal diffusion factor of aenergiedJ ; :
binary mixture in terms of the heats of transport

U U
depends on the “system of coordinates” with redard ( 2.2 —“j ;

: . . ) . Equation (5
which the relative motion of the species of the tome a= MV, + MM\ Ve 3 A a ©)
is considered: whether it is associated with thereeof 2M zla—”1

Z,



Haase [4] obtained the formula for the thermapartial molar properties and, thus, to an EoS satdec
diffusion factor by exploiting analogy with Furthermore, two different corrections for the
barodiffusion. The thermal diffusion factor wasdetermination of the partial molar volumes were
expressed in a way similar to Equation (2), witle thimplemented; the Peneloux correction and the

values of 8 equal to the molecular weights, affg| correction based on the principle of corresponding

| to the partial molar enthalpies: states.
equalto the partial molar enthalpies. A systematic comparison of all the existing models

_a’RT M, (H,-H?)-M,(H,-H?) Equation (6) on the same sets of experimental data implementing
a= Em + A different EoS has been carried out and two cowasti
E M Zia for the partial molar volume, one based on the Pexe
[17] correction and a second one base on the
Shucla and Firoozabadi [12] based their theory ogorresponding states approach [16]. The models were
the approach by Dougherty and Drickamer. Theifiested against four sets of experimental data ifoarip
modified expression for the thermal diffusion fadvad ~systems, for which the thermodynamic properties may

the form of: be calculated with common equations of state: n-
Pentane + n-Decane [9], Benzene + Cyclohexane [1],
Y Uy, —VZ)[21$+22 ﬁJ Equation (7) Methane + Propane [5], Methane + n-Butane [11].
a= T1 Tz + rl TZ
aﬂlj [aylj Thermal diffusion factor Thermal diffusion factor
21[7 VZl A with SRK with PR o am
621 TP 621 TP N . : N ——a0
For practical calculations the authors used theesl | -+ ... RUSPEEEEEEAN (L I ) BESRSEEE R

of 1, =1, = 4. Let us note that for this case Equation (8)
is reduced to Equation (1) with equal to partial molar

volumes and); equal toU;/4.
Kempers [6,7] introduced a new way of calculating Wit SRk ang Penetaue Lo PR and Paneiou
the thermal diffusion factor, by statistical mecicarand . —
assuming that a non-equilibrium steady state is th ;] ——
macroscopic state accomplished by the maximun * =
number of microstates. The canonical partition fiomc s

Plot La Plot 1.b

15 035 055 075 aKo2 015 035 055 075
n-Pentane Mole fraction n-Pe

for the whole system was expressed as the product
the canonical partition functions of each bulb, an¢ P ——
maximized under two constrains: the materia it SR+ o T L, PR Siates —

conservation and pressure equality in the wholéegys
In the first work of Kempers [6] the final expressifor
binary thermal diffusion factor was similar to Etjoa o
a :\/1'_'27;/2'41 Equation (8) Figure 1: Comparison between experiments and
L calculations for the thermal diffusion factor for- n
0z, Pentane - n-Decane mixture at 300.15K and
Such an expression for the thermal diffusion faCtOétmospheriC pressure using different equationgatbs
assumes some problems since the values of partigde measured values are denotedaby The calculated
molar enthalpies are determined within a consthmt. values are represented by seven curves, Whichgept‘e

the second work (2002) Kempers [7] eliminated thighe different models tested. Rutherford and Driciam
constant and obtained the expression similar t@fo  model is represented by aRD; Dougherty and

(2): _ Drickamer model by aDD_F; Dougherty and
L GORT V,(H, —HO) -V, (H, — HO) Equation (9) Drickamer by aDD_M; Haase bye aH; Shucla and
S 77 L, Firoozabadi by aSF; Kempers from 1989 by aK89; and
& Vo, finally Kempers from 2002 by ak02

The author assumed the centre of mass or the centre i ) )
of volume to be fixed. In the first case he obtdine, 1he figures presented are organized in the same way
Haase expression (7), and in the second case eicpresfor all t_he cases and general conclu5|ons_ for fadl t
(10). The extention of the theory for multicomponenc@lculations are presented aftere the figures. The
mixtures will be explain in the following section. thermodynamic properties are calculated by the SRK
For simulation of partial molar properties involvedE0S (plots #.a, #.c and #.e), and the PR E0S ##b,
in the models simple equations of state (EoS), fich and #.f). The Peneloux correction was used in plats _
Soave-Redlich-Kwong (SRK) and Peng-Robinson (P nd_#.q. The plots.#..e and #f are pr_oduced with
EoS were used. It was noticed that the thermalisigh ~ @Pplication of the principle of corresponding ssat#
factors are extremely sensitive to the values @ tHePresents the correspondent figure number.



Figure 1 shows the results obtained for threef the thermal diffusion factor; however, it
different compositions of a mixture of n-Pentanen-+ overestimates its value with respect to the expemial
Decane at 300.15 K and atmospheric pressure. data.

The measurements of the thermal diffusion factor fo
the mixture of Benzene Cyclohexane were carried o Thermal ifuson facor
by Dougherty and Drickamer [1] at 313K and
atmospheric pressure, at three different concéotrst
The results of comparison of the measured points wi
our simulation are shown in Figure 2.
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Figure 3. Comparison between experiments and
- calculations for the thermal diffusion factor for
Methane - Propane mixture at 346.08 K and 5.6 MPa
, using different equations of state. The measurddega
S are denoted by am. The calculated values are
represented by seven curves, which represent the
Figure 2. Comparison between experiments andlifferent models tested. Rutherford and Drickamer
calculations for the thermal diffusion factor foezene model is represented by aRD; Dougherty and
- Cyclohexane mixture at 313K and atmospheriDrickamer model by aDD_F; Dougherty and
pressure using different equations of state. Therickamer by aDD_M; Haase bye aH; Shucla and
measured values are denoted by am. The calculatBifoozabadi by aSF; Kempers from 1989 by aK89; and
values are represented by seven curves, whichsepte finally Kempers from 2002 by aK02.
the different models tested. Rutherford and Driokeam
model is represented by aRD; Dougherty and One may conclude that the Haase model provides
Drickamer model by aDD_F; Dougherty andgenerally the reasonable and stable results. Thiel&sh
Drickamer by aDD_M; Haase bye aH; Shucla andind Firoozabadi and the Kempers models may berbette
Firoozabadi by aSF; Kempers from 1989 by aK89; anfbr some systems or experimental values, howeeyr th
finally Kempers from 2002 by aK02. may give large errors for other systems. The modgls
Dougherty and Drickamer and of Rutherford and
The measurements for the system of Metharlgrickamer do not provide good results with all the
Propane were carried out under near-critical comiit  investigated mixtures, even for the mixtures ofikim
at 346.08K and 5.6 MPa at seven different molgolecules, for which they were originally designéde
fractions. The experimental data were obtained bsan confirm an observation by Kempers [7] that the
Haase, Borgmann, Diicker and Lee [5]. Comparison ¢iermal diffusion factors are very sensitive to viadues
the measured points with our simulations is shown iof partial molar properties and, therefore, to arSE
Figure 3 chosen as well as to a method applied for calauiati
Finally we have Methane n-Butane mixture whictihe partial molar volume. As mentioned in the wofk
measurements were carried out by Rutherford andsRodempers, there is a need for improving the existing
[11] for a single composition (40 molar percent ofquations of state in such a way that they areonbt
methane), but different pressures and temperatures. able to predict the phase equilibria, but also ghetial
One can see the Haase model (7) is the best for th@lar properties with a high degree of accuracys T
systems of n-Pentane + n-Decane and Methane + the well-known limitation for the presently availab
Butane. For the systems of Benzene + Cyclohexade agquations of state for hydrocarbon mixtures. Itustho
Methane + n-Propane the best approach is thatufl§h be pointed out that the fact that the Penelouxections
and Firoozabadi (8). However for the last system thdo not improve the results in the most cases (whig
Haase model gives a good approximation as well. Theprove prediction of the partial molar propertiesay
Kempers model is capable of correctly predict tigm s

ob b R B o ko
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be interpreted as insufficiency and roughness ef ttpoint. The real temperature and pressure are eaoll
existing models for the thermal diffusion factors. from the relations

T=T¢lkg Equation (12)
Analysesfor Multicomponent Systems . 3 ;
V\yhen studying tk?e ther?n/al diffusion effect in P=Pela, Equation (13)
multicomponent mixtures we found the correlation of Where T,T ,P,P are the temperature, reduce
Kempres [6,7]. The expression for thermal difoSiOQemperature, pressure and reduce  pressure

factor was obtained in the same way as done for trc‘:%rres ondingly.K, is the Boltzmann constant. The
binary mixtures, a general formulation can be P 9-Rg '

N1 9y 19 mainly difficulty is to find appropriate relatiorier T,
(ﬂﬂ] T

; a ox; ay 0x Equation (10)  (typical atomic diameter) and, (interaction strength

hy-h% h-h . coefficient characteristic of the mixture). In agmeent
a - (i=1...N-1) with the reference paper we have used the van der
N _ 4 _ ~ Waals one-fluid (vdW1) approximation that for an N-
Here a (i =1...,N) are the partial molar properties component mixture will be
corresponding to the system of coordinates selected 3 3 ,
partial molar volumes/, for the system associated with ~ Zx = lZ;)ﬁinii Equation (14)
i=1 j=
the center of volum.ets, molar masdel for the center - :iixxm-?’ Equation (15)
of masses, and unities for the center of molar ansou i
Some authors do not compute the absolute valudseof
heats of transport, but the relative values witard to PR

a fixed (normally, ideal) state. If the supersclptefers
to this state, Equation (1) is modified to

Ef10u 190
Z(M_'UNJXJ' (A= x;)ay,

=\ & 0x,  ay 0X

_hy-hy h-i o faba-x,) Equation (11) i
- a, a a Comparison between molecular dynamic
0 simulations and calculations for the thermal diffus
_omd- XN)J (i=1..,N-1) factor of Methane in a ternary mixture of Methana—
ay Pentane — n-Decane mixture at constant reduce

The ideal state is normally considered as a stage atemperature 2.273 and reduce pressure 1.017 using
small pressure, where the mixture becomes an gieal SRK equations of state. The simulations are shawn i
In this case the value ofo is computed on the basis of the first graph. The calculated values are représen

the Kinetic gas theory [15]. Analyzing the expressi by four curves, which represent the different medel
; 9 Y ' yzing P tested. Haase bye aH; Shucla and Firoozabadi by, aSF
given a general approach for the computation of ”Yé ) .
AV . empers from 1989 by ak89; and finally Kempers from

thermal diffusion factor can be given as

. 2002 by akK02.
Z i%—ia’lj'\‘ Xj (1_Xj)aTj
2\ & 0x;  ay 0x

The calculation for the thermal diffusion factorsva
. o . Equation (10) done on a ternary mixture of Methane, n-pentanenand
_&~-& _8-§9 ., RT(aT‘ d-x) q decane at constant reduce temperafgre= 2273 and

ay & 8 constant reduce pressurg®’ =1.017). The original

_ expression of Kempers both for volume frame of

j (i=1.,N-J) reference and mass frame of reference (Haase
N ) _approximation) were used. Furthermore, an extension
Here a (i =1,...,N) are the partial molar propertiesshycla and Firoozabadi model for multicomponent

as mention before and, € (i =1,...,N) is the measure mixture has been calculated as well. The results

of the energetic state of each component in theurex Obtglinegiséfesg(r)l\gn \L\Ztﬁl?#éelife.rature data is obsdrve
and in the ideal gas state. 9 pancy

Since there are no experimental data on the therm-lé? begin with both re;ult; differed n the sign.eTh
diffusion coefficient in multicomponent mixtureseth values of the thermal diffusion factor differed kvthose
models were compared with some molecular dynam|@ the literature by an order of 10. Comparing ¢heves
results [3]. The simulations were performed neat th'© SiMilarity in the trends can be seen for anythef
critical point at constant reduce conditions, inlesrto models.

: .. Most of the actual models are based on the thefory o
assure we are at the same distance from the trltlcde\e Groot [13], In his book most of the definiticios the

different coefficients describing the thermal déifon

_ a?n(l_ XN)
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effect, (Soret coefficient, thermal diffusion facto 2.
thermal diffusion ratio) are given for binary syste
However, some authors [5,6,7] extended this théory 3.
multicomponent systems. Two different expression fo
the variation of composition with temperature werd.
found 5.

Ac,

-c,(l-c)a;AT/T

Equation (16) 6

AX = =% (1= X%)ayAT/T Equation (17) 7.

Equation (16) is defined by de Groot for binaryg
systmes, while equation (17) is given by Kempers,
based on de Groot, form multicomponent mixtures. Wg
performed the transcription from one equation te th
other one, finding for binary mixtures that both
equations are equivalent. However in multicomponeniy
mixtures both equations are related by

11.
Equation (18
q (18) 12

a,‘lr'rjassla_lr_miwolar - (1_ X|)

(Exj (Mr; =Mr,) =x (Mr, = Mrn)]/

n-1 13.
( X; (Mr, —Mrn)—&Mri]

i=L 14.
It is evident that both definitions are not equérdl 15

in the case of three or more component. Molar aagsm
diffusion coefficient should be defined accordingtie
reference used. However of its importance this s
previously been specified.

16.

17.

Conclusions

We have shown the performance of the existin
models against experimental data, finding some good™
correlations for some of the mixtures. However, our
work was complicated by the fact that the experialen
data on thermal diffusion coefficients are reldve
difficult to find. It may be hoped that the exigjin
models for thermal diffusion coefficients will be
checked better as the new reliable methods for
measuring the thermal diffusion coefficients ané th
new values of these coefficients will appear.

Furthermore, there is thus a need for
comprehensive theory that can explain and prediet t
thermal diffusion effect in mixtures of three or mo
components. It is the goal of the thesis to be abfend
such a theory that can correctly describe the thkbrm
diffusion effect in this type of mixtures, clarifig the
discrepancies. And finally apply the theory for the
determination of the fluxes appearing in the resieref
so much interest for the petroleum companies.
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Introduction of Complex Physicsinto Streamline Simulation

Abstract

The focus of a research is an introduction of tapyileffects into streamline simulation. The blagkstreamline
simulator [3DSL 0.25 by R.P. Batycky, SUPRI-C grpupepartment of Petroleum Engineering, Stanford
University, 1997] is modified to incorporate capilf effects.

The new simulator (CapSL) is applied to a numbesiofulation cases. The influence of different fagtthat may
impact performance prediction of water floods igeistigated. The capillary forces are demonstraiedabilize the
displacement front and increase oil production @waather viscous-dominated cases.

The new approach can provide a fast and a reliablefor the simulation of water flooding in low peeable and
heterogeneous oil reservoirs as well as for regeseoeening and upscaling studies.

Introduction allows description of crossflow effects by meansanf
Reservoir simulators based on the streamline glieci operator splitting technique [1]. | briefly discusise
have been developed as an alternative to convehtiomodification of governing equations to account tioe
finite difference simulators. The main advantagethe gravity and the capillary forces. The focus is made
streamline simulators are the high speed and tla#lesm the prediction of water flooding performance in eas
impact of the numerical dispersion, making thenfulse when capillary and gravity effects cannot be neglic
tools for fast evaluation of multiple methods ofeevoir The potential, advantages and possible further
development prior to computationally expensive -fullimprovements of the existing streamline simulater i
scale simulations. A limitation of the currentlyadtable discussed.
black-oil streamline simulators is the absence of a
representation of the effect of capillary forces. Solution Procedure

Streamline methods work well for flows that areStreamline simulators are based on the IMplicisBuee
dominated by convection. They are less well suited Explicit Saturation (IMPES) approach to solve the
describe physical phenomena that transport fluildssc governing conservation equation. The general
the streamlines. In the streamline method the #ilwng conservation equation is represented by the pressu
each streamline is treated as independent, and tine saturation equations. The numerical solution
effects of flow transverse to the streamlines ap¢ nincorporates the following routine for each timepst

represented. Capillary pressure difference between e The pressure equation is solved implicitly
phases, for example, can lead to flow transverse to on the finite difference grid
streamlines. In some flow settings, capillarycés e The Darcy velocity is computed based on a
can alter significantly the character of the floas cell centered pressure values
crossflow drives imbibition of wetting phase intowl +  Streamlines are traced from injection wells
permeability zones adjacent to high permeabiliwfl «  The saturation equation is solved explicitly
paths. along the streamlines

Here | present the streamline simulator, modified t .

. ) o Saturation values are mapped back from the
incorporate capillary effects. Modification of the iregular grid (streamlined nodes) to the
pressure equation changes the locations of the regular (finite difference) grid

streamlines. Modification of the saturation equatio
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Streamline methods are not restricted by the glob@he mass balance for the water phase is formutsed
CFL (Courant-Freidrichs-Lewy [2]) stability conditi, Su
but rather local CFL along each streamline. Assallte @——+ Ou, =0. (7

they have an advantage over conventional finite _ _ _
difference IMPES simulators, allowing less frequentitroducing the water velocity from the equatioh §2d

pressure updates. They also suffer less numericPstituting the water pressure gradient from the
dispersion. Details of the streamline methods can tgauation (6) gives the Rapaport — Leas equatiof [12
found in [3-6]. 0s,

Another important principle of streamline simulatio ¢— -+ | —*U, "'(1_ f)kAWDPO =0. ()
is Time-of-flight concept, allowing to solve 3D ot /]t
saturation equation as a set of 1D problems. The-ti The saturation equation is then solved using theaipr
of-flight is defined as a travel time of a partidle a splitting technique:
certain point on a streamline. It was introduced by Qg

Pollock in [8] and is also discussed by King [9]dan (0—+Uth S0 (9)
Thiele [4]. ot

0s _
Introduction of Capillary Effects in Streamline §UaT FOG =0, e 0op1
Simulation 2

The introduction of capillary forces requires theHereg; stands for the sources or sinks dhdtands for
modification of the pressure and the saturatiothe gradient of gravity and / or capillary forces.
equations. Solution of equation (9) is described by Batycky in
[6]. Equation (10) is solved explicitly on the fiai
Modifications of the pressure equation. The continuity difference grid. A first-order time approximatiors i
equation for the incompressible fluids considereretis used. The capillary and gravity gradients are disoed

written as: using a 7-point stencil.
— — The amount of water transferred by gravity is
= + =
Hy =0 (_UW u") _ _O' S @ calculated for every block as a function of differe of
The velocity of phaspis obtained as: depth of neighboring blocks and the densities @& th
U ==KAOP . s ¥3) fluids. The amount of the water transferred by the

The capillary pressure is defined as the differen apillary forces is calculated differently as clepy

between the pressure of the non-wetting and théinget orces do not have a uniform direction of actioirstF

phases. In what follows, water is assumed to be e compute the total capillary gradient directed ot
wetting.phase hence: ' thee block. Then the amount of the water transferred

through each face of the block is calculated as:

Pc = Po - Pw' .......................................... )] At T AP

Introducing phase velocities from equation (2) into(]s = —2 AP O (11)
the total velocity equation (1) and then substilgitthe o, ZT AP'™
oil pressure with water and capillary pressuresnfro d =e

equation (3) leads to: Here At, stands for the time step si2&,stands for the

Ou, :D(k/]tDPW"'k/]oDPC):O- --------- 4) volume of the block,AP,®" stands for the total
A method for inclusion of gravity into streamline capillary gradient directed out of the blodkstands for

simulation has been developed by Bradtvedt [1jhe transmissibility coefficient, subscriptsj and m

Gravity effects were introduced into 3DSL0.25 bylenotes neighboring blocks. _

Batycky [6]. The pressure equation with both gravit  Equation (9) contains source and sink terms.

and capillary forces is: Therefo_ret;t is respon?_ibletfr?r tg_e almount oi vf\/ma:el
_ reservoir by propagating the displacement fronhglo
O (k/‘tDPW + k)loDPc + k)lgDD) =0. - (9) the streamlines. Saturation is then mapped bacthen

The no-flow boundary condition is automaticallyfinite difference grid followed by the solution of
specified by setting the overall and capillary pres €quation (10). We refer to this step as a correstep,
gradients over the no-flow boundary to zero. capable of relocating the fluids inside the pormeglia,

but not changing their total amounts.
Madification of the saturation equation. The total flow
velocity is found as the sum of phase velocitieslime step selection. The proposed approach has 3
Substitution of the oil pressure with the capillagd different time steps, automatically chosen by the
water pressures makes it possible to obtain therwasoftware. The details about time step selection and
pressure gradient as a function of total velocitd the capillary effects in streamline simulation may loerid

capillary pressure: in the papers presented in the publication list.
1 A
_DP\N:HUI"'A—ODR:. ......................... (6)

t t
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Modified solution procedure. The solution procedure for drop of oil production and decrease of breakthrough
each time step is presented below with the modifina time as the result of increasing end-effects.
typed in bold italic: More results may be found in the papers presented
« The pressure equation is modified to inthe publication list or on my web page.
include gravity and capillary effects.
« The modified pressure equation is solved Conclusions

implicitly on the finite difference grid * A streamline approach with capillary and
« The Darcy velocity is computed based on gravity effects is developed. Capillary and
cell centered valuesof the modified gravity effects are introduced by the
pressure modification of pressure and saturation
«  Streamlines are traced from injection wells equations. _
«  The saturation equation is solved explicitly = Streamline method is demonstrated to
along the streamlines predict oil — water displacements in wide

range of capillary and gravity dominated
flow regimes and in complex permeability
fields.

= The predictions obtained by the streamline
method support our physical intuition and
are comparable to predictions obtained with
Eclipse. The checkerboard simulation with
50 dynes/cm interfacial tension shows the
biggest difference in the oil production
predicted by Eclipse and CapSL. Even in
this case the difference in the total amount
of oil produced at two pore volumes of
water injected is less then 6%.

e  Saturation values are mapped back from the
irregular grid (streamlined nodes) to the
regular (finite difference) grid

e Fluids are redistributed on the FD grid by
a corrector step

Results
The permeability field is presented in Figure 1.i#&h
color represents high permeability zones, blaclorcel
low permeability zones. This simulation is perfodne
with a set of Corey type [14] relative phase pefoilgg
curves and “North Sea type” Leverett function, show
in Figure 2.

Figure 3 contains two saturation profiles obtaine
without capillary forces (0.3 and 0.5 pore volume

injected) and three saturation profiles (0.1, hd 8.5 Kristian Jessen from Stanford University for

PVI ined with th illary for resent. . .
) obtained with the capillary forces present cooperation and wonderful 6 months | have spent in

Saturation  profiles  for  capillary-dominated ] .
displacement obtained by Eclipse and streamlin UPRI-C gr_oup,_department of Petroleum Engineering,
tanford University.

simulator have visual differences. Eclipse predict
strong end-effects remaining on the vertic
permeability borders for a long time, while th
streamline simulation tends to sweep these endisffe
rather quickly. On another hand the streamline Koo 5
predicts slower propagation of the front in theitagy- 10
dominated regime. 15
This difference can be explained from several [goiniza
of view. Not only the sources of the numerical esrare
different for these two simulators, but the flovthmare

gcknowledgements
| would like to acknowledge Franklin M. Orr Jr. and

Z‘ll'ablesand Figures

10 20 30 40 50 B0 70 80 90 100
Figure 1: Permeability “checkerboard” field

different themselves. Eclipse flow path is a stnaige, 1'0)', Krw
connecting centers of two neighboring blocks, while 099 Kro T20
streamline is much closer to the physical flow path 0.8 —e— |everet function

| believe that streamline simulators capture th

0.7
displacement front behavior better then finite-eliénce

N
3]

@ =

methods. z 064 =

Predicted oil production curves are presented i ¢ 0.5 - 105
Figure 4. The streamline simulator predicts diffees T 04 P B
in oil production for the cases of viscous domidaée = 03 | o
mN/m IFT) and capillary (10, 50 mN/m) dominated = 05—
displacements. Indeed, simulations for both théaser v '
tensions of 10 and 50 mN/m are capillary dominate 0.1 4
and demonstrate the same displacement mechanism. 00 . . . 00

Production curves predicted by Eclipse haw 0.10 030 0.50 0.70

different behavior. Oil production and breakthrougt

time increases with increase of the interfacialsi®m Figyre 2: Relative permeability curves and Leverett function or
from O to 10 mN/m, due to the redistribution of @rat the test run 4

Further increase of the interfacial tensions leadthe
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Stability of Enzymesin Granular Enzyme Productsfor Laundry Deter gents

Abstract

Powdered laundry detergents contain granular na¢egonsisting of surfactants, builders, bleachaggnts,
enzymes, etc. Although used in a small amount (}-2¥zymes have an important role in the cleanimggy of the
detergent. Being fragile biomolecules, enzymeslaosing their activity during storage due to thentemt with
harsh chemicals present in the detergent. The mexrhaof inactivation is not completely understodal.this
project, it is aimed to investigate the factorspressible for the deactivation of enzymes and prepnsw
formulations and protective components to impraaditity of granulates.

Introduction are the main cleaning agent, while the buildersige
Enzymes are used today in a wide range of induistrialkalinity and ionic strength to the wash liquor.
processes and in consumer products. The largédeaching agents are added to provide a white siide
application of industrial enzymes is in detergefiise remove stains on the fabric. A modern bleachinghage
detergent industry absorbs about 45% of enzymes sais Sodium Percarbonate (SPC), which decomposes in
in western Europe and more than 25% of the totalater and releases hydrogen peroxide, being thalact
worldwide enzyme production [1]. After beingbleaching chemical. In addition to these, powdered
produced by submerged microbial fermentationaundry detergents contain soil anti-deposition
enzymes are recovered and sold as either powder pmlymers, anti-corrosion agents, perfumes etc.
liquid products for industrial use. In powderedrduy
detergents, they are granulated and covered with a Enzymes are very fragile biomolecules. They can
protective coating to prevent dust allergies amldase loose their activity in environments, like detertgn
the stability of enzymes. where harsh chemicals are present. In practice the
The main enzyme activity in biological laundryenzymes loose a significant part of their activitier a
detergents is protease, which acts on organicssgioh time period of several weeks. To overcome this
as grass, blood, egg and human sweat. Howeveasit tproblem, manufacturers prefer to add more enzyme
become more common in recent years to include granules in their products to have satisfactory hwas
"cocktail" of enzyme activities including lipasesida performance. However, this results in an increasthé
amylases. Lipases are effective on stains resultorg  production cost of the laundry detergent. Partly to
fatty products such as oils and fats, while amydsdp obtain a better stability during storage, the enzym
remove starchy food deposits. More recently, colarontaining particles are typically coated by layefs
enhancing and "anti-bobbling" washing powders havgalts, polymers and/or waxes. This reduces the afate
been developed which contain cellulases. The mdde diffusion of aggressive species into the particlé®re
action of such cellulases is to remove detachddlosé reaction with the enzymes may cause deactivation.
fibrils, which cause a progressive dulling of tlidor as  Furthermore, the particles are often formulatedhwit
dirt is trapped on the rough surface of the fabric. anti-oxidants, such as thio-sulfates, to minimize
Laundry detergents typically consist of a mixtufe odeactivation reactions. For the enzymes in laundry
separate granular materials including surfactantdetergents, the deactivation is mainly related He t
builders, bleaching agents and enzymes. The sarfect release of hydrogen peroxide from the bleaching
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chemicals in a moisture-containing atmospherd=uture Work
Moreover, humidity, autolysis of enzymes, high loca The concentration and actual composition of the
pH in granule, oxygen, defects in granulate stmectugases released during storage in the detergentidbx
and other detergent components are some of thergactbe investigated. An accurate method for measutieg t
affecting the granulate stability during storage. gaseous hydrogen peroxide will be established. eSinc
The present understanding of inactivationthe conventional test methods are very time consgmi
mechanism of detergent enzymes during storage [@} or 12 weeks), a quick assay, lasting few dags, f
involves diffusion of water vapor through bleachingprediction of enzyme inactivation under controlled
particles, where SPC is *“activated” and hydrogestorage conditions will be applied. Deactivation
peroxide present in its structure is released. Thmaechanism of enzyme granulates will be investigated
subsequent diffusion of hydrogen peroxide vapahan a function of single or combination of detergent
enzyme granule results in oxidation of methionined a components, relative humidity and presence of ngati
tyrosine residues in the enzyme. The sulfur ifayers and antioxidants. As a mean of obtainingtteb
methionine, found in the active site of Savinasenderstanding of the results, the transport andticra
(protease), can be oxidized to sulfoxide and furtbe phenomena in enzyme granules will be modeled.
sulfone by hydrogen peroxide. The fact that enzymiinally, new enzyme formulations will be tested for
activity is reduced significantly even in non-bleac development of products with higher stability.
containing detergents implies that other mechargsm(

are also involved in deactivation of granulates. Acknowledgements
| would like to thank to Novozymes Bioprocess
Specific Objectives Academy for supporting this project.

The objective of this project is to understand the
inactivation mechanism of detergent enzymes duringeferences
storage. It is also aimed to investigate the effect 1. G. Broze (Edr.), Handbook of Detergents, Part A:

different detergent ingredients on the granulaa®ibty. Properties, Surfactant Science Series Vol. 82,
According to the new findings, the previously pregd Marcel Dekker, Inc. New York, 1999, p.639.

mechanism can be confirmed or modified. In lighttef 2. O. Simonsen, FT Status of Bleach Stability
results, new stability-enhancing components oriogat Mechanism Studies, Report no: 1999-08218-01,

will be proposed and tested for their efficiency in  Enzyme Development and Applications
reducing enzyme deactivation in powdered detergents Formulation Technology, Novozymes A/S, 1999.
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Study of Alloy Catalystsfor Usein Production of Hydrogen

Abstract

In recent years, there has been a renewed interetfte water-gas shift reaction due to its poténtise in

conjunction with the hydrogen-based fuel-cell pogeneration. Improving the catalysts used in theemwgas shift
process is important to make hydrogen producti@norn-board reforming competitive. Therefore the rat the

water-gas shift reaction is studied. To gain insigto the overall trends of the reaction rate th&ction is studied
over a series of transition metal catalysts. Thisbe used in order to single out the interestitigy catalysts.

Introduction

A widely studied reaction of considerable indiast Industrially, the water-gas shift reaction isiras a
importance is the water-gas shift reaction wher¢éewa staged process. The first stage is the high-ternyrera
and carbon monoxide produce carbon dioxide an@action typically carried out at 310-4%0 The catalyst
hydrogen: used is an iron oxide, E®, catalyst structurally
promoted with chromium oxide in order to inhibit
sintering. In this step, the CO content in the @as
reduced to typically ca. 3%. Subsequently, medium-
temperature and low-temperature shifts are used to
further convert the remaining CO. The low-tempeamatu
reaction is typically run at 210-220. The catalyst used
is . a Cu/ZnO/AJO; catalyst [1]. The low-temperature

S reaction is limited by kinetics and can therefo

be considered the area where the current demand for
dvanced catalysts is the greatest [2].

CO(g) + H0(9) <= CO2(9) + H2(9)
AH = -41.2 kJ/molAG = -28.6 kJ/mol

In general, the water-gas shift reaction came tallace
whenever carbon monoxide and water are present
therefore it is an important step or side reactioa lot
of processes. Most frequently, it is used in th
production of hydrogen following the steam reforgin

of hydrocarbons, e.g. methane. In recent years, there has been a renewed shtere

the water-gas shift reaction due to its potents¢ in
CH4(g) + H0(9) === CO(g) + 3H2(9) conjunction with the hydrogen-based fuel-cell power
- generation. Often the hydrogen feedstock will be
Due to the moderate exothermicity of .the .rezax:the. obtained by on-board reforming. However, the carbon
equilibrium constant,K, decreases with ‘increasing o nqyide formed by the reforming reaction needseto
temperature in accordance with Le Chateliers ppieci completely converted both because it is a polluart

The water-gas shift reaction is equilibrium coredl 00556 it poisons the platinum electrodes in petym
and the equilibrium constant is independent of ures electrolyte membrane (PEM) based fuel-cells, thus
_ Pco, [pH2 hampering the fuel-cell performance. Here, the afm
- W the water-gas shift reaction is both to reducdekel of

CO —"H,0 carbon monoxide as well as to produce more hydrogen
which means that there is a trade off between &bler In order to make hydrogen production via on-board
equilibrium and rate of reaction. reforming competitive, it is crucial to improve the

P
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water-gas shift catalyst to be able to functioneatn
lower temperature. With respect to preparation of alloy catalystkjch is
the aim of the project, it is useful to observeiquic
The reverse water-gas shift reaction has a#idacttrends of the activity of various transition metafor
relatively little attention. This is partly due #&dcohol or the reverse water-gas shift reaction it would be

hydrocarbon by-products over many catalysts. reasonable to expect a relation between the actbfit
the metal catalyst and the dissociative adsorptbn
Specific Objectives CO,, which is the most likely rate-limiting step [3].

Within the last couple of years, detailed knalge Plotting the rate against the calculated chemigampt
has been acquired concerning why alloy catalysemergy of CQ dissociation [4] on step sites on the
sometimes are better catalysts than the individllay corresponding fcc metal surfaces gives a volcano
components. The aim of this project is to inveséga shaped curve.
alloy catalysts for the Water-gas shift procesgn@s in
the water-gas shift activity of the single-metalatgsts
will be studied to give a better understanding fud t -3
system and to single out the interesting alloylgats. -4

Results and Discussion

The kinetics of the reverse water-gas shift tieac
catalyzed by the MgAOD,-spinel supported group VIIB, ©
VIl and IB metals, were investigated. The revers@ Tr
Water-gas shift reaction was carried out at atmesdph =
pressure in a fixed-bed flow reactor in the 180°850 -5
temperature range and at 1:1, 1:5, and 5:3/i@(feed- AH4is(CO3)(eV/molecule)
gas compositions.

ate (mmol/g-s)
&
I

10

Figure 2: A volcano-shaped relationship between metal
activity at 246C and the chemisorption energy of £O
dissociation.

©
IS
]

240°C, CO,/H, 1:1

HmCO
03 | mH20 Only the metals at the top of the volcano curae
) ECHA dissociate C@reasonably well without binding reaction

products and intermediates so they cannot be eeas
again. The metals to the right are inferior catslys
because they are not able to dissociatg fagt enough.
The metals to the left are inferior catalysts beeatney
bind reaction products and intermediates too strong
Such a volcano-shaped relationship has previousiynb
reported for the forward Water-gas shift [5].

partial pressures
o o
[l N
L L

o
|

Pt Fe Ni Cu Ag Pd Rh Ir Re Ru Au

Figure 1. Partial pressures of CO,,8l and CH gas
produced in the reverse Water-gas shift reactioer ov
various MgAbO4-spinel supported transition metal
catalysts.

Using ruthenium and rhodium catalysts produced
substantial amounts of methane via the methanation
reaction (the reverse steam reforming reaction).

The experimental data obtained were interpréted
using a simple power-law rate equation:

- E,
ro = Alexp( RT )Epcoza EszlB eo” EpHZOJ’

whererg is the rate of the reaction in the limit of “zero”
Pco Eszo

pco2 H,
called the pre-exponential factdE, is the activation

energy (in units kJ/mol), R is the gas constant@gnis By making an alloy of a metal to the right ireth
the partial pressure of component x. volcano curve with a metal to the left in the veioa

conversion | 0.005< <03, Ais

Figure 3: STEM image of platinum particles (bright) on
a MgAlLO, support
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curve a catalyst lying at the top of the volcanovewcan List of Publications

be obtained.

The activity data above are correlated to theralV

mass of the catalyst sample. Scanning transmission
measurements  arg.
performed in order to obtain information about the

electron microscopy (STEM)
relation between catalyst activity and the surfaea of
the metal particles. From the STEM
information about particle size distribution of tireetal

particles can be obtained.

The single-metal catalysts are currently testethe
forward water-gas shift reaction. Trends in the erat
gas shift activity of the single-metal catalysts studied
in order to single out the interesting alloy castdy
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Data Driven Modeling of Batch Processes for Statedimation, Control and
Optimization

Abstract

The non-stationary and most often nonlinear dynarettavior of batch processes can be approximatidsets of
interdependent linear models. These models carbtaned from sparse historical production data gaedmodel
sets will approximate batch processes sufficiemtll for them to be successfully applicable for thesign of
model-based state estimation and control tools siscthe Kalman filter, Model Predictive Control alterative
Learning Control. Moreover, as a simulation tobg models can aid the search for a better or opbatah recipe.

Introduction batch processes means that the model set willnite.fi
Most often the complex and nonlinear dynamics ofhe periodic way in which the same recipe is regabat
continuously operated processes can be approximateaich after batch means that several measurements f
with a moderate set of local Linear Time-Invarianthe individual sample points are available for
(LTI) models, each of which describes a charadteris identification. That is, the time evolution of aopess
region in the operation window. These regionsariable is measured at specific sample pointanduttie
described by local models will often be charactatiby batch operation and as the batch operation is tegea
a set of active constraints. For batch and senukbatseveral measurements are collected from every sampl
processes (from here on, batch will cover bothlbattd point. With multiple data points/measurements fiame
semi-batch processes) however, the set of actigpecific sample point a grid-point model can be
constraints will change as the batch progressefaciy identified for this sample point. Explicitly, in diion to
to operate a batch process in an optimal fashion,tlae time dimension, data from batch processes also
specific sequence of constraints is tracked duringvolve in a batch index dimension.
operation. This means that local approximations of
characteristic regions are not sufficient to désebatch Multiple ARMAX Modeling
operation. The transitions between these locally Given the discussion above, batch processes are
approximated characteristic regions are also ne¢gledmodeled with sets of dynamic grid-point LTI models.
provide a complete description of batch operatiorBuch a set of grid-point LTI models could also be
Furthermore, even if specific sets of constraineyeny referred to as a Linear Time Varying (LTV) batch
active for longer periods; local LTI models can bet model. These grid-point LTI models can be
expected to describe the time variation due to gimgn parameterized in a number of ways -- e.g. as Output
hold-ups and/or compositions. Error (OE) models, AutoRegressive models with
eXogenous inputs (ARX), State Space (SS) modais, et
The periodic nature and the finite horizon of batcln the present contribution an AutoRegressive Mgvin
processes however, make it possible to model theserage model with eXogenous inputs (ARMAX)
evolution from each sample point to the next inaich parameterization was chosen. This choice of
with one grid-point LTI model. In this fashion, hathe parameterization offers a relatively good multiaaie
time variation within the characteristic regionddahe system description with a moderate number of model
transitions between these may be approximated avithparameters.
grid of grid-point models. Thus, such a model Seeg
a complete description of a batch. The finite haminf
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As operation of a batch progresses, different inpund where A, B are structured lower block triangular
outputs may be used depending on the current pifasematrices. The profilev is a sequence of disturbance
the batch and hence in order to model batch operéti terms caused by bias in the reference input prdiile
is convenient to define the following variables andnhe effect of process upsets, and the modelingrrro
references for each time step from linear approximations. This means that the
disturbancew contains contributions from both batch
1. Input variable U, [J R™® with reference Wise persistent disturbances, such as recipe/ibjas,
_ (0 model bias, and erroneous sensor readings, asawell
u, OR™ from random disturbances, which occur with no batch
. n(t) . wise correlation. It thus seems reasonable to mthael
2. Output variable y, LJR™™ with reference iy rhance profilav with a random walk model with
y, O Rv® respect to the batch indéx

3. Disturbance variablay, [ R

Wy =W +Awy
Using an ARX model parameterization, the OUPUl bare the

& ) _ _ increment disturbance profilAw, is
deviation y, — Y, at timet may be given as a weighted

modeled with a Moving Average (MA) model with
sum of n,(t) past output deviations andg (t) past respectto time

input deviations
AW, = Vi +CqVira T Con 9 Vit-ne )

Yo=Y = - at,t—l(yt—l - yt—l)_"'
~ 80 (yt_n © = Yin (t)) with model ordern (t) [ [l...,t]. In matrix form the
3 A A A
+h, (U -u )+ disturbance model is expressed as
J-1\Mt-1 t-1 .
+ bt,t—nB(t) (Ut—nB(t) - ut—nB(t))+ Wi Aw, =Cv,
where N, (t), Ng (t) D[],...,t] are the grid-point ARX where the sequencw, = |.Vk,1. Vi, .. Vk,N']I'

ny (0).ny (j)
model  orders and @& ;R and v OR™", represents batch wise non-persistent

bIj OR™"™Y are the (possibly) structured grid-disturbances that are assumed to be zero-mean,
' independent and identically distributed. Considgiime

point ARX model parameter matrices. The fact that t . .
éiéfference between two successive batches

model parameter matrices may be structured impli
that n,(t) and Nng(t) should be considered as the
highest model orders at tinteNote, as the grid points
are modeled with individual grid-point models, the
sample points $t$ do not have to be equidistap@ced

in time. LetN be the batch length(/number of samples) A patch ARMAX that is independent of the
and define the inputi, output Y, shifted outputyo, reference profiles and batch wise persistent distures

and disturbance profiles as has been pbtained. With such a bgtch ARMAX model
the path is prepared for multivariable, model-based

Ay, = Yy~ Yia
Ay? -BAu, +Cv,

_ [ , , ] monitoring, control, optimization, and of course
u = [UO U uN—l] simulation.
y —_— yl y 1 . y i
o _ 1. zl N 1, Application Specific Models
y = [yo Vi yN—l] Depending on the task the batch ARMAX model is to
w = [Wll W, .oowy be applied to, it is convenient to convert the batc

ARMAX model into different representations. If the
o - task at hand is to predict (or simulate) the bebrasf a
Note, not all initial conditionsy, are measurable batch before it is started the following form is

and/or physically meaningful - e.g. off-gasconvenient
measurements. Thus the ARX model set may be
expressed in matrix form Ay, = HAy, , —GAu, +Fv,
N7 —_ -0 0 - . .
Y-y-= —A(y -y )+ B(U - U) +w Note that the disturbance matri¥ models the

propagation of batch wise non-persistent disturbane
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- including batch wise non-persistent model-plant X, . A, X, +B Au,, ., +E Vv,
mismatch. The initial condition Ay, , can be ' Cx ' ' '
' Kt

considered as either an input/control variable or a
disturbance. The distinction between the two ] ) o N
possibilities will of course depend on the inforioaton ~ With the SS model dimension, and initial condition
and control of the outputs prior to a batch. If thigial
conditions are considered disturbances, it is rsecgd0 K ; .
model them. The initial output deviation from thecorresponding block columns in the batch ARMAX
reference is also modeled as a random walk withees model. Just as above, the SS model form is conmknie

to batch index, which means that the initial capdiiis for Prediction, monitoring, and optimization type
given as a zero-mean random variable. applications, but also facilitates on-line implenagions

of these. Furthermore, the SS model form is pdeitu
The model representation above is also convenint fVell suited for closed-loop or feedback control
the task of classification/monitoring (e.g. norroainot) ~ @Pplications. For tracking control applications 188
of a batch after it has been completed. Furthernthge  Model form can be modified into
model representation can be used to determine open-

o =C'Ay, ,. The SS model matrices contain the

loop optimal recipes in the sense of optimizing an X, = A X, *B AU +E VvV,
objective for the batch. If such an objective is to _ _

. e . . — ] ] ih ek,'[ - ek—l,'[ CXk,’[
minimize the deV|at|onse—[el e ... eN],

e[ | Rny(t), from a desired trajectory then the model Following the discussion above, a multivariable
e feedback controller properly designed using the
can be modified into trajectory tracking SS model form above, will r¢jdwe
effects of the batch wise persistent disturbances
e =€, ~HAy,, +GAu, —Fv, asymptotically with respect to batch index. Thatcise
to the output and input error integration in thedeio
There are two important points to be made about tiEamework, a controller designed to reject distodes
trajectory tracking model form above. First of @l the With respect to time in one batch at a time wilscal
error profile in batctk depends on the error profile fromasymptotically reject the effects of batch wisesjstent
batch k-1, the effects of the batch wise persisterflisturbances with respect to batch index.
disturbances are integrated with respect to batdbx.
This means that a properly designed controller can
reject the effects of the batch wise persistent
disturbances asymptotically with respect to batatek
--- e.g. removing the effects of recipe and modatb
Secondly, given the above mentioned asymptotic
behavior and as the control moves/actions genefated
such a controller are deviations from the contnplt
profile realized in the previous batch, the con&clions
due to batch wise persistent disturbances will eoge
asymptotically to zero with respect to batch index.
literature it is said that the controller learngégect the
batch wise persistent disturbances --- i.e. theltiag
controller is an lIterative Learning Control (ILC)
scheme. A more accurate formulation would be that
both output and input errors are modeled using
integrators with respect to batch index.

The two forms above of the batch ARMAX model
above are applicable to off-line or inter-batch eyp
applications. For on-line estimation, monitoring,
feedback control, and optimization however, it is
convenient to use a state space realization ob#teh
ARMAX model. To achieve such a realization it is
necessary to simplify the batch ARMAX model
structure with the assumption that the number ¢futs

is constant. In an observer canonical form theestat
space realization is given as
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One Step Flame Synthesis of Direct Methanol Fuel Cell Catalyst

Abstract

Flame synthesis is studied as a one-step prepanaithod of catalysts for direct methanol fuel <¢DMFC) by
combustion of Ru-acetylacetonate and Pt-acetylaattan a quenched—cooled flame reactor. The steicsurface
and morphology of the catalysts were investigated-bay photoelectron spectroscopy (XPS), transioisslectron
microscopy (TEM), and Scanning Auger microscopy(SAWansmission electron microscopy observationmatb
that particles with diameter less than approxinyafelhm were produced. XPS studies revealed theatthvere
possibly three different oxidation states of Pthie PtRu/C catalyst. SAM studies showed how thedataining
particles were deposited on the fibres of the cawpport.

Introduction

Direct methanol fuel cell (DMFC) has the
potential to replace the combustion engine in udhic
applications. The device uses a liquid fuel, whitdans
that the existing fuel supply, storage, and deliver
systems could be used possibly with a few minor
modifications. Also methanol can be produced from
natural gas, coal or biomass. Compared to the lggaro
fuel cell, which is also in consideration as a fatu
energy supplying device, direct methanol fuel bel
the advantages of ease of fuel supply and stotdge [
DMFC can be operated at lower temperature than the
internal combustion engine (ICE) and this will egmty
reduce the polluting nitrogen oxides produced bi.IC
DMFC offers another unique advantage for city diyi
its efficiency increases as the load on the full ce

In DMFC carbon supported Pt-Ru catalyst is used.
Substantial enhancements in activity were found for
platinum modified with a second metal like rutheniu
One hypothesis for this enhancement of activityét
the second component such as Ru acts as a redox co-
catalyst with the methanol adsorbing and
dehydrogenating on the Pt whilst the poisoningdgssi
was chemically oxidized on the co-catalyst. ThHeot
explanation is that the second component acts as an
agent which weakens the adsorption of residueson P
via a ligand effect and/ or promoting the electrption
of water at lower potentials and thus acceleraéttieg
removal of residues [1]. Whichever is the mechanis
it might be concluded that for improved performarite
is necessary to have a well-mixed Pt-Ru bimetallizy
as catalyst. The general ways of making catalystar
decreases, which is exactly the opposite of the hea  impregnation, sequential impregnation, co-precijita
engines. absorbing alloy colloids or surface organometallic

However, it has not yet been possible to develop chemistry techniques. However, it could be diffi¢ca
DFMC of acceptable cost, which can give performanceachieve the desired close proximity of the active

comparable to that of its main competitor, i.e.thea
engines. The cost of DMFC depends mainly on the
electrolyte membrane and the Pt based catalysits, th
has the highest activity for methanol oxidation [Zhe
cost of the membrane can be reduced by the grofwth o
the market, but the only way to lower the costhef t
catalyst is to reduce the amount of Pt used without
sacrificing the performance[3]. Therefore, it is
necessary to improve the catalyst performance.
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components by the conventional methods as theeactiv
components might deposit on different sites on the
support. Moreover, all of these processes neegtakev
stages for making active catalyst. Flame pyrolgais
be a viable alternative to replace the wet procegsih
a one step continuous process.

Flame pyrolysis has been successfully used to
produce catalysts [4]. In flame pyrolysis, precussare
rapidly evaporated as they are exposed to higheflam
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temperatures resulting in vapours that react fogmi
intermediate and product molecules and clusters t
quickly grow to nano-sized particles by coagulagion
and/or surface reaction [5]. The precursors dral t
products have very high chances to mix intimatel
before the particles are formed. This intimate ingx
can result in higher degree of alloying and greate
proximity of active elements of the catalysts.

The work presented here describes very preliminal
results of our effort to develop a one step synghes
method of DMFC catalyst. It will be seen that nanc
sized particles can de very easily deposited ongtse
diffusion layer of the fuel cell. This is a vemportant
result in terms of preparing catalyst with very hig

r“ 4

dispersion. _ = » 3
Figure 2: Photograph of the test fuel cell
Experimental . . . -
The flame synthesis setup is shown in Figure 1. The system is equipped with two humidifiers for

humidifying the inlets to anode and cathode. Tieti
to the anode and cathode sections of the fuel cell
travelled along serpentine channels and picked atprw
coming from the humidifiers separated from the floy
Nafion membranes.

Results and Discussion

carbon sheet showed the structures of the support
(Figure 3.a). When the sample was scanned for Pt,
almost uniform deposition of Pt containing particta
the fibres was observed (Figure 3.b).

Support
flame

the morphology of the particles on a TEM grid
produced by the combustion of the precursors. reigu
it%fr?]iifzation 4(a) shows the particle size ranges from ~2 nirbto ~
chamber nm. Figure 4(lc_)) is a close-up picture of one p!ml It
shows a spherical morphology with lighter regioame
the periphery and darker inside region. This might

Syringe pump due to the segregation of lighter elements (iLeoR
RuO) to the outer surface of the sphere. In thaécthe
inner surface will be mostly Pt or Pt compounds.

Figure 1. Outline of the flame synthesis equipment

The precursors, ruthenium (Ill) acetylacetonate
(Ru(acacy, Sigma-Aldrich) and platinum (lI)
acetylacetonate (Pt(acachldrich Chem.Co), were
dissolved in solvent containing isooctane and
tetrahydrofuran at a volume ratio of 4 to 1. Thlison
was pumped through a nozzle to spray the precursor |
solution to the flame. The dispersion and combunsti |
gas was introduced through a slit surrounding the
nozzle. Supporting hydrogen flames were also eteat
by introducing hydrogen horizontally of the maiarfie.
The product particles were collected on the carbon-
based fuel cell gas diffusion layer (GDL) by pagdine
flame outlet aerosols through it.

Based on collaboration with IRD Fuel A/S, a test
fuel cell was built (Figure 2). The graphite bigol b PRl U :
plates had machined flow structures with serpentine  Figure3: Scanning Auger Micrographs of the whole

flow pattern, capable of accommodating electrodes o sample (a), showing the presence of Pt as brigitssp
maximum 4,9 crh (b)
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Scanning Auger Micrographs of a metal deposited

Figure 4(a) and 4(b) are the TEM images depicting



out on several samples. The spectra showed the
presence of Pt and Ru in the deposits. Furthernore
order to understand the effect of alloying of PfRyin

Table 1. Relative intensities of different spediesn the catalyst, the Pt 4f region has been investibiate
curve fitted spectra detail (Figure 5). The spectra could be deconealut
Pt/C PtRu(3:1)/C PtRu(1:1)/C into three components. Considering the fact thgiéni
1% component  71.5ev 71.66 ev 71.78 ev  oxidation states of Pt will have higher binding eies,
2"%component 72.48ev 73.1ev 73.2ev the three peaks could be attributed t§ P£*, and Pt

3%component 74.9ev  74.55ev 74.65 ev [6]. The binding energies and area ratios of d#fifeer
components are shown in Table 1 and Table 2. Itis

Table 2. Relative intensities of different spedresn worthwhile to mention that we could not get enough
curve fitted spectra information for Ru by this method because its bigdi
Pt/C PtRu(3:1)/C  PtRu(1:1)/C energy lies in close proximity to binding energy(f
1% component 45.8%  44.6% 36.3% which has more intensive peaks in this case.
2"'component  50% 52% 60%
3%component 4.2%  3.4% 3.7%
a : : gl o PtRU(L:1)/C
L i ”» a
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Figure 4: TEM micrographs of particles (a), and a Figure5: X-ray photoelectron spectra of different
single particle (b), produced by the flame. catalysts showing all possible peaks (a), and Pedks

(b).

To characterise the electronic states of the
deposits, X-ray photoelectron spectroscopy wasezhrr
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Conclusion

We have presented the initial results of a one-step
method for synthesis of a DMFC catalyst. The
characterization of the catalysts made at themiediry
stage showed that nano-particles were produced and
also the presence of both Pt and Ru in the cataigst
confirmed by XPS studies. We think that the
preliminary results are promising and further resea
could result in an effective one step method forfIM
catayst preparation.
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Computational Fluid Dynamicsin Chemical Engineering

Abstract

Commercial CFD (Computational Fluid Dynamics) codes expected to manage chemical reactions in ttodd
of chemically reacting systems and among these;bastion systems. However in these systems the gioner
equations describe changes, which span over magyitades making the problem stiff. In order to aimvent this
problem, it is expected to decouple these equatimdsmodel some of the coupling separately. Thidetiog will
then be used in numerical experiments, which wélldompared to real physical experiments in therktboy.
Virtual reality visualization of the numerical sitations is also anticipated.

Introduction level, kinetic mechanisms for the combustion of

Commercial CFD (Computational Fluid Dynamics)hydrocarbons, and consist of a complex set of
codes are expected to manage chemical reactions irlementary reactions, which incorporates a conafier
multitude of chemically reacting systems and amongumber of possible intermediate species and reetio
these; combustion systems. For industrial appbioati {3}. During the past decades a significant effoesh
involving (gaseous) combustion particularly, theaimed toward the development of DCK mechanisms,
turbulent-diffusion systems are relevant to indaktr which can describe the chemical processes thatr@ccu
modelers. However, a mathematical modeling of thesghen a hydrocarbon is combusted, and mechanisms for
turbulent-diffusion systems presents a number dhe combustion of various hydrocarbons are availabl
challenges. The main difficulties of the numericathe literature {1,4} or via the internet {5}. Thddrature
simulation of a turbulent-diffusive reactive flowalso offers DCK mechanisms that can be used to
phenomena lies in the physical complexity of thesimulate the formation of different pollutants sua$
properties to be modeled, and the wide range ofespaNO, {6}, SO, {7}, PAH {4,8}, even models for soot
and time scales in which they occur. The time scaléormation that can be added on top of DCK mechasism
needed for a given property to equilibrate, vafiegshe are available from the literature {9} or via the@met
chemical reactions from the fast chemistry {&ec. or {10}.
lower) to the slow - frozen chemistry (1@ 100 sec.),
whereas the typical time scale for physical mof®im  Chemistry Modellingin CFD Simulations
the order of 10 to 10° sec {1}. Typically in Ideally, the simulation of a practical combustion
combustion processes, the fast chemical reactioms aevice would simply involve a compilation of the
those related to the ignition behavior of a mixtwrbile needed chemical-kinetic scheme from the available
the formation of pollutants such as N0, PAH DCK mechanisms and use the newly compiled
(Polycyclic Aromatic Hydrocarbons) and soot is sute mechanism in a CFD simulation. However, to restrict
of the slow chemistry. the error on the calculation of the composition dmel

parameters of state of the fluid, the integratitp snust

In modern combustion chemistry characteristicbe shorter, at least by a factor of two, than iime tscale
such as: ignition behavior, flammability, flameof the fastest interaction in a direct numericadidiation
propagation, quenching and the emission of poltstanof a problem. Thus, the grid resolution in the CFD
are described using DCK (Detailed Chemical Kineticgimulation must be fine enough to resolve the &ste
mechanisms {2}. The DCK mechanisms are moleculachemical reaction. Alternatively, progress in reagt

31


mailto:mch@kt.dtu.dk

systems in static simulation can be approximatedgus e Experimental work in laboratory reactor for
well described mixing-reaction interaction modalsls model verification

as mixed-is-burnt probability density functioneddy « Virtual-Reality visualization of CFD data
break-up and eddy dissipation modelsor flamelet

library models which for increasing details, all while more details on the scientific goals and kemeges
increases the computational demand to the typicallhd the development goals are outlined in the violig
already challenging CFD simulation {11}. subsections

The mixing-reaction interaction models all impose &cjentific Goals
number of difficulties to the chemistry modeling@#D The scientific challenge is the development of a
codes, since they all relate the chemical progegss to  qualitative and quantitative model or method that
one or two parameters from the turbulence modelingescribes the interaction between chemical reactiod
Doing so the simple mixing-reaction interaction ralsd macro and micro mixing applicable to both laminar
assume that the chemical kinetics are infinitivedgt premixed flow reactors and high-pressure turbulent
and that the progress of chemical reactions isrotbed  diffusion flames.
by turbulent mixing. However, the formation of some
trace element pollutants i.e. NCSG;, PAH and soot, Important aspects in modeling will include the
which result from the frozen chemistry, will becalled macro mixing of chemical species, the reactionheke
a too fast progress of their chemical reactionsnithe in the bulk phase, and particularly on the micraing
turbulent mixing controls the progress. Alternaffye and the reactions in the micro mixing level.
the chemistry models in the CFD codes must allow
additional rate expressions to describe the chdmica To generally increase the understanding of the
reactions that apply the frozen chemistry. Nevée8® behavior of combustion chemistry, and the intecacti
this alternative evokes a second difficulty impossd with the flow pattern in a reactor (e.g. such as
chemistry modeling in CFD simulations. CFD codegombustion chambers in practical combustion deyices
were originally developed to handle fluid flow méidg  CFD modeling, in particular using Fluénis foreseen.
without the influences of chemical reactions, thlis The objective of the project is that the developed
CFD solvers have been optimized to solve the egusti models or methods can be incorporated into comiierci
for physical motion that span 3 to 4 orders of nilagie  CFD software, and may be used in combination with
in time scale. When equations for the frozen chewis this for analysis of the flow patterns in the cormsian
is added to a CFD simulation, suddenly the solvestm zone of practical combustion devices.
span over up to 8 orders of magnitude in time soale
more, which is problematic to the solvers in theDCF  The project will contribute to an increased
codes despite newly developed coupled solvers {1Zhindamental understanding of combustion processes,
and segregated solvers {13}. This is also a prokfi@m particularly the influence of the interaction beéme
the fast chemistry, but for the fast chemistry thehemical reaction and macro and micro mixing on
previously mentioned grid resolution representscem combustion processes, which is of interest to #igh
severe problem, while grid resolutions that aree finof boilers, engines and motors, gas turbines ahdrot
enough to obtain grid independent solutions for thgevices that involve combustion processes will be
equations of physical motion also will be fine egbdo  emphasized. Finally, the project will also incredise
obtain grid independent solutions for the equatiesesd understanding of the formation of trace element
to model the frozen chemistry. pollutants in practical combustion devices, and may

furthermore contribute to an optimization of the

Considering the outlined difficulties imposed bycombustion in practical combustion devices while
mixing-reaction interaction model to CFD simulaBpn minimizing the formation and emission of harmfide
alternative methods to apply DCK mechanisms to CFBlement pollutants.
simulations remains an important issue to simutetiof
practical combustion devices with complex geomstrie Development Goals
Whilst the DCK mechanisms are important means to The interpretation and industrial application of
understand the formation process and emission @f thesults from experiments in conjunction with morgli
trace element pollutants from industrial combustioising in particular CHEMKIN and CFD should result

processes. in a model or method, which can be used to prebit
formation of trace element pollutants in practical
Project Idea and Goals combustion devices under various stoichiometries,

Primary goals of and the expected output from thgressures and temperatures.

present project are enumerated below:

* Single cell reactor model for use in detailed The project will contribute to the knowledge on the
chemical kinetic post-processing of CFDinteraction between chemical reaction and macro and
simulations micro mixing and the chemistry and formation ofcga

element pollutants in practical combustion devieg¢s
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the CHEC Research Centre at the Department of

Chemical Engineering, DTU, and to the center's
industrial partners.

A final development goal is to set up a method fo®.

advanced visualization of CFD data in the Virtual
Reality Theater at DTU.
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Modeling of lon Exchange Processes
in both Dilute and Concentrated Solutions

Abstract

lon exchange equilibria have been modeled usingnthss action law. The results show, that undergtiien
assumptions, the model gives good results in bty and multi component systems. Experimentgarérmed
studying the absorption of water and salt from eotiated electrolyte solutions in different typésom exchange
resins. These experiments hopefully lead to a whatizrial that could be used in developing a moraptex model
describing the complete distribution of ions antant between an aqueous phase and an ion exchesige The
parameters of the Extended UNIQUAC have been eretrid acidic systems. The model is now capable of
describing the dissociation of both0, and HNQ in aqueous solutions and of describing the satylif several
different salts in aqueous solutions of these teidsa

Introduction general model capable of describing and predicting
lon exchange resins have been used commerciabxchange equilibrium under a range of conditionssdo

for more than a century and are at present time useot exist at present time.

extensively in the industry for separation and

purification processes. One of the reasons for tHgpecific Objectives

growing interest in ion exchange processes is, ithat  One of the main objectives of the project is to

many instances ion exchange technology cavalidate existing traditional models for the use in

successfully substitute large-scale industrial sstigm/  describing the equilibrium between an ion exchange

concentration processes, which do not satisfy mmoderesin and both dilute and concentrated aqueous

ecological standards. electrolyte solutions.

One of the most important controlling factors Besides, the effect on the efficiency of the ion
governing ion exchange as a separation methodeis thxchange of aspects such as the degree of créasglin
distribution of ions between the resin and the tdmhu within the ion exchange resin and the uptake ofesdl
phase. Therefore, description of the equilibriunand solutes should be considered. The amount séthe
between a multi ionic solution and an ion exchagginkinds of data in literature is rather limited. Téfare
material is essential for the development andxperiments should be carried out concerning the
optimization of ion exchange processes. Espectally absorption of salt and water in ion exchange resitis
choice of design and operating conditions require @ varying amount of cross linking agent. The olgdin
detailed knowledge of the ion exchange selectivitye results should be modeled using the Extended
amount of experimental data necessary for desgibitJNIQUAC model and a suitable affinity network
the ion exchange equilibria increases tremendonigly model. One of the systems of interest is the ion
each exchanging ionic species added to the systeexchange between’k H* and C&" in both nitrate and
Theoretical models that allow the prediction ofphosphate systems. However, no parameters exist for
multicomponent equilibria from corresponding binarythe Extended UNIQUAC model in the presence of the
experimental equilibria data are therefore veryfulse acidic solutions. Therefore the parameters of Edeen
when designing ion exchange processes. At preiseat t UNIQUAC model should be extended to apply in
most attention has been paid to equilibrium of iomqueous solutions of HN@nd HPO;.
exchange concerning diluted solutions. However, a

35


mailto:sgc@kt.dtu.dk

Results and Discussion The model is easily extended to multicomponent
systems using only parameters obtained from tharyin
Validation of Traditional Models systems. An example of the models capabilities is
Usually two different approaches to the descriptioshown in figure 2 where the NaMg*™ - Zn"" exchange
of the ion exchange phenomenon are seen in tiepredicted from the corresponding binary systems.
literature. In one of the approaches the ion exghan
process is described as an osmotic equilibriumiand  The conclusion on the work is that the mass action
the other as a heterogeneous reaction. Usually thkew gives somewhat reasonable results for corrgati
osmotic approach gives more rigorous models andtlae equilibrium isotherms of the different systems
higher degree of information of the ion exchangeinvestigated. The accuracy of the model could be
phase. However, due to lack of data, works dealittly improved if introducing activity coefficient modeter
the osmotic approach often are forced to usthe two phases. However, the model does not giye an
assumptions from the heterogeneous approach. information about the solvent uptake in the rediage
A common assumption is that the maximum uptakeor the effect of the resin structure (degree of
of ions by an ion exchanger is limited to the numbie crosslinking) on the ion exchange equilibrium.
functional groups in the ion exchanger. Besidesi is
often assumed that there is no uptake of ions sédthe
charge as the functional groups and that the amaifunt Na“ - Mg™" - Zn"" exchange on amberlite
solvent in the ion exchanger is independent orichie resin in aqueous chloride media.
form of the exchangeri.e. the swelling is constant
during the exchange reaction. Introducing the:

assumptions makes it possible to model the equuilibr 1
using the simple mass action law. This type of appin 08
is useful for prediction and correlation of equildd _
between ion exchangers like zeolites and resind w § 0.6 ¢ 0.05N
high degree of cross linking and aqueous solutiwitis = © 0.2N
low to moderate concentrations of ions. g 047 '
The equilibria constant for the ion exchange reacti 02
of several different systems of ionic species hasnb 0 ; ; ; ;
modeled using the common mass action law. The mo 0 0.2 0.4 0.6 0.8 1

has been used both with the assumption of ideality
both phases and with an activity coefficient mod
coupled with one or both phases. In the solutioasph Figure 2.

both the Pitzer and the Extended UNIQUAC has been

used with similar results. In the resin phase thisaM

model has been applied taking into account the non-

ideality. One example is given in figure 1 where th

equilibrium between Ca and Nd on a Dowex ion Experiments Concerning the Absorption of Solvent
exchange resin is shown. and Solutes

At present time experiments are carried out at the
Rohm & Haas production plant, Chauny, France. The
experiments concern the ion exchange equilibrium
between concentrated electrolyte solutions anemifft
types of ion exchange resins.

The experiments cover 3 different gel type and 3
different macroporous type of ion exchange resiie
concentration of electrolyte in the bulk solutienvaried
between 0.5 and 3 molal.

The results show that the degree of cross linking i
the ion exchange resin has a high influence on the
absorption of salt and of the change in volumenhefibn
exchange resin during the absorption. Examples are
given in figure 3 and 4.

IR120 is a gel type ion exchange with app. 7% cross
0 0.2 04 06 0.8 1 linking agent while the Amberjet 1600 is a gel type

Xca in solution resin with app. 16% cross linking. The figures show
that the higher degree of cross linking the ledsime
changes and the absorption of salt. However, thalte

Xzn (solution)

Ca'™ - Na ion exchange on a Dowex ion

exchanger. Clas anion. Parameters regresse
at 0.1N

Xca in resin

0+ T T T T

Figure 1.
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also show that even for the resin with very inétast
matrix the sorption of salt is relatively large.

0.3

mol KCl absorbed (mol/ec

0.25+

0.2

0.15+

0.1+

0.054
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4 |[R120

1 2
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Figure 3
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0.92+
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0.9
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0.84
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cker in bulk phase (mol/L)

Figure 4

Extension of the Parameters of the Extended
UNIQUAC Model to Aqueous Solutions of HNO; and

H3PO,

The scope of this work is to describe the pha
behavior (VLE, SLE) and thermal properties of aqiec
solutions of ions like (K Na', NH,", C&", CI, NOy) in

the presence of phosphoric acid 3Py,

H.POy,

HPO,®) by means of the Extended UNIQUAC model.

In this

work we consider three different kinds c

equilibria in order to describe the phase behasfdhe
aqueous electrolyte systems. The three differemdski

are:

Solid-liquid equilibria, e.g.:

NaH ,PO,(s) Na*(aq) + H,PO, (aq)
Vapour-liquid equilibria, e.g.:

H,0(1) H>0(g)

Speciation equilibria, e.g.:

H3PO,4(aq) H " (aq) + H,PO; (aq)

>

o

>
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The vapour-liquid equilibria is only considered for
water. Except for the phosphoric and nitric acid, a
electrolytes considered in this work are regarded a
strong electrolytes meaning that they are completel
dissociated at the involved concentrations.

Data used in the parameter optimization is taken
from the IVC-SEP electrolyte databank which corssist
of more than 90000 data points.

The following type of data is included in the paeier
optimization:

* SLE data

*  Osmotic coefficients

« Mean ionic activity coefficients

e Excess heat capacity

* Heat of dilution

* Apparent molal relative heat capacity

e Specific heat

e Heat of solution

» Degree of dissociation

Model parameters are evaluated on the basis of
more than 4000 experimental data points and theemod
shows good agreement between calculated and
experimental data points in the temperature range f
0-11CF°C and concentrations up to 12 mol (keQ* of
phosphoric acid. The results show that the Extended
UNIQUAC model successfully could has been applied
to describe the phase behavior and thermal preseofi
various acidic aqueous solutions of electrolytesrox
wide range of temperatures. The model is capable of
describing the dissociation of botk®0, and HNQ in
aqueous solutions and of describing the solubitity
several different salts in aqueous solutions o$éhievo
acids. In addition the model reproduces the thermal
properties of these solutions with high accuracpe O
example of the model capabilities is given in figu
where the solubility of KEPO, in aqueous solutions of
HsPQ, is shown.

3 7

g

T 5

X

>

£ 4

<

o

= 3% —— Extended UNIQUAC
5 o Exp. 0T

A Exp. 25T

19 o Exp. 50C

0 T T T T T

4 6 8 10 12

Total molality H3PO,4

Figure 5



Conclusions

The conclusion on the work using the mass action
law for describing ion exchange equilibria is thaé
method gives reasonable results for correlating the
equilibrium isotherms of the different systems
investigated. The method is relatively simple andld
be used for both binary and multi component systems
However, the model does not give any information
about the solvent and solute uptake in the resas@h
nor the effect of the resin structure.

Experiments are currently performed concerning the
ion exchange equilibrium between concentrated
electrolyte solutions and different types of iorcleaxnge
resins. The results hopefully give a deeper
understanding of the effect of ion interactions and
matrix structure on the absorption of salt in tlesim
phase.

The work has included an extension of the
parameters of the Extended UNIQUAC model to acidic
agueous solutions. The model is now capable of
describing the dissociation of bothk®0, and HNQ in
aqueous solutions and of describing the solubitity
several different salts in aqueous solutions o$ehievo
acids.
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Group Contribution Based
Process Flowsheet Synthesis, Design and Modelling

Abstract

The core idea is to apply the group contributioprapch for property estimation to the synthesisigte and
modelling of a flowsheet, with groups (or atoms;.)erepresenting units, bonds representing streanhss for
molecule feasibility representing flowsheet fedi&ipand sum of group contributions representing prerformance
of the flowsheet.

Introduction their properties. This reverse problem is also kmas

Modelling and simulation of a process flowsheetomputer aided molecular design.
usually involve identifying the structure of the Let us now imagine that each group used to
flowsheet, deriving model equations to represemhearepresent a fraction of a molecule could also ezl ue
operation, and solving the resulting total modetepresent an operation in a process flowsheet.adust
equations according to one of various availablehemical property estimation, groups may have ane o
simulation strategies. The flowsheet synthesis |prab more free attachments, in flowsheet “property”
determines the type of operations and their sequenestimation, process-groups may also have similar
needed to achieve the conversion of raw mater@ls humber of free attachments, for example, connecting
some specified set of products. The flowsheet desigtreams. In this way, a set of process-groups
problem determines the optimal values for theepresenting different types of operations may be
conditions of operation and other operation/equiptme created and the “properties” of a specified flovethe
related variables for the synthesized flowsheete Thmay be estimated by first identifying the processups
flowsheet modelling, synthesis and design problarmes that will uniquely represent it and then by compgti
related since for generation and screening dheir contributions to the needed “property”.
alternatives, some form of flowsheet models arelede
Also, flowsheet models are needed for verificatafin Flowsheet Modelling and Design through Process-
the synthesis/design problem solution. groups

In contrast, a group-contribution (GC) based pure To apply a group contribution method for flowsheet
component property estimation of a molecule reguiresynthesis, design and modelling, a process-group
knowledge of the molecular structure and the groupepresentation of a flowsheet, a “property” modml f
needed to uniquely represent it. The needed prpjert flowsheet and the reverse “property” calculatioos f
estimated from a set @priori regressed contributions flowsheets have been developed.
for the groups representing the molecule. Having th
groups and their contributions together with a skt Definitions
rules to combine groups to represent any molecuRrocess-group:A process-group is the representation
therefore provides the possibility to “model” theof a unit operation or a set of units. It has at least one
molecule and/or a mixture of molecules. This alsinlet stream and one outlet stream as connections.
means that the reverse problem of property estimati Structure or flowsheet structure: A structure or a
that is, the synthesis/ design of molecules havinifowsheet structureis defined as the ensemble composed
desired properties can be solved by generatiry the process-groups and the connections between the
chemically feasible molecular structures and tgsfor  process-groups.
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Flowsheet or processA flowsheet or processis a Now, by associating a driving force to each process

flowsheet structure and additional parameterslike groups it is possible to describe a flowsheet with
stream composition, flowrate, pressure, temperature so process-groups without any over simplification bé t
that all the needed information for a rigorous unit models. The driving force model provides tlaek
simulation are available. calculation capabilities to get the process desligtails

from the flowsheet structure.
Process-group based representation of a flowsheet
A group representing the separation of componenfsflowsheet property model
A, B, C and D in two outlet streams containing Al &) A flowsheet “property” model (Eq.2) has been
and, C and D, is named (AB)(CD). Special groupdefined to calculate the energy consumption of a
representing a process inlet or a process outlet dtowsheet.
defined as IABCD and o0AB, for an inlet with the 4

components and an outlet with only A and B. N1+ p
From the list of available groups like iABC, (A)(BC E = z k k xa, +A (2)
(B)(C) and the pure process outlets, a feasibledteet k=1 ij

structure can be created as shown in figure 1. The

process-groups are not component dependent, hufiere E is the energy consumption of the flowsheet

component property dependent, thus the abilityge u(MkJ/hr), NG is the number of process-groupsthe

the same group with different components havingenalty, ¢ the maximum driving force of the

similar properties. process-group K, athe contribution of the process-
groupk and A a constant.

oA oB nt
p = > Df, A3)
i=1

iABC (A)(BC) (B)(C)

where nt is the number of tasks that should be
performed before the tagkin the ideal case and Dhe
driving force of task.

The contribution of the process-groupsase regressed
from experimental data. Every unit operation has a
position in the flowsheet where it can “attain” the
theoretical maximum driving force. At any other

Reverse problem formulation __ position, the unit operation is able to attain aveo
As developed by Erik Bek-Pedersen[1] the design riving force than the maximum. The penalty, is a

distillation columns can be based only on the dgvi function of the attainable driving force.
force between the two key components. Two of the

conclusions of the driving force model for distiitan
columns is that the driving force is inversely
proportional to energy consumption and that in fjecular Design[2] it is possible from the process
distillation train the easiest separation, i.e.emhthe groups combination rules to generate flowsheet
maximum driving force is available, must be perfedn ;01\ res, evaluate them and find the best alismna
first. From the driving force which is differenca i matching 'Ehe targets.

composition between two co-existing phase (Eqt I i
possible to back calculate all the design pararsetér Process-group combination rules and feasible
the distillation columns. Structure generation

A generalized driving force model based on the Considering a group (ABC)(DE) this group has:
assumptions of the driving force for distillatioalemn = 1inlet defined as iABCDE
has been developed. Thus the ability to back caileyl = 2 outlets defined as 0ABC and oDE

reverse problem, the design parameter_s of al?;ge inlet of the process-group (ABC)(DE), iABCDE,
separation process that can be modelled in terms Qf, only be connected to a corresponding oABCDE
driving force. outlet from another group, or to a general iIABCDE o
the flowsheet. In the same way, the outlets c0AB@ an
D = xa, —X =y - X ) oDE, can only be connected to a corresponding iABC
I X (a, —1) ' iDE of another process-group, or to a genera}l omﬂe.
the flowsheet oABC or oDE. Any other combination is
ot allowed. Respecting the combination rules ensur
om the definition of the process-groups to have a
easible structure.

BC
oC
Figure 1. Example of a flowsheet structure based on
simple process-groups

Flowsheet Synthesis
Using the same approach as Computer Aided

The main breakthrough in the driving force base
modelling is that any model or experimental data loa f
used to obtain.
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From the process-groups involved in the problemlyap table 3. Applying now the algorithm of Bek-Pedersen

the combination rules to all the process-groups #2003), the design variables can be obtained (moivs
generate all the feasible flowsheet alternativebe T here).

“property” of each alternative can easily be calted, It should be noted that the solution provided idveor
thus the ability to do a rigorous simulation onlighithe  any mixture of 5 components that have similar redat

most promising flowsheets. volatilities as given in table 1. Also, for azeqtimpairs,
they are valid if the solvent-free relative voliyilis the
Multi-property target flowsheet synthesis same. In this way, it also provides the designetafgr

In the case of the synthesis of alternatives withien solvents.
than one “property” target, all the alternatives ar
computed, then a linear optimisation is perfornmedet
the best alternatives with respect to a desired
optimisation function. This can for example be used
balance energy consumption and risk, if a risk proyp
model is available for the process-groups.

Results

The methodology has been successfully applied and
the results from a simple illustrative problem itvwing 01854 41216 25133 97417
the separation of a multi-component mixture with oE = 0.2892+0.101£+0.0805+0.2707
without azeotropic pairs is presented here.
Considering the separation of a 5 component mixtu
into pure streams at optimal operational cost s t
objective of this synthesis problem. The energy
“property” model is used for prediction of the pess
energy cost and the necessary process-groups aind th

=18489GJ/hr

rIf:?gure 2: Best alternative for the 5 component
aration

Table 2: Process-group parameter table for energy

contribution. (Table 2) are _needed for pred.ictiore ar Process-grogz)operty Contribution

already available. _The details of the synthesmblpm F— = A146
needed to solve this problem are given in table 1. Bpercon 2 4778
Table 1: Properties of the components and inlet 8ABC)(DE) 9.1854
definition &ABCD)(E) 2.79454

Comp Flow rate Normal Relative  Product &n)(BCD) 9.8414
onent  (kmol/hr) boiling volatility purity &@)(CDE) 2.3182
point (K) specifica d(AB)(CD) 2.2835

tion ABC)(D) 11.3013

A 454 231 7.98 0.985 &BC)(DE) 10.1391
B 136.1 261 3.99 0.965 &BCD)(E) 2.6829
C 226.8 273 3.00 0.985 &a)(BC) 11.4227
D 181.4 301 1.25 0.980 &B)(cD) 2.8731
E 317.5 309 1.00 0.980 ane)(C) 2.5133
BC)(D) 12.0868

ac)(DE) 12.1721

acp)E) 2.4254

With the process-groups and their “property” model an)() 9.7417
parameters available, the fisrt step is to gendeatsible ag)(0) 3.3387
“structures” that satisfy the product purity speifion ao)o) 10.8515
using the process-group combination rules. The next AD)(E) 4.1216
step is to predict the energy “property” of each A 36.9301

generated flowsheet. Finally, the reverse problem i
solved for any selected flowsheet to obtain the
corresponding design variables that match the desi§onclusion

target (attainable driving force for any operatiorthe This new method offers important benefits over the
flowsheet). The optimal flowsheet together with thdraditional ones. The method is truly predictivedas
minimum energy is shown in figure 2. If the compdsin component independent as far as generation of
A-E are taken as Propane, i-Butane, n-Butane, féPen alternatives are concerned. The ability to genefraia

and n-Pentane, then this solution can be compaited wthe groups all the feasible alternatives of a giprotess
that given by Biegler et al.[3]. Note that the samavithoutthe need for rigorous models another achgent
solution is obtained without any process-model Basdt opens the possibility to screen a lot of alt¢ines
numerical optimisation. The design targets for eac¥ery quickly and with good accuracy. The method is
operation in terms of attainable driving force igegn in  @lso an “integrator” in the sense that by addingv ne
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process-groups it is possible to simultaneously ehod
design and synthesize products and processes dhat ¢
produce them.

Current work is creating more “property” models foe
process groups and the representation of compléx un
operations such as the divided wall columns. Wark i
also going on to generate model flowsheets with
reaction and separation.

Table 3: Driving force of the separation tasks at
T=300K and P=1atm

Separation Maximum
driving force
A/B 0.2707
B/C 0.0805
C/D 0.2898
D/E 0.1015
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Property Based Process and Product Synthesis and §ign

Abstract

This thesis describes the development of a gerfiemalework for solving process and product desigoblams.
Targeting the desired performance of the systeandgpstematic manner relieves the iterative natbicoventional
design techniques. Furthermore, conventional compobased methods are not capable of handling gl
where the process or product objectives are didyefunctionalities or properties rather than chexhaonstituency.
The framework is meant to complement existing cositign based methods by being able to handle ptpper
driven problems.

Introduction problem formulation technique extends the applicati

In recent years the chemical engineering desigange of the numerical solvers as well as the nsodel
community has moved towards the development dfiemselves, it is possible to identify alternatiesigns
integrated  solution strategies for simultaneouthat conventional methods are not capable of figdin
consideration of process and product design isdses. Thus business decision making can be facilitatedha
doing so, the complexity of the design problemmethodology allows for easy screening of alterrmetiv
increases significantly. Mathematical programmingnd identification of candidate designs that shdugd
methods are well known, but may prove rather cormpleselected for further, more rigorous investigation.
and time consuming for application to large and The links between the two reverse problems are the
complex chemical, biochemical and/or pharmaceuticabnstitutive variables. One representation of such
processes. Model analysis can provide insights theariables is the physical properties of the comptse
allow for simplification of the overall problem agell and streams in the system. The design targetshvelne
as extending the application range of the originatentified by the first reverse problem, descripecfic
models. In principle, the model equations représgrd  property values that need to be matched when gplvin
chemical process and/or product consist of balantlke second reverse problem. Therefore a framework
equations, constraint equations and constitutiveapable tracking properties in a systematic marser
equations. The nonlinearity of the model, in maages, called for. Such a framework should also be able to
is attributed to the relationships between the titmtive  handle problems that are driven by properties rathe
variables and the intensive variables. The modé¢han chemical constituency. An example of such a
selected for the constitutive equations usuallyesents problem is the design of paper of a specified dyali
these relationships. By decoupling the constitutivethere the performance of the paper machine, ie. th
equations from the balance and constraint equatonsquality of the paper, can not be described by
conventional process/product design problem may m®mposition based methods alone, since paper tensis
reformulated as two reverse problems. The firsersy primarily of cellulose. The properties of paperatth
problem is the reverse of a simulation problem, nehe determine whether or not the quality is acceptable,
the process model is solved in terms of the caristé reflectivity, opacity etc., depend on the physical
(synthesis/design) variables instead of the procepsoperties of the paper, e.g. fiber length, fibtpeic.
variables, thus providing the synthesis/design etistg Recently, the concept of property clustering has
The second reverse problem (reverse properbeen introduced for systematic tracking of properti
prediction) solves the constitutive equations teniify  throughout chemical processes. These clusters &tlow
unit operations, operating conditions and/or préslly systematic representation of process streams aitsl un
matching the synthesis/design targets. Since terse from a property perspective. In this thesis, thepprty
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clustering techniques are incorporated into theensy The ease of solution of the overall problem as well

problem formulation framework, thus providing aas the attainable solutions is governed primarily by the
representation of the constitutive variables. Thisters complexity of the process model. Therefore it is

are tailored to have the attractive features ofaint reasonable to investigate if the solution of the process
stream and inter-stream conservation, thus enalieg model can be simplified.

development of consistent additive rules along with

their ternary representation. The combined reverd$Reverse Problem Formulation Framework

problem formulation and property clustering framekvo In principle, the model equations representing a
is used to solve several property driven problema i chemical process and/or product consist of balance
targeted manner. equations, constraint equations and constitutive

equations. The nonlinearity of the model, in many cases,
General Problem Formulation is attributed to the relationships between the constitutive

A general process/product synthesis and/or desigariables and the intensive variables. The model
problem can be represented in generic terms by tkelected for the constitutive equations usually represents

following set of equations: these relationships, therefore it would seem appropriate
to investigate how to rearrange or represent the
Foy = min( Ay +f (x)) (1) constitutive models. o .

By decoupling the constitutive equations from the
s.t. hl(%,x, y)=0 @) balance and constraint equations the conventional
0z process/product design problems may be reformulated
h,(x,y)=0 (3) as two reverse problems. The first reverse problem is
9,09 >0 4) the reverse of a simulation problem, where the process

1 model is solved in terms of the constitutive
9,(x, y)>0 (5)  (synthesis/design) variables instead of the process
By+Clk>d (6) variables, thus providing the synthesis/design targets.

The second reverse problem (reverse property
In the above equations,of is the objective prt'adiction).solves the .constituti'v.e equations to identify
function that needs to be minimized or maximized itNit operations, operating conditions and/or products by
order to satisfy the desired performance criteria; x andatching the synthesis/design targets. An important
are the optimization real and integer variaplef€ature of the reverse problem formulation is that as
respectively; hrepresents the process model equatiod@"d as the design targets are matched, it is not
including the transport model;, Irepresents process N€cessary to resolve the balance and constraint
equality constraints; ;g and g represent other €dquations.
process/product related inequality constraints, while

equation (6) represents structural constraints related to Process Model oatance and Contra Equatons
process as well as products. Although the model
equations themselves may be static, the transport model | **ie enrey. Momenm) / et l REvERSE

will most likely consist of ordinary differential ™ Griwive equations | e

equations. Furthermore, the model structure given byl | ™ ervevaraes | (Consiuive Variables)

equation (2) is limited to simple transport models, Lo — — — — — — s ity t PROPERTY
where there is no coupling between the constitutive rersuevaraes | § PREDICTION
equations and the flow field. If spatial gradients are \ Constitutive Equations ‘

negligible, then equation (2) reduces to:
Figure 1: Decoupling of constitutive equations

h(xy)=0 ()

It is important to point out, that all synthesis/desigrg b 'tl'hhee ?:ﬁ;:tgﬁli aggu;%?ﬁfxﬁér']sc ;mggcc:'gz prltiarlgte%e
problgms may be d(_ascnbed using th|_s_genera||zed S(atc%fnstitutive equations from the balance and constraint
equations. Depending on the specific problem SOMhuations will in many cases remove or reduce the
terms and equations may be omitted, e.g. determinati del complexity. Since the constitutive equations
of only feasible solgtions will not require equation (1) roperty models)l contain composition terms, it is
It must be emphasized however, that regardle§s of tE)S.neﬁcial to solve for the constitutive variables directly,
problem a process model represented by equation (z)tljlﬁs removing the composition dependency from the
needed and it is the model type and validity ranges t oblem
defines the application range of the solution. Hence '
heuristic and graphical methodologies resulting in Broperty Clustering

feasible but not necessarily optimal solution, as well as Standard techniques for process design are based on
mathematical programming techniques that determ'rﬁs?dividual chemical species. Therefore, tracking,

optimal solutions can be formulated and solved b : . ; . ;
defining equations (1)—(7). Pﬁanlpulatlon, and allocation of species are key design
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tools starting with component materials balances tf mixing two streams is given as the inverse & th
process modeling equations that are based on targesemnmation over the reciprocal property values
species. But, should components always constitute thaultiplied by their fractional contribution {x The
basis for process design and optimization? Interestingbyoperty operators are converted to dimensionless
enough, the answer is no! Many process units avariables by division by an arbitrary referencejohhs
designed to accept or yield certain properties of theppropriately chosen such that the resulting
streams regardless of the chemical constituents. Fdimensionless properties are of the same order of
instance, the design and performance of a papermakimggnitude:

machine is based on properties (e.g., reflectivity,

opacity, and density to name a few). A heat exchangers w;(P,)
performance is based on the heat capacities and heat Qi =—7qF
transfer coefficients of the matched streams. The ¢
chemical identity of the components is only useful to )
the extent of determining the values of heat capacities AN Augmented Property index (AUP) for each
and heat transfer coefficients. Similar examples can B§eam s is defined as the summation of all the
given for many other units (e.g., vapor pressure iiimensionless property operators:

condensers, specific gravity in decantation, relative
volatility in distillation, Henry's coefficient in
absorption, density and head in pumps, density, pressure
ratio, and heat capacity ratio in compressors, etc.).

Since properties (or functionalities) form the basis of
performance of many units, it will be very insightful 0y ef
develop design procedures based on key properties
instead of key compounds. The challenge, however, is

(9)

NP
AUR,=>Q (10)

=

The property cluster for properfyof streams is
ined as follows:

that while chemical components are conserved, . :& (11)
properties are not. Therefore, the question is, whether or ® AUP,

not it is possible to track these functionalities instead of

compositions? The answer is yes! A cluster based mixer model from original

The essence of this novel approach is to develamposition based balance equations has been
conserved quantities called clusters that are related developed. The mixer model is given in equatior® (1
the non-conserved properties. The clusters can Bed (13):
described as functions of the raw physical properties
themselves. The clusters are obtained by mapping

NS
property relationships into a low dimensional domain, Cimix =Z,BS [C, .5 :% (12)
thus allowing for visualization of the problem. The =1 MiX
clusters are tailored to possess the two fundamental
properties of inter- and intra-stream conservation, thus Js
enabling the development of consistent additive rules AUR,x :ZXSDAUPS (13)

s=1

along with their ternary representation.
To overcome the limitations encompassed when
trying to track properties among process streams aﬂ%

Units. the use of propertv-based clusters has be mework enables the identification of optimal
' property . “Strategies for recovery and allocation of plantitigs.
proposed. The clusters are obtained by mappi

"rocess insights are obtained through visualizatiots

property relationships into a low dimensional doma"based on optimization concepts. Since the clustees

thus allowing for visualization of the problem. Thetailored to maintain the two fundamental rulesifdra-

glrtéssg:ze;arjrhze CIC:J esigrrilr?sdaSSrof;Qr?nSEI?zeosf ;?gpé? nd inter-stream conservation, Ieyer-arm analysn;"m
operators aefine d as: e employed _extenswely to identify recycle potaisti .

' For visualization purposes the number of clustars i
limited to three, however when using mathematical
programming this limitation is removed.

Incorporating these clusters into the mass integrat

Ng F Ny It h . . .

(P )= s (P = (P 8 should be noted that even though for visual@ati
(Pi) SZ:; S F ;(P) SZ:;XS ¥i(Re) ® purposes the number of clusters is limited to thtieis
z s does not imply that the number of properties dbswji

s=1

each stream is also limited to three. Assuming theat
necessary number of properties describing the psoce
streams is 5, then a one-to-one mapping to property
clusters would yield 5 clusters. If it is desired t
visualize this problem, then it is necessary to
reformulate the property operator descriptionsuichsa

In equation (8),y;(Ps) is an operator on thgth
property R of streams. The property operator
formulation allows for simple linear mixing rulese.
the operators correspond to the actual propediet)e
operators may describe functional relationshipghef
properties, e.g. for density, where the resultingpprty
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way that total number of operators is 3, i.e. apprty
operator can be a function of several properties.

Case Study — Recycle Opportunities in Papermaking

To illustrate the usefulness of constitutive or
property based modeling, a case study of a papénmak
facility is presented. Wood chips are chemicallglcd
in a Kraft digester using white liquor (containing
sodium hydroxide and sodium sulfide as main active
ingredients). The spent solution (black liquor) is
converted back to white liquor via a recovery cycle
(evaporation, burning, and caustification). Theedigd
pulp is passed to a bleaching system to produce
bleached pulp (fiber). The paper machine employ® 10 .,
ton/hr of the fibers. As a result of processingvaand
interruptions, a certain amount of partly and ccetgdy
manufactured paper is rejected. These waste firers
referred to as broke. The reject is passed thraugh
hydro-pulper followed by a hydro-sieve with the net Direct recycle does not achieve the minimum fiber
result of producing an underflow, which is burmgdaan usage target. Therefore the properties of the brvake
overflow of broke, which goes to waste treatments | have to be altered to match the maximum recyctgetar
worth noting that the broke contains fibers thayrha For the same mixing point, the required interceptian
partially recycled for papermaking. be calculated and is shown graphically in figurd His
clustering result can then be converted back tetaf
property targets.

N/ N/ N/ N/ N/ N/ NN 7N/

0.1 0.2 03 0.4 05 0.6 07 0.8 0.9

Figure 3: Ternary cluster diagram

Wood Chips ————»]

Kraft Digester

Figure 2: Schematic of pulp and paper process

The objective of this case study is to identify the
potential for recycling the broke back to the paper
machine, thus reducing the fresh fiber requirenaat
maximize the resource utilization. Three primary
properties determine the performance of the paper
machine and thus consequently the quality of the
produced paper:

/\ AN Y

«  Objectionable Material (OM) NI ks

0.1 02 0.3 0.4 05 0.6 0.7 08 0.9

»  Absorption coefficient (k)
*  Reflectivity (R.) Figure 4: Identification of property interception targets
In order to convert property values from raw
property data to cluster values, property opernatiang Note that for each mixing point on the boundary of
rules are required. The property relationships ban the feasibility region, a clustering target exifis the
described using the Kubelka-Munk theory. The mixindgntercepted broke, so the reverse problem fornadati
rules for objectionable material (OM) and absomptiotechnique is actually capable of identifying alleth
coefficient (k) are linear, while a non-linear enal alternative product targets that will solve thistjgalar
mixing rule for reflectivity has been developed. problem.
Since the optimal flowrates of the fibers and the
broke are not known, a reverse problem is solved fynthesis and Design of Formulations
identify the clustering target corresponding to imaxm Formulation, the mixing of materials to achieve a
recycle. In order to minimize the use of fresh fizee  New or improved product, is practiced in many défe
relative cluster arm for the fiber has to minimizeég. industries, including paints and dyes, foods, peako
the optimum feed mixture will be located on thecare, detergents, plastics, and pharmaceutical
boundary of the feasibility region for the paperciiae. development. Often the formulations are selectextdha
The cluster target values to be matched by mixirg ton  qualitative  engineering  knowledge  and/or
fibers and broke are identified graphically andXxperience; however the effectiveness of such an
represented as the intersection of the mixingding the approach is determined by the available data and
feasibility region in figure 3. absence of bias towards specific solutions. The
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prevailing methodology for formulation design wds matching the target formulation, a database seaszh
Design Of Experiments (DOE) software, which is loaseperformed. The search space was limited to compound
on rigorous optimization routines. When appliedhe  with solubility parameters between 18.0 and 19 ¥jPa
synthesis of a three component mixture problem, thbereby ensuring mutual miscibility of all the
data can be visualized using ternary diagram, wheoempounds found. The search yielded many compounds
each of the vertices represents the pure compowoentsand the 25 compounds with solubility parameters
mixtures to be used in the formulation. As funcsiari closest to 18.5 MPa have been considered. For
composition the property values are plotted asawont illustrative purposes, however only 6 of those
plots and for each desired property of the fornimtas. components are highlighted in this study. The
new ternary diagram must be generated. Furthermazemponents were selected solely based on thetiveela
this has to be repeated for all candidate ternaxyunes placement on the ternary diagram to ensure a rabton
attainable from the pure component set. This ambroaspread in order to illustrate the formulation sysib.
will quickly suffer combinatorial problems if the  The property data is converted to property cluster
number of candidate components/mixtures increaseglues for ternary representation. The resultirag@m
Thus there is a need for fast, reliable and sydiemais given in figure 5, where the individual compotgen
screening methods capable of identifying candidatre denoted by small dots along with the compohznt
formulations without suffering from combinatorial while target is shown as a slightly larger dot. \Eirey
explosion. A framework capable of handling multiplestraight lines between the pure component points
candidate components/mixtures is needed to symthesthrough the target cluster, the candidate formmuesti
promising formulations. can be identified. The feasible binary and ternary
In this work, a new simple, yet effective, systamat candidate formulations are shown in figures 6 and 7
method to synthesize and design formulations has be

developed. For any formulation design problem, thepr——————— c P ——
target and the raw materials are identified onténeary R \Eé;get N o Bemene
property cluster diagram. Since formulation design| ® ¢, e ", . /|

involves only mixing operations, the optimal |\ /% " s

formulation is easily determined together with all ’7;'"7?2"“ ”””

possible solutions by determining the mixing ojerst £ .~

that will match the target. It should be noted the ~ “A- 700X
design of the formulation and the simulation of the e SR
mixing operation are performed simultaneously. 8inc ARV VAR SV VARV VS
all mixing operations are straight lines within the
ternary diagram it is possible to visually identifye
binary, ternary and multi-component mixtures, which
are capable of matching the desired target pragserti L
Lever-arm analysis can be employed to optimize the
fractional contributions from each stream in terafs
e.g. cost, environmental impact or any other

N/ N/ N/ N/ NS NSNS NSNS

C1

Figure 5: Visualization of formulation synthesis

performance indicator. Thus business decision ngakin |~ ° 5 . 0\

can be facilitated, as the methodology allows fasye . 6 -« _TArget ®

screening of alternatives and identification of didate . ':T°\- 1

formulations that should be selected for furtheoren VAP

rigorous investigation including laboratory trialShe - NN

significance of this method is that irrespectivehofv NS N—

many components and or mixtures are handled, the Figure 6: Binary Figure 7: Ternary
problem is solved visually on a ternary diagramsoAl candidates candidates

the same method (but with different cluster prapsjt
is applicable to wide range of problems, such alsest

mixtures, oil blends, coatings for paints, addiivier It must be emphasized that matching the cluster

drugs and many more. target is a necessary but NOT sufficient criterfon
matching the property targets. The AUP values ef th

Case Study — Visual Mixture Formulation formulated mixture and the target must also maich i

To illustrate the use of the property cluster base@rder to match the property targets. In the follugvihe
formulation design method, a simple visual “mixture validation procedures for binary and ternary mietur
design is presented. The objective of this invesitiqn formulations are presented. The procedures can be
is to identify binary and ternary mixtures of pureextended to quaternary and  multi-component
components resulting in a target mixture with dormulations using visual as well mathematical
solubility parameter of approximately 18.5 MPand a optimization techniques. The first step is visual
target set of properties. In order to identify ddate identification of the candidate constituents fog.ea

components that would be feasible constituen@uaternary mixture, thus reducing the search spgce
screening out inherently infeasible combinationexiN
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the feasible mixture compositions are identified by6.

evaluating the AUP values of the formulated mixsure
and finally a performance criterion is added tontifg
the optimal mixture.

Conclusions
The primary contributions of the work presented in
this thesis are two-fold, i.e. first, by the intumtion of

the reverse problem formulation concepts, the eter 7.

iterative nature of solving design problems isenadid

for a large class of problems. Secondly, the use of
property based clusters allows for solution of [eots
that are driven by properties rather than chemical
constituency. A key advantage of the reverse pmble

formulation framework presented in this thesisthie 8.

ability to identify optimum solutions to processdan
product design problems much easier than by solving
the conventional forward problem. Furthermore, the
property clustering technique represents an exiarisi
conventional composition based methods, as it esabl

the solution of problems where conventional method$.

are not capable of describing the problem adequatel
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Modelling of the Adsorptive Properties of Whey Proténs on Anion
Exchangers

Abstract

Chromatographic separations are of singular impogao the biotechnological industry because thadivelr high
purity, are relatively easy to develop at the labory scale and can be scaled linearly to the ei@giroduction level
in most cases. Hence one reason for the ubiquithi@matographic steps in preparative protein jwation steps is
that they provide a relatively efficient means teah manufacturing goals of the pharmaceutical biotelogy
industry. Development of chromatographic purifioatiprocesses for new pharmaceutical proteins hasoweed
very rapidly in order to produce material for tHiical trials. Once these trials have been perfgthe process
cannot easily be changed because the process wh@mache product. Ultimately new clinical triafsust be
performed for obtaining approval of the processnges. Therefore, the purification process mustéeldped at
an early stage of development when very little mialtés available.

Introduction and B, and BSA at a pH from 6 to 9 at various NaCl
To enable efficient process development rationadoncentrations on the anion exchangers Q-Sepharose
strategies for screening and  selection oKL, Source 30Q, Merck Fractogel EMD TMAE 650 (S)
chromatographic media and process conditions maeist And Ceramic Q-HyperD F. A model for simultaneous
developed where one combines the experimentebrrelation of the isocratic and gradient eluticatadis
experience with theoretical considerations and rodpresented. An integral part of this model is thedeto
calculations. A chromatographic separation is dgy@dl  for the distribution ratio in the linear range tish@ll be
through a number of steps including screening dafbtained from a non-linear isotherm model as thstli
different media and techniques to select apprapriabf the distribution ratio at zero protein concetitna.
candidates to investigate the retention behaviaur i
dependence of the possible process variables théte Isotherm
usually comprise particle size, pH, type and The Steric Mass Action (SMA) model [1] is a three-
concentration of salt, solvents and additives, angarameter model:
temperature. When more material becomes available

Vi
capacities must be estimated. Process optimisation ¢ _ 1- Z(Zj + Zproten, ) U
includes column size and column aspect ratio, flate, c A
I

buffer composition and gradient length. All thisncaf
cause be performed by the trial and error methad bu where
ultimately a model-assisted development shall be v
beneficial. - K A
) A=K | ——

Whey proteins may serve as an excellent model e z,
mixture to investigate the use of simulation taolshe ) N\ sttt o ]
development and optimisation of chromatographic IS the distribution ratio in the linear range okth

separations. In the work presented we have determiniSotherm, that is at low protein concentrationss ghe
and correlated gradient and isocratic retentiomumals Protein concentration, ¢ the mobile phase conctofra

for the whey proteins-lactalbumin,p-lactoglobulin A A is ligand density (eq/L pore volumey, a steric
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hlndrance factor, pZ)tein the blndlng Charge Of the Gradient elution of f-lactoglobulin B on Source 30Q

protein, andv=zyqwifZsar IS @ charge ratio, sz is the [ o)
charge of the counterion and K the equilibriumaati L Be
_ 0 0
I:Q-I_IﬂKi - 'AGproteinj +Vi AC;counterion 107

A is the difference between’@ the adsorbed state
and the solute state. The distribution ratio A i e
determined from the isocratic retention volume V B

Vg [mi]
\

VR = Vcolumn [5 + (1' 5) Ep kd (1+ A)] -

g is the interstitial porosityg, is the porosity of the w - G
particle and kis an exclusion factor that is 1 for the sal._. ) ’ ) ]
and less than one for large molecules. The retentidigure 2: Experimental anq correlated gradient elution
volume at linear gradient elution is volumes for B-Lactoglobulin on Source 30Q. The

gradient volumes were 16, 32, 64, 128, & 256 ml.

1 Isocratic elution of p-lactoglobulin B on Q-HyperD F

v V1 10°F R [ pHe I
VRQ’W‘:VRW+% { GB(Z/S:J (v +1) + oy, +1} _% \\\ \\\ ‘\\\ ﬁ
G= Cat,, ~ Caalty,, ’ ‘
Vgradient
B =Vyum @~ g)gpkd K and E«”“

VRsaJt :Vcolumn [E + (1' 5) Ep]

G is the change in salt concentration divided ey th
gradient volume.

I .
Isocratic elution of p-lactoglobulin B on Source 30Q 10" 10°

10°F \ mL— oy M1
\ - bs Figure 3: Experimental and predicted isocratic retention
\ for p-Lactoglobulin on Ceramic Q-HyperD F.
\
The parameters for the Ceramic Q-HyperD column are:
£ A=0.777 equiv/L pore volume=0.4,¢,=0.68, k=0.18,
=+ L=10 cm and gymn =1 cm. The binding charge at the
A various pH values is:
pH 6 7 8 9
v 4.63 5.84 6.57 7.28
Gradient elution of p-lactoglobulin B on Q-HyperD F
10" g 10° ‘ ;:g
Figure 1: Experimental and correlated isocratic A
retention volumes fop-Lactoglobulin on Source 30Q. wr /,,//;
Results 3 e
Figures 1 and 2 show experimental and correlate e
isocratic retention volumes (top) and experimeatad
predicted gradient elution volumes (bottom) fB+
Lactoglobulin on Source 30Q and Ceramic Q-Hyperl
F. Further details are given elsewhere [2, 3].
The parameters for the Source 30Q column arn 10 p
A=0.308 equiv/l pore volume=0.4, £,=0.57, k=0.70, Vlmi
L=10 cm and gum+1 cm. The binding charge at thefigure 4: Experimental and predicted gradient elution
various pH values is: volumes (bottom) forB-Lactoglobulin on Ceramic Q-
pH 6 Y 8 9 HyperD F. The gradient volumes were 16, 32, 64, 128
v 4.29 550 6.56 7.31 & 256 ml.
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Table 1: Initial and final salt concentrations for gradient
experiments

pH Csalt,start[M] Csalt,end[M]
6 0.063 0.280
7 0.061 0.323
8 0.051 0.313
9 0.042 0.305
Scale-Up

Figure 3 shows that the peak shape and retention
behaviour is independent of the column dimensions
when the flow rate, the gradient volume and thel lage
scaled to the column volume.

0.014

— CV=7.99ml
— CV =55.61ml

0.012

0.010 -

0.008 -

0.006

0.004 -

0.002

0.000 +

0 5(;0 10‘00 15‘00 20‘00 25‘00 3000
Time [s]
Figure 5: Scale up of g-Lactoglobulin separation on
Source30Q. The flow rate is 0.5 column volumes. The
column dimensions are (diameter x length) 1x10 2nd
x17 cm, respectively
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Gas Phase Sulfur, Chlorine, and Alkali Metal Chemistry
in Biomass Combustion

Abstract

The high-temperature sulfur/chlorine/potassium chemistry has important implications for sulfur/chlorine emissions
(SO,, HCI), aerosol formation (KCl, K,SO,4) and deposits formation in combustion. Significant efforts in the past
have focused on chlorine and sulfur chemistry, but little is known about alkali metal chemistry or the interaction
between S, Cl and K. The S/ICI/K chemistry in combustion involves both gas phase and condensed phase reactions.
A better understanding of the gas phase chemistry of these components may facilitate development of more efficient
methods to minimize emission and operation problems in biomass or waste combustion systems.

Background

Combustion and gasification of renewable fuels
(biomass, waste) involves a number of chemical
reactions, which are important for emissions, aerosol
formation and deposition/corrosion. The  high-
temperature sulfur/chlorine/potassium chemistry has
important implications for sulfur/chlorine emissions
(SO,, HCI), aerosol formation (KCl, K,SO,) [1,2] and
deposits formation in combustion [3]. Significant efforts
in the past have focused on chlorine and sulfur
chemistry, but little is known about alkali meta
chemistry or the interaction between S, Cl and K. The
S/ICI/K chemistry in combustion involves both gas
phase and condensed phase reactions [4]. Despite the
practical importance of Cl/SK-interactions, few
attempts have been made to understand the detailed
kinetics of the system. Current modeling is largely
limited to chemical equilibrium calculations. Such
calculations do not account for kinetic limitations,
which are known to be important for conversion of HCI
to Cl, or SO, via SO; to H,SO,. Conversion of KCl
until formation of K,SO,, a critica step in aerosol
formation, is presumably also kinetically limited but
little is known.

A better understanding of the gas phase chemistry of
these components may facilitate development of more
efficient methods to minimize emission and operation
problems in biomass or waste combustion systems.
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Objective

The objective of this project is to develop a
fundamental knowledge of the gas phase chemistry that
is important for emissions, aerosol formation or deposit
formation in combustion of biomass and waste. The aim
is to develop a detailed chemical kinetic model for
conversion of chlorine, sulfur and alkali-containing
species and their interaction. Such a chemicd
description can be implemented in reactor models and
used to simulate effect of fuel and process parameters
on emissions and operation.

Project

Presently, existing kinetic models develop at our
institute and elsewhere; provide a fairly good
description of hydrocarbon oxidation and nitrogen
chemistry in high temperature processes. Also a
significant knowledge about sulfur and chlorine
chemistry is available. In the proposed project, these
mechanisms/databases should be extended with subsets
for akali metal chemistry and S/CI/K/Na interactions.
This is done through an interaction between
experimental and modeling work that step-by-step
attempt to extend our knowledge of this chemistry. The
experiments will take place in a laboratory flow reactor
under well-controlled reaction conditions and perhaps
aso in an entrained flow reactor (larger scale, akali
metals difficult to handle in small scale). The



experimental results are interpreted in terms of a
detailed reaction mechanism, using the CHEMKIN
software package.

Futurework
In the beginning of the project a literature study is
bei ng done, it will be followed by:
Establishment of laboratory flow reactor to
study the system
= Experimental investigation of gas phase alkali
metal chemistry, development of detailed
chemical kinetic model
= Validation of the model with experimental data
= Assessment of practical implications through
modeling
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Modeling, Design, Operability and Analysis of Readbn-Separation Systems
with Recycle

Abstract

This overview presents a methodology for a systemmaddel-based analysis and the results obtairad ft for an
integrated design and analysis of reaction-separatystems with recycle that is under developmaeittiinvthe
Ph.D. project. This systematic approach consisthrefe stages whestagel identifies the limiting values of the
design/operation variablestage2 identifies the goal/target values of a relatedodetesign/operation variables and
stage3 verifies/validates the result of stages 1 andt& methodology decomposes the problem in such haty t
every stage generates information (data) and resavsub-set of design and operational issues.iffiloisnation
generation is cumulative so that at the last sigenportant (and relevant) data of the processob®s known
while all-important design and operation issuesobse resolved. Two reaction-separation systems e
chosen as preliminary case studies to illustragentethodology.

Introduction Reactor-Separator-Recycle systems. In this overview
Processes with Reaction-Separation-RecyBl8F we will highlight the application of the methodoijog
configuration are common in chemical industries anthrough examples oRSR processes reported in the

usually show high sensitivity to changes or distmdes literature.
in the design/operating variables. Some of the it
causes for these behaviors are the nonlinearitthef Methodology
process and kinetic models, the specified perfooman The methodology consists of three stages (see Fig.
of the separation units and/or the amount of peirge  1a for methodology and Fig. 1b for process flowshee
the recycle streams (including mass or energy tefyc In the First stageof the approach we derive a simple
model and analyze its solutions. Through this asialy
The study of the behavior ®/8#SRsystems becomes some important characteristics of the process, for
relevant for an integrated design and (plantwideml example, critical parameters and constraints (sagh
at the early stages of the conceptual design, aoriht  critical conversion, bifurcation points, etc.) cdme
only the recycle structure of the flowsheet can balentified. This is feasible since idealized mod=s be
established but also the overall performance of thesed to characterize the process design/operation i
system can be assessed. On the other hand, for teems of representative parameters that lump the ma
design and control issues, it is important to fih@ variables of a process. For example, in reactoigdes
most appropriate set of parameters and conditioms, the kinetic rate constant, the reactor volume aedi¢ed
order to identify the possible reasons for distndes flowrate are grouped into the dimensionless paramet
(sensitivity) so that the process can exhibit atedbet known as the Damkdhler numbebd). Since this
performance ([1]-[3]). The first important step,number is usually employed to evaluate the reactor
however, is to identify a reliable process model. performance, consequently, the analysis in thigesta
able to guide the user in making design decisions
The objective of this Ph.D.-work is to develop ahrough such lumped variables (parameters).
systematic integrated design/analysis approach for
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Figure 1: a) Methodology overview, b) Flowsheet considere@fieaction-separation-recycle system.

Once an initial identification of a selected sekey which is obtained with respect to the feed to ty&em
process features has been made, it is possiblertorm  of a component of reference (componektin the
an analysis with more detailed (delumped) modelpresent example), for instanesg,= Ss/Fa. Greek letters
Thereby, in thisSecond stagea more detailed and will represent flow ratios such as recoveries (eygs=
realistic analysis is possible and characteristitat Y,/S,).
could not be seen in the first stage (for examfaed
flowrate) are now identified. The model developmengtage 1 Considering the recycling of unreacted
can be as complex and complete, depending on tB@mponentsA and B (ays =fs =1), removal of all
available process knowledge and understanding. Tb?oductC (#.s= 1) and no purge\(= 0) as in [4], the
results  from this stage will typically be following simple steady state model is obtaineteims

design/operational variables such as feed flowrategs 5 pa number of second order (Gon2VHIF,) as the
reaction yield, reactor volume, etc., that is, &blés majn variable of design as

that define process flowsheet and/or its operation.

2
Finally, as a Third model-based analysistage [a)(ix‘*)-us(ya-lhucwcyb} 1)
process simulations with rigorous built-in modele a Da-=— =0
used as a means of comparison and verificatiomef t MuB(yB—l)
results (design decision) from the two previougeta *a

In Eq. (1) the value of the conversion Af Xa, is
calculated for specified values &fa with all other

Case Studies variables specified (given on a dimensionless basis
For this overview, we are highlighting the model-molar density o8 = us = ps/pa; recycle ofB =y =
based approach through two well-known case stuliies. Ys/Fa; molar density of solverd = vp = pp/n). This
this way we can confirm the results obtained presfp quadratic model gives autputmultiplicity (two values

as well as provide new insights. of conversion at the saniza number, as shown in Fig.
2. If Eq. (1) is differentiated with respectipand set to
Case Study 1 zero, we can identify the critical design/operagion

In this example, the second order reaction schemeparameters of the process in termsxgf and Da”, as
+B 0 - Cis considered. The reaction takes place in agiven by Egs. (2) and (3), respectively.
isothermal continuous-stirred-tank react@S{R, the
separation section is modeled aspétter unit and some  « _ 1 2)
of the unreacted raw materials (mainly) are redcle™ 1+, (y,-1)+u.+0,Y,
back to the reactor through mixer and also the
possibility for apurge is considered. The modeling
basis is a steady-state operation. Fig. 1b repiesee pgor = 4 g (Yo =) +Uc+U5Ys | 3)
flowsheet for ERSRsystem. Ug (Ve 1)

According to Fig. 1b, the following nomenclature is
used: the molar flows of the feed of the system,
reactor’s feed and outlet, splitter’s top and hottand
recycle stream and purge &eM, S, Yp, P, YandL,
respectively. In general, sub indices will be ugedefer
to the components, while variables written in lowase
will represent flow rates on a dimensionless basis,
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Figure 2: Results obtained from the Second-order Figure 3: Methodology's stage 2: Conversion of
reaction in CSTR-separator-recycle. Using Bildea’s c0Mponeni and recycle oB with respect to the feed

specifications

ratio.

The simulations, however, could only find one (lgh

Stage 2 In this second stage, we now ‘delump’ theconversion one) while the second (lower conversisn)

model from Stage 1 by removing some of the only obtained by changing

the feed flowrate

assumptions used there. The recovery factors add #pecification ofB (see Fig 2). This points to the risk of
reactants feed ratio (flow oB/flow of A), fs, now making design decisions with lumped parameters and
become variables of design. The new model takes thgat these need to be verified through delumpedetsod
shape of Eq. (4), wherg, is calculated for specified For this example, th®a is useful in identifying the
values offp, Fg, Vg, ki andpa. Note that théda is now  operational limits, while the delumped variableg ar

calculated as a function of the process conditidssa
consequence, instead of having @utput multiplicity,

useful for defining the design/operation target{Ehe
presence of the “snow-ball effect” was also observe

an input multiplicity appears, where a single value ofwith the process simulator.

the recycle flow is obtained for three values @deatio

(Fig. 3).

KOk _

OX,

Case Study?2
Let us consider now the isothermal first-order

consecutive reaction systew - B0 9. C, where
the intermediate produd is the one of interest. The

X
F,  o-a,¢1-x,)
same flowsheet as in Fig. 1b is considered.

2
1-X, X,
<0’—((JY 5(1)—xA)+waB+J—aY 5(1C—XA)+UDyD> . , i, _
' ’ Stage 1 In this case neither the recycle Bf(3,s= 0)
W (1-x,) nor purge X = 0) are considered and componénts
(0-ay5(1-x,)) (4)  taken out of the system(s = 1). Again, as in the

previous example, the system can be also charaeteri
in terms of theDa (this time of first order) as design
variable and the conversion of reactar{see Eg. (5)).

oo fB(U‘aY,s(l‘XA))‘UXA:l
wheret? :i:(a'—ﬁ('s)(o'—(]\ﬂ J1-x))

o=1(t4) ) =0 (5)

(1-x,) (1-ay 5(1-x,))

Da-

From a controllability point of view, it can be ttd

that as the value d§ approaches to 1 a high sensitivity (1—x )2 )
to this parameter is observed and the possibifitthe p; = Da A —, wherek, = k,/ k (6)
“snowball-effect” therefore increases. Note als@ th 1-X, (1‘ kz))

high recycle flow value in Fig. 3.

o ) ) ) Figure 4 shows the effect &fa over the yield of the
Stage 3 The objective of this stage is to verify theproductB, ps, as is also evident from Egs. (5) and (6). It
results fromstages land 2 with rigorous simulation. s clear that as the value of tBa increases the yield of
For this purpose, simulations have been performiéll W componentB should increase also until it reaches a
ICAS ([3]) that provides a process simulation eeginmaximum from where, it should decrease as the
with in-house models trying to look for the twoproduction ofC is favored. It is important to note the
solutions (two values of conversion at a given gabd positive effect of the recovery of componeatbn the
Da) predicted by the simplified lumped model. value ofpg and how the location of its maximum moves

towards lowDa values as the recovery increases.
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Yield of componenB

Da number
Figure 4: Yield of product B in the 'simple’ model.

Stage 2 Having identified the effect of thBa and ay s
over the conversion ok and the yield oB, as well as

reactants in a specific amount, but not variatibthese.
While these issues, obviously increases the coriplex
of modeling, through this three-stages model-based
analysis of a process flowsheet it is possible to
systematically identify the operational limits @kigh
lumped variables) as well as conditions of operatio
(through delumped variables).

The results derived from the model-based analysis
are useful not only to identify operational conisits
and/or limiting conditions, but also to determirtee t
appropriate control structure needed in order tomtaen
operational targets such as yields or conversibis &
feasible since according to the systematic modsé¢ta
approach, the optimization variables in design taee
manipulated variables in control while the state
variables defining the condition of operation (esin)

the locus of its maximum let us now consider th@re the variables being controlled. Current andréut

recovery of componenB (even though this could be
counterintuitive) and also the possibility of purge

As in Case Study 1 thBa number is calculated
from the design variables, being this time, mairhg
recoveries of componentsandB and the inlet flowrate
of A. Fig. 5 shows the effect of the recoveryBobver
the conversion ofA and the yield oB as well as the
recycle flowrate oB. Here it is important to remark that

as B.s approaches 1, the presence of the “snow-balt
is not

effect” is observed. Thus, this recycle
advantageous since the mé@és recycled the yield d8
decreaseg).

=
o

0.8

o o
2.

0.5

o
i

0.34
0.24
0.14
0.0

Conversion ofA, x, and
Yield of componenB, p,
A ‘misuodwod Jo aj9£29Yy

Po R, N W bh 0o N o ©

06 08
Recovery of componei, B

Figure 5: Results from Stage 2 for a consecutive-
reaction system.

0

Stage 3 For the verification stage the simulations were
again carried out in ICAS, confirming the results3.

obtained from the two previous stages (‘bulletsFig.
4).

Conclusions

As the recycle stream couples the reaction anAEi
separation units the behavior of the system can be

significantly different from that of the individuainits
([6]). Moreover, some of the previous works ([4]])[6

work will highlight this aspect of the model-based
analysis approach.
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Activation of Methane by Partial Oxidation in Membrane Reactors

Abstract

Ceramic membranes are made by flame synthesis vangamo-metallic precursors are decomposed inraefltn
produce nanometer sized particles. By depositiegetparticles on a porous substrate, it is posiibteduce the
pore sizes from micrometer range to nanometer rangeone-step-process. This has in a previous/diedn done
with MgO, Al,Os, and MgALO, spinel achieving pore sizes down to approxima2e/nanometers. The produced
membranes show good mechanical stability. For thesegmt study, the aim is to produce dense or porous
membranes, which can be applied in a membraneorefactcontrolled partial oxidation of methane.

Introduction syngas[2,3,4], but the fabrication of these memdsan
Methane resources are often found in desolate ,areby the traditional thin-film techniques is difficubnd
which make it difficult to exploit, since the tragmmst the materials are expensive. Flame synthesis oHers
expenses are prohibitive. Also, methane found taget potentially better and cheaper way to produce such

with oil is a hindrance, since the methane must b@embranes.
removed before the oil can be pumped to the surface
Therefore, the methane is - in some cases - flared Specific Objectives
order to get to the oil. This represents an enosnou The scope of this Ph.D. project is to develop
contribution to the C@®emission and is energetically membranes that are selectively permeable to oxpgen
very undesirable. It is estimated that with therenot flame synthesis. These membranes can then be coated
level of methane consumption, the methane reservedth a catalyst layer to enhance the formation b t
would last approximately twice as long if all thedesired reaction product, in this case methanol.
methane could be exploited [1]. Much research has
therefore gone into processes that convert metitdoe Flame Synthesis
liquid products, which more economically can be Flame synthesis of ceramic materials can be done
pumped in pipelines and transported in ships. This by dissolving organo-metallic precursors in an aiga
already be done by steam reforming, where syng&s (Golvent, which is then vaporized into a flame zone
and H) is formed from CB and HO at high where the solvent and precursors evaporate and
temperature. The syngas is a feedstock for thdytiata combust. This results in an oxidation of the metal
production of a variety of bulk chemicals such agrecursors to metal oxides. The metal oxide mokul
ammonia and methanol. Unfortunately, the plant fowill nucleate due to the high supersaturation and
reforming of methane is large and requires suhsfantinitially formed particle nucleus will subsequengyow
investment, which is not viable for offshore apgtions by coagulation and sintering. This variation ofnila
or in remote areas. It is therefore necessaryno #in synthesis is called flame spray pyrolysis (FSP).
alternative route for making liquid products from Flame synthesis can also be done by
methane. For this reason partial oxidation of math® evaporating/sublimating a liquid/solid metal compdu
methanol has become attractive, since this readfioninto a carrier gas, which is then fed to a hydrogen
slightly exothermic and it therefore, in principtan be methane flame. In this way the dissolving and
done without any external heat source. vaporization steps are avoided and a more uniform
Membrane reactors where the outer wall acts as @anoduct is normally achieved, but the method is les
oxygen separating membrane reactors has already bdexible, and the number of stable precursor mdesu
proven as a possible method for oxidation of methttan is limited.
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Figure 1 shows the setup for flame synthesis by. FSResults
The setup consists of a syringe pump dosing the Ceramic powders such as BMgO, Al,O; and
precursor solution to the nozzle where the air fokMgAl,O4-spinel have been produced by flame synthesis
atomizing the liquid also enters. The liquid isamd [6] with specific surface areas ranging from ldsant 1
into the flame zone, which is sustained by suppgrti m?/g to more than 300 #y. This diversity makes the
hydrogen flamelets. method well suitable for both production of theuadt
membrane layer and the catalyst layer that is dedrio
be deposited on the membrane wall.

Figure 3 shows a SEM picture of a MgO-membrane.
It can be seen that the membrane layer does not
penetrate into the substrate pore structure. A gdan
from 8 um substrate pores to a thin layer with Knudsen
separation factor is obtained in one depositiop steer
the time-scale of an hour. The formed membranerlaye
has good mechanical stability and no additionaintizé
treatment is necessary.

(6)

(]

Figure 1. Drawing of FSP setup. 1) Precursor solution

2) Syringe mounted in syringe pump 3) Nozzle 4) Air )

inlet 5) Hydrogen for supporting flamelets 6) Amet ) ! s . - AN

for quench cooling ring 7) Particles suspendedhis g Figure 3. A SEM picture .Of a Mgo membrane. The
coarse substrate structure is seen to the right.

At a given height it is possible to inject air intbe
flame zone and the product gas will then be quen
cooled, thereby effectively freezing the sinterin§
collided primary particles. The outlet gas will tain
suspended particles with morphologies ranging fro
completely spherical to dendritic aggregates deipend
on the experimental parameters.

(Jl%iscussion
It is possible to operate the flame reactor, sd tha
spherical particles are produced in different samges.
his is exploited when producing membranes by
eposition, but when the objective is to make dense
oxygen conducting membranes this method has to be
combined with some post treatment, which could be
thermal treatment in order to sinter the top lagetit
&guld be CVD on top of the nano-porous membrane.

substrate tube (or surface) as a nano-particler fifi]. It also remains to be shown that nano-porous

The product gas from the flame reactor can be giiJCI(Qwembranes can in fact be produced with materias th

through the porous substrate by a vacuum pumplmerecondUCt oxygen.

creating a thin filter cake on the surface of thbstrate.
The top-layer can be deposited directly on a copose .
p-iay P y pos Nano-porous ceramic membranes can be made by

structure (>5um) due to the “lack” of fluid forces on f o

i . : .. flame synthesis in a one-step-process, but pcasintent
the particles compared with the forces in a “qu'(?s needed to produce dense membranes needed in this
suspension when colloidal suspensions are applied. tud

Figure 2 shows the working principle of a membrand "

deposition unit. The particle containing gas frone t Acknowledgements
flame reactor is sucked through the tube (axialjend Special tha%ks to the STVF who has funded this PH.D
the same time suction is applied through the porou§J U
substrate (radial), thereby depositing particlet dhe

Conclusions
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The Effect of Formulation Ingredients on the DryingKinetics and
Morphology of Spray Dried Enzyme Suspension Parti€ls

Abstract

In this work drying kinetics and morphology develmnt of suspension droplets containing enzymes are
investigated through drying of 200-300pum droplets iDroplet Dryer. The droplets experience frekifieh heated
drying tower (25-225°C) where the water contenttlué droplets is determined by in-line sampling tiyio
sampling ports in the tower walls. Morphology istatenined by capturing the droplets in silicon oil lauid
nitrogen. Droplet drying kinetics and (possibly) npioology development will be built into a drying de, and
suggestions for increasing the drying rate whitaining a solid, spherical, high-density particlehwgood friability

will be given. The experimental set up is curreirtlyhe construction phase.

Introduction 4. Mathematical models to correlate experimental
This text will give a brief introduction to the fieof data to simulate whole dryer performance by
suspension droplet drying kinetics and morphology  predicting droplet drying rates and drying
development in relation to spray drying processes, behaviour.
product quality and development of improved product The increased application of spray drying to preduc
properties. The text will give the current statdstlee high value products e.g. for the pharmaceutical,
research performed in this PhD project. cosmetics or food industries, where the cost okfiray
Spray drying processes are used throughodtying stage is less important than for e.g. bua&ds
numerous industries for the production of easy-tssuch as milk powder, has greatly increased thesfocu
handle, easily transportable, storage stable péatee a detailed understanding of the droplet drying pssc
solid products. A list of products where spray dsyare With the introduction of computational fluid
applied includes: Pharmaceuticals, foods, chemicaldynamics (CFD) to simulate gas and particulate amoti
cosmetics, detergents, ceramics, dyes and fertl{d¢. in a spray dryer the interest in droplet/partictgimly
Spray drying is characterised by being a unique wawte and its effect on particle morphology haseased
of producing a particulate solid product from ausioin, further. The drying rate as well as the qualityacdpray
suspension or paste in a single operation. dried product, e.g. with respect to friability (i.e
Studies into spray drying processes havmechanical strength), flowability, bulk and paricl
traditionally focused on [2]: density, particle size distribution (PSD), low naig
1. Atomisation studies, where droplet sizecontent to ensure good storage stability of active
distributions, feed characteristics, atomiser desigingredients (e.g. enzymes, flavour, aroma, etcs), i
pressure/rotational speed and throughput aggreatly dependent on the particle morphology [3,4].
investigated. The drying rate and the morphology of spray dried
2. Studies of gas flow patterns and droplet/particldroplets/particles depend on both liquid suspenéien
residence times. formulation) and process conditions. Some parammeter
3. Single droplet drying studies, which giveare — for the most common case where hot air id tese
information about the development of particledry off solvent water:
morphology. * Formulation:
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0 Solid content, size and size distribution ofcontrolled from 25-225°C. The air introduced inteet
primary particles in suspension, polymericdrying tower runs co-currently with the dropletsoirder
material with high molecular weight, to stabilise the droplet flow and allow for wellfohed
inorganic salts which may lower the vapouresidence times.
pressure, initial  droplet temperature,
viscosity.

» Process conditions: 75m —p=

0 Temperature and relative humidity of drying
air, air/liquid flow rate, droplet size, injection
velocities of droplets, etc.

The desire to produce particulate products with
specifically designed properties is great e.g. le t

pharmaceutical and food industries. The only way to
increase the knowledge about droplet drying and 2000mm =
morphology development is to perform experiments an _
attempt to model the drying rate and morphology in AIr temp. meas
dependence of the parameters just listed.

1000m

Specific Objectives P
The primary objective of this PhD project is to 7z
increase the knowledge about the effect of fornmmat 7000mnlr

ingredients on the drying kinetics and morphology
development in suspension droplets formed by Air ou — %
atomisation.

Through experimental work on a new set up (see _ . . )
description in section “Experimental set up” ang.Fi  Figure 2: Sketch of basic design of drying tower.

and Fig. 2) data will be generated, which givgroplets and drying air is introduced in the topl dhe

information about drying kinetics and morphologicafiroplets dry while falling downwards _
development. Through the sampling ports in the stainless steel

drying tower the droplets can be sampled and their
Experimental set up water content determined by a method briefly desdti

The experimental set up used in this PhD project |8 the following:

named a Droplet Dryer and a preliminary set uplban  Droplets can e.g. be collected in a cup in which th
viewed on Fig. 1 and Fig. 2. A picture of the depl atmosphere is controlled and taken out for moisture

generator unit is seen on Fig. 1. removal an(_j _detgrmination by drying on siIic_;a g_’_eﬂe
water remaining in droplets after the sampling riedl
off in an oven giving the water content. Another
possible water determination method is that of Karl
Fischer where methanol and other chemicals are tased
give the total water content — see e.qg. [7].

For qualitative evaluation of the morphology of the
drying droplets/particles, these are caught in e.qg.
neutrally buoyant silicon oil, which stops the
evaporation by encapsulating the droplets. Thesebea
) isolated and the morphology determined by light or

- electron scanning microscopy.
’:Dryiwei* % Dry particles are also sampled from the Droplet
A

’ Rofating culting Wit

Dryer experiments in order to evaluate their filiabby
exposing the particles to controlled impact and/or
_ shearing conditions. The mechanical evaluationhef t
Figure 1: JetCutter droplet generator particle friability may be performed as describadhe
Droplets are generated by a JetC(ttdorcing the work of Jargensen [8], who investigated differeypets
formulated liquid through a nozzle of size 100-360u of enzyme granules.
creates a liquid jet, which is cut into cylinderg & Examples of wet droplets and solid particles
rotating cutting wire (48 wiresw = 500-8500rpmg,ire produced by the JetCutfecan be seen on Fig. 3 and
= 50/90um). The surface tension will then transfone Fig. 4. It is observed that the droplet distribatio
cylinders into spherical droplets. A more detailedProduced is relatively narrow, which is promising f
description of the JetCutfétechnology in given in [5] future experiments.
and [6].
Liquid droplets now enter a heated drying tower
(sketched on Fig. 2) where the air temperature bEan
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Test 57 { » Wet droplet collection and water content
111-6 ! . . . .
P1-INSP2-D determination has to be implemented together with
a sampling method for droplet/particle morphology

determination.

Experiments will be performed on formulated
suspensions containing undissolved particles tegeth
with different binders, inorganic salts, enzyme
stabilisers, etc. These are all materials whichehav
decreasing effect on the drying rate since theetaive
water activity or cause the droplet to form a skin
through which water vapour from the wet dropletecor
e e, T slowly diffuses to the droplgt surface and away.
08.10.2003 Pt 1 50:10:580(550):60:10:800 The droplet and particle morphologies are very
Figure 3: 2wt.% Na-algeniate droplets caught in much dependent on the formulation ingredients.
2wt.% CaC} solution. JetCutter settings: Rotational Polymeric materials have a strong tendency to farm
speed of cutting wires: 4000rpm; Flowrate throughsSkin around the drying droplet and thereby reduee t
nozzle: 0.3g/s; Nozzle diameter: 200pm. evaporation rate considerably due to the reasosis ju
described [2]. As opposed to these (expected) skin-
!ﬁsf 557 e B forming_ polymers and vyater-ac;ivity—dgcregsing salt
2389pm | the undissolved suspension particles will give citie
A to the drying droplet and thereby increase thendryi
- e rate by allowing for capillary transport of liquidater to
the droplet surface. This will prolong the periotiare
the surface of the droplets is saturated with dgand
the evaporation rate therefore is high.

1-INSP2-D

Modelling

A droplet dries in two phases. THest phaseis
usually termed the constant rate period (CRP). teze
droplet surface is saturated with liquid water d@hd
: drying rate is determined by the rate at which wate
5 iU et il vapour can be convectively transported away froe th

087 G- S saturated surface, i.e. by the film resistance
. . 0, _ H i 0, L .
Figure 4: 2wt.% Na-algeniate caught in 2wt.% CaCl L = i 0o ¢ inorganic salts or other dissolved

solution and dried in a Petri dish. JetCutter sgti compounds in the formulation liquid will lower the

E?;it'%nﬁgzsz(;_eg ;(3) f /gyt\tllggz;gﬁ:rni?gfrg(% I;:owrat vapour pressure at the surface and therefore dertha
9 - 9.50S, ' Hm. evaporation rate. This may lead to a continuously
decreasing evaporation rate during the CRP sinee th

Results and D|scuss_|on concentration of dissolved compound continuously
So far no experiments have been conducted wheé_‘e

the drying rate or morphology have been determine treases when the water evaporates. This effégtive
Instead the spreading of the droplets after theye ha uestions the use of the term ‘constant rate’ perio

: P As an example a saturated solution of sodium
been formed by the JetCuﬁ’els quanuf!ed n _order to chloride will have a water activity of 0.75 at 25°&hd
establish the necessary drying tower dimensions.

; 4 o saturated sodium sulphate solution has a watevitgcti
In a bulleted list the following plan is laid dovior o o
the work during autumn/winter of 2003/2004: of 0.94 at 25°C and 0.88 at 37°C. Therefore, tliecef

. . .. of salts on the vapour pressure of water shouldbeot
» Establish droplet flow pattern in order to speC|fyb b P

. . lindly disregarded.
the Droplet Dryer tube diameter (length is set at As a first approximation the vapour pressure

max. 7m by the height of the process hall bu"dingbecrease due to dissolved compounds is neglected

Design air inlet, isolation of droplet generat@mr  qring thefirst phaseof drying and the mass balance for
hot air stream in the drying tower. the drying droplet becomes:

» Final offer and purchase of “hot solution” for the dm
drying tower, i.e. stainless steel tube, flanges, —=k,M,S(G - G.) 1)
sampling ports, heating tape to maintain constant dt ) o )
drying air temperature, initial heating and relativ Wherem [kg] is the mass of liquid in the droplefs] is
humidity of drying air. the time; k,, [m/s] is the convective mass transfer

« Air temperature profile determination inside thecoefficient for water vapour at the droplet surfasehe
drying tower. bulk drying air; § [m?] is the droplet surface area

(=47Ry); R, [m] the droplet radius;C, and C,
[mol/m’] are the water vapour concentration at the
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droplet surface (indek for interface) and in the drying thereby decreasing the evaporation rate and thuisggi
air bulk phase, respectivelyMy, [kg/mol] is the the alternative name for the second phase of drying
molecular mass of water. namely thefalling rate period

Since the droplet shrinks during the CRP the

equation for the relation between the mass losstiamd Vet core with a

droplet radius is given: receding Drying gas +
P g dR, liquid/vapou Wa){ergvgpour
am _ 477Rp2 0 — 2) interface at R

dt dt
whereg [kg/m? is the liquid density.
An energy balance for the suspension droplet is set
up to account for the transport of heat to and fthm
droplet (including the assumption that the drojias
uniform temperature, i.e. the wet-bulb temperature)

DRry (porous)
crust/skin

dT Figure 6: Model of drying of a slurry droplet during
(”LC,) +m Cp.)—p = h$( T- g-)+/1wd_m (3) second phase of drying (falling rate period) after [9]
® dt dt

wheremy [kg] is the mass of solids within the droplet However, there are also results which indicate that
(most often safely assumed to be constant, i.esofid the film resistance to mass transfer at the particl
evaporates or is lost during drying);s andCy [J/kg/K]  surface should not be neglected even in the second
are the heat capacities of the solid material dm tphase of drying [9]. It is very much dependent be t
liquid (water), respectivelyT, [K] is the temperature of remaining formulation ingredients which influendeet

at the droplet surfacefl,, [K] is the bulk drying air drying rate, whether film resistance is negligitleing
temperature andAy [J/kg] is the latent heat of the second phase of drying.

vaporisation of water at the droplet surface terapee. The mass and energy balances for the second phase
The CRP can be described by the following modaeif drying can be described briefly with the intratian
of the drying droplet (see Fig. 5). of a mass transfer resistance in the crust givera by

Maxwell-Stefan type diffusion, which accounts for a
flux which is unidirectional [9]

Drying gas + dm _|M,,D,P,, P.-P, 1 (1 1
water vapour a1 RT In R-P " T%_TQ

(1)
where Dy [m?s] is the diffusion coefficient of water
vapour in drying airPr [Pa] is total pressure of water
vapour and air (=10Pa) in the drying aifTa. [K] is the
average temperature of the crust, i.e. somewhere
betweenT; andT,, whereT,; [K] is the temperature at the

Figure 5: Model of drying of a slurry droplet during ~ Wet receding interface core surface ahd[K] is the
the first phase of drying (CRP) after [9] temperature at the crust (i.e. particle) surfazd:] is
the void fraction of the dry crust, and the exponeista
During the second phasef drying the moisture Pparameter giving the relationship between the porosity
transport through the porous structure to the @topland tortuosity of the crust and assumed to be equal to 1
surface is no longer fast enough to ensure a sutfet  [10]. P and P, [Pa] are the partial pressure of the
is saturated with water. Instead a solid crust/$&ims Vvapour at the inner and outer surfaces of the dry
and a liquid-vapour interface recedes towards #mgre ~ Spherical crust, respectivelf,; is assumed to be the
of the drying particle, thus leaving a dried croehind Saturation pressure of vapour at the wet core
through which the water vapour produced at thtemperatureR, [m] is the radius of the dry spherical
interface by conduction of heat from the particleface crust, i.e. the particle diameter, whiR [m] is the
diffuses. Before the heat is conducted to the diqui diameter of the wet core.

Suspension particle
solvent (water

Pure solvent
(water)

vapour interface it is transferred by convecticonirthe The heat flow to the wet core is transferred first by
bulk phase drying air to the outer surface of theonvection from the ambient air and then by conduction
crust/skin. through the dry crust. Thus assuming quasi-steady state

In thesecond phasef drying the resistance towardsconditions the temperature of the outer and inner surface
drying is typically controlled by the rate of diffion of Of the crust can be calculated. It is assumed that the
water vapour through the more or less porous akigt/ temperature at the inner surface of the crust is equal to
e.g. [1]. As sketched on Fig. 6 the drying partide the temperature within the wet core since, since the
usually considered as a dry crust with a wet cotéch  thermal conductivity here is assumed to be much greater
shrinks as heat is transported to the wet coraseifind than the thermal conductivity within the porous crust.
water evaporates and diffuses through the crust/skilhe inner surface temperature is calculated via a heat
The diffusion becomes slower as the crust thicker@lance. The sets of ordinary differential equations in
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order to reach droplet mass, diameter, temperature, a@Rdferences

cru

temperature,

ambient.
droplet

st thickness as a function of time,
relative humidity, and initial

diameter can be solved using a fourth order Rungé-
Kutta method [9].

Only the most basic models have been presented

here. Using FORTRAN programming more complex.
models for drying rate and implementation of possible

mo
intr

rphology development description [11] will also be
oduced and their validity discussed based on

experimental data collected from the set up described in

the

‘Experimental set up’ section. 4.

Conclusions

A Droplet Dryer experimental set up is being

constructed in order to investigate the effects of
formulation ingredients and drying process conditions.

on

the drying rate and morphology of spray dried

suspension droplets, which may contain enzymes.
Droplets are generated by rotating cutting wires, which

cut

a liquid jet into cylinders and surface tension the6.

transforms the cylinders into spherical droplets. These
droplets are dried in a 7m high drying tower where
sampling ports allow for a determination of the drying.
rate and morphology development as a function of time.
The temperature of the drying air in the tower can be
controlled between 25 and 225°C.

The drying rate and morphology development i8.

modelled using mass and energy balances and models

for

the formation of the crust. The crust formation

separates thdirst phaseof drying (CRP) where the
droplet surface is saturated with water from ¢skeond 9.
phase of drying (falling rate period), where water
vapour diffusion from a wet shrinking core inside the

dry

the

crust/skin is expected to control the drying rate.  10.
By changing parameters such as
Temperature and humidity of drying air;
Solid content, size and size distribution of primary
particles in suspension;
Effects of adding polymeric material and inorganic 1.
salts;
Viscosity of formulation
investigation of how formulation ingredients and
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Transformation of Ash-forming Elements during Thermal Conversion of
Annual Biomass

Abstract

The usage of annual biomass as a fuel in combieatl dand power plants has proven to be a technizdlenge.

This is among other things due to the fuels highceatrations of the elements potassium, chloriree stfur. In

this Ph.D. project, the transformation and releafs€l, K and S during thermal conversion of annbialmass are
investigated at grate-combustion conditions. THeiémce of combustion temperature and ash compasgn the
quantity of Cl, K and S released to the gas phaseletermined. The aim is to establish the relessehanisms of
Cl, K and S and the parameters in control of treegimse release.

Introduction combustion conditions and fuel composition needseto
The use of annual biomass such as straw, stalks angestigated.

shells in heat and power generation is an intergsti

option in order to provide renewable energy and to Emissions

reduce the net CQOemissions. In Europe and North SO,, HCI

America, straw is the most available biomass resour - T

with a yearly production around 800 million ton§.[th

Denmark, straw is a particular interesting bio-fsieice

it is an agricultural waste-product being availalnie

surplus. However, the use of straw as a fuel inkioed

heat and power plants has proven to be a technical

challenge. This is among other things, due to the ,

relatively high concentrations of the elements: Secondary air

potassium, chlorine and sulfur. Formation of acidic ——

| |
/_—\grpso@/’l I
KCi(s), St
s 'ﬁ%‘w/ oy
// )
., HCl, SQ, KCIIKOH /

SO,, HCI
K,SO,(s), KCI(s)

}

= s
~ee N~

Vaporization +
entrainment

. . ; Fl h outlet
pollutants and high mass loadings of aerosols heget ®°mss (KC! + K50,
with deposition on heat transfer surfaces of paéint T T t s \
corrosive components are among the encountered Primary air Botiom ash outlet

bl 2.4 (K,S0O,, KCI, K-Ca-Silicates)
proTr?én;S)r[oblg.matic behavior of the CI-K-S system igigurel 1 IIIl_Jstration.of the release and fate of CI, K
linked to the volatile nature of the salts, KCI a¢¢80,. and S in a biomass-fired grate-furnace.
During the conversion of annual biomass in gratedfi
furnaces, Cl, K and S are partly released to the g§p
phase as illustrated in Figure 1. However, Cl, i &
may also be partially retained in the bottom adhthns
transported straight through the system. Cleathg t
extent of Cl, K and S release to the gas phasidstly
related to the problems mentioned above. In order t .
predict the impacts of a given fuel in the comrsti * Quantitative assessment of the CI, K and S release

system, the release of Cl, K and S as a function of the gas phase from various biomass fuels

ecific objectives

The objectives of the present Ph.D. project are to
investigate the transformations and release-mesheni

of ash-forming elements during thermal conversiébn o
annual biomass. This includes:
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« Investigating the influence of secondary reactiohs
inorganic species in the fuel-bed

< ldentification of the parameters which control the
gas phase release

» Development of a release-model for the majol
inorganic species (Cl, Kand S)

=
Qo
[=]

©
=]
L

o Carinata
o Oat

@
=]
L

o Barley
x Wheat

K release (%)
iy
o

Results and Discussion
Quantification of Cl, K and S release: Using a

n
o
L

laboratory scale reactor in investigating the redea 0 2 ; ‘ ‘
behavior, the combustion conditions can be cangfull 400 600 800 1000 1200
controlled. To simulate the heating rate of an stdal Combustion temperature (C)

boiler, an experimental procedure is utilized whéT® rigyre 3. Release of potassium as a function of
biomass sample is inserted into a hot reactor. Tfﬂ@mperature.

release of Cl, K and S from the sample can be dfieaht

by a chemical analysis of the residual ash and 88m&assium: It is seen in Figure 3 that the releafse
balance on the system. Information about the releagyiassium to the gas phase increases with theedppli
kinetics of Cl and S may be obtained by onlingompystion temperature for all biomass fuels régasd
measurements of the gas phase concentrations of Hitlihe ash composition. Between 20 and 50% of the
and SQ. This procedure is illustrated in Figure 2. total potassium has been released at °@O0At

fm e temperatures above S@Wthe relative potassium release

' Qven: 1 Biomass samples increases almost linearly with temperature untilt60
Gas phase (SQZ,HCI..]I Fixed T & [O,] | different ash content o y P
Release dynamics | ! and composition 90% is released at 1180. The local temperature on the
1

me- grate in grate-fired furnaces is fluctuating, but

frequently above 900-1000 [5]. This implies that

significant amounts of the fuel-potassium are reato
“““ ﬂ"“" the gas phase during grate combustion of annual
, biomass.
Ash residue

It is furthermore seen in Figure 3 that the releafse
potassium is greatly affected by the ash compasitio
The biomass fuels with the higher Si and lower CI
content relative to K (oat and wheat straw) displag
wer potassium release. Potassium can be incdgubra
to silicate structures [6]. The vapor pressure of
Sotassium fixed in silicate structures is relatyviw,

. o ; which reduces the release of potassium to the lgasep
combustion conditions. The influence of other elstae On the other hand, a high concentration of chlorine

on the release such as Ca, Si and P may be inateslig relative to potassium may increase the volatiliy o

by conducting experiments with biomass fuels of : . -
d?1/‘ferent minergal cogtent and composition. potassium, due to the relatively high vapor pressfr

KCl at combustion relevant temperatures. Thus,
r<]:hlorine promotes the release of potassium to te ¢
phase. This effect is evident for the barley straich
contain substantial silicon but exhibits a reldtveigh
release of potassium due to the promoting effect of
- . chlorine.

Table 1: Characteristics of the annual biomass fuels In summary, the experimental investigation indisate

applied in the experimental investigation. that the release of potassium to the gas phasebwill

Quantification of Cl, K & S release

Figure 2: Schematic illustration of the experimental
procedure for the Cl, K and S release quantificatio

In case of a series of experiments at differeriﬁ
temperatures and oxygen concentrations are corjuct
it is possible to quantify the release as a fumctid

composition were selected for the release invetitiga
As seen in Table 1, the concentration range oKCIS
and Si is particularly broad.

Fuel Wheat Oat_Barley Carinata considerable for biomass fuels containing high am®u
Moisture (%) 8.4 7.8 85 7.3 of chlorine and/or potassium relative to silicom @e
Ash (%, dry) 4.8 38 6.9 4.9 contrary, the potassium release is expected tovwddr
Ca (%, dry)| 035 072034  0.60 high-silicate fuels with low chlorine content.

Cl %, dry) 0.27 0.05 0.79 0.05

K (%, dry) 1.2 055 2.3 1.4

S (%, dry) 0.17 0.14 0.20 0.26

Si (%, dry) 0.79 0.27 0.81 0.05
The experimental release investigation revealed tha
both the combustion temperature and the ash
composition had severe impact on the extent ofkCl,
and S release to the gas phase at grate combustion
conditions.
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fuels is sufficient to retain all fuel-sulfur. Hower, in
the high-silicate fuels, calcium and potassium tare
large extent incorporated into glassy silicate citres.

o Oat The retention of sulfur in Ca-K-silicates is lowerte,

o Barley the sulfur release to the gas phase is observdik to

i\(,:var:?;'a higher for high-silicate fuels.

Cl release (%)

400 600 800 1000 1200

Combustion temperature (°C) o Oat

o Barley

Figure 4: Release of chlorine as a function of
temperature.

A Carinata
X Wheat

S release (%)

Chlorine: It appears in Figure 4 that chlorinedkased
in two steps for the samples which contain subgsthnt
ClI (barley and wheat). Between 30 and 60% is relkas
in the first step below 50C. The remaining CI is
released in the second step between 650 artC8a0he Figure5: Release of sulfur as a function of temperature.
observed two-step chlorine release is in agreemeht
observations in the literature [6]. It has beent appears in Figure 5 that the sulfur releasereaigr
demonstrated that chlorine is released as HCl dutis  than 40% at all temperatures and for all of the
fuel devolatilization at 200-40C. The second release-investigated biomass fuels. This is related to the
step of chlorine is linked to the evaporation ofI{€], ~occurrence of substantial amounts of volatile oigan
which mainly occurs between 700 and 8D@is seen in Sulfur in annual biomass. Earlier work [7] has gaded
Figure 4. This is consistent with the observed dase that _annual .blomass fuels contain both Qrganlcusulf
in the potassium release between 700 and@@6r the and inorganic sulfate. The organic sulfur is reseat
fuels rich in chlorine as shown in Figure 3. the gas phase during devolatilization at 200400
For the samples which have a relatively low cwhereas the inorganic su_lfate is retalm_ad in the.ch
content (oat and carinata), the chlorine release is Altogether, the experimental work indicates tha th
gradually increasing as a function of Combustioﬁulfur_relea_lse in g_rate—flred bo_|ler_s is controlley the
temperature. In general a higher fraction of thel-fu Organic-to-inorganic sulfur ratio in the fuels atfue
chlorine appears to be released at lower tempesafar ~ @ccessibility  of  potassium and  calcium.  The
the low-chlorine fuels. This is most likely an effeof ~accessibility of potassium and calcium is largely
concentration rather than a true mechanistic diffee. determined by the relative concentration of siécat
Significantly less KCI must be evaporated from Ithe- ] ]
chlorine fuels, thus the evaporation rate becomdgfluence of secondary reactions in the fuel-bedah
important at lower temperatures. mdustna[ grate—flred b0|Ierz the height of theefled is
Nevertheless, the investigation indicates thageveral times higher than in the laboratory reactbis
combustion of annual biomass above ®D0esults in ndicates that there could be an effect of scatinghe
nearly complete release of Cl to the gas phase.aghe Ntéractions between inorganic species in the gese
composition or the absolute Cl content of the flmes and unconverted fuel. In Figure 6, the idealizeateyr
not affect this fact. The temperature on the giate ffing process is illustrated.
grate-fired furnaces is typically significantly aleo _ _
80C°C [5], which implies that most fuel-chlorine wileb g ™
released to the gas phase during grate-combusfion o L Devolatzaton  stion
annual biomass.

400 600 800 1000 1200

Combustion temperature (°C)

Secondary reaction front
« Char burnout

Sulfur: In contrast to the observed release behasfio  Straw
Cl and K, Figure 5 reveals that the sulfur releas

appears to be more sensitive to the ash compositam %2
the combustion temperature. In case the biomads fue Pz T T T T T ’T

contains relatively high amounts of Ca and K corefar  gate _ _

to Si, (oat and carinata), approximately 50% of the Primary air

sulfur is released almost independently of the iedpl Figure 6: Schematic illustration of the idealized grate-
combustion temperature. On the other hand, if the 8ombustion process [5].

concentration is high, the sulfur release increasiés

combustion temperature. Calcium and potassiumhare tAccording to Figure 6, a primary reaction front
elements facilitating sulfur capture in the resicagh. It propagates downwards from the top of the bed. ik th
appears in Table 1, that the content of Ca and #én narrow zone, the fuel undergoes heating and drying
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followed by devolatilization and partial combustioh accessibility of Ca and K. Additional experiments

volatiles and char. Depending on the operatinguggested that HCl and $@ay be recaptured by char

conditions, a char-layer of varying thickness remmain in the fuel-bed. Although this is an ongoing

top of the fuel-bed. The inorganic species releasdle investigation, the current results provide the tfirs

gas phase during devolatilization are transportpd umportant steps in establishing the release mesheani

through the char-layer by the primary air. Thisitlades of Cl, K and S at grate-combustion conditions.

that secondary reactions may occur between char and

inorganic species such as HCI and,®0Ontained in the Future

gas phase. This is ongoing work. Effort is being made to
The reactions of HClI and SQwith biomass char establish the release mechanisms of Cl, K and S. An

have been investigated in the laboratory. Char &snpimportant part in the future work is to developetiable

have been exposed to a mixture gf®D, or N,-HCl at  model to predict the release of Cl, K and S asnatfan

different temperatures as illustrated in Figure 7. of the applied combustion conditions and the inniga

composition of the fuel.

2nd ajr (air) pu
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A Predictive Equation of State for Paints

Abstract

With focus on developing a predictive equation tates that could be applied to paint systems, aetsaof activity
coefficient models (ACM) and one equation of s{&eS) were evaluated against experimental dataymmmetric
alkane and polymer systems. It was shown thatésgential for the ACM to contain a free volume YE&m that
takes into account the difference in size betwderntwo components. The Entropic-FV (EFV) model feasd to
be the most successful among all the evaluated A@Msits behavior has been further improved bynaigtng the
FV expression against activity coefficient expenia data of short and long alkanes in asymmeystesns. The
evaluation of EOS was focused on the recently ptegePerturbed Chain Statistical Associating Fitheory (PC-
SAFT) and its modification developed recently by geoup. PC-SAFT was evaluated against experirheata of
different equilibrium types: vapor-liquid equilibm (VLE), liquid-liquid equilibrium (LLE) includig both upper
critical solution temperature (UCST) and lower icat solution temperature (LCST), in a variety ahdry and
ternary polymer systems with non-polar, polar asgbaiating solvents. The overall behavior of PC-SARSs been
in most cases very good in both predicting andetating the above systems with a small interaciarameter,
with makes the model very promising for further leagion in complicated cases such as aqueous polsyséems,
associating polymer systems and blends etc.

Introduction composition and polymer molecular weight will
Paints are complex materials comprising of one @ubstantially assist the paint formulator.
more polymers dissolved in one or more solventslewh  The purpose of this project is to develop a simple
other compounds are also typically present (adsitiv equation of state for predicting multicomponent /
pigments). Typical polymers employed as binders bwultiphase equilibria of complex polymer solutions.
the Danish Paint Industry are acrylics, epoxiesSuch systems are of direct application in the gaamd
phenolics and alkyds. These require water-based ooatings industry, of major importance in the Dhnis
water-organic mixed solvents. The proper choice @ociety. Better understanding of their thermodymami
solvent is crucial in specific applications, fondincial behavior may help in improving existing and
and environmental reasons. The latter have nowrbeco developing new user-friendly paints achieving a th
increasingly more important with the pressure fosame time the targeted properties.
substituting or reducing the volatile organic caorte
(VOCs) of paints. Moreover, the polymer-mixed solve Specific Objectives
system is usually miscible at the formulation sthgé The introductory phase of the project includes an
may phase separate during the drying/curing phasésvestigation of various combinatorial and freeurok
Thus, temperature may have an influence. Traditionaxpressions, which appear in thermodynamic models,
methods employed in the paint industry e.g. Hansdar polymer solutions.
solubility parameters are simple and adequate inyma The purpose of this phase is two-fold: First, to
cases but require substantial experiments and drwestigate the performance of EFV [1], Unifac-Free
sufficient only for yes/no answers (soluble/norugbt). Volume (UFV) [2], Unifac-ZM [3] and Flory-FV [4]
As apparent from the above discussion, the predicif models for various -nearly- athermal systems: akan
phase diagrams as a function of temperature, psswalkane and polymer solutions. The evaluation isiedr

71


mailto:ik@kt.dtu.dk
http://www.ivc-sep.kt.dtu.dk/

out by direct comparison of results against VLEL[J; completely unique value for all systems and hgtand
solid-liquid equilibrium (SLE) [12] experimental @a 1y, is difficult to obtain, a value ai = 1.2 is a reasonable
as well as extrapolated data generated with maeculcompromise. The Entropic-FV model faax = 1.2
simulation methods [13]. becomes now the best model in all situations.
Second, to attempt to improve the performance of
Entropic-FV by adjusting the hard-core volurde of
the free-volume term\( = aV,,, wherea=1 in original
Entropic-FV). The target is to investigate whetlzer

- | :%3) ----- alkeresinPE

single, uniquea-value can be adopted for all the | £ e

athermal solutions considered, covering both sdlven | §y]

and polymer activities and whether this value is of | 5 T daesinPONG S

physical significance. émf -+ = netmdainnioy
Furthermore, the ability of the Unifac-FV and s 5 - - —b st uininkng

Entropic-FV models to predict phase equilibria for (0 heinaeres

1 106 11 115 12 125 13 135 14 145

dendrimer systems has been also investigated.
Value of o-parameter

Dendrimers constitute a new type of complex polymer

molecules, where the predictive performance of-free

volume models that use the group contribution ag@no Figure 1. % Absolute Average Deviation between

has not been extensively evaluated so far. experimental and calculated solvent infinite douti
The following phase of the project includesactivity coefficients, versus treeparameter in Entropic-

evaluation of the PC-SAFT in polymer systems. PGV (Vi=V-aVy,)

SAFT is a non-cubic, segment-based equation oé stat

which was designed specifically to deal with system
containing polymers and associating fluids. The
performance of the original [14] and a modifiedsien 5 J O a— ] e pp——
developed by the group [15] have been evaluateden 2 =4 -~ medumasmmeri )
following areas of application: £53] .
a. obtaining pure component parameters of polar | £32] ""asy”"e‘"‘g
(ketones, chloroform etc.) and associating | & 1o
(water, alcohols, amines) compounds g o
b. predicting and correlating VLE and LLE of 1 105 11 115 12 125 13 13 14 14
complex, branched polymers such as Value of xparameter

polystyrene (PS), polyvinyl acetate (PVAc)

and polyisobutylene (PIB), in alkane, polar andrigure 2: % Absolute Average Deviation between

associating solvents experimental and calculated solute infinite dilatio
c. predicting and correlating binary and ternaractivity coefficients versus theparameter in Entropic-

systems of nylon 6g-caprolactam and water FV (Vi=V-aV,)

that are present during the manufacturing

process of nylon 6This part of the project was

contacted during the external stay at Dutc

State Mines (DSM) company in Holland an¢ 10—

was initiated by the need of the company fg 07| X

such a tool. 2071 X =

3 0-6: '.—"X // g X EXPERIMENTAL
Results and Discussion soal x 7 MRV
The basic conclusions from the evaluation of th &osq ¢ // — - — -EFVdpred

various combinatorial and free-volume expressiams g 22|/ ,/ ERVdop
that the models perform well for the activity ofeth P
short-chain alkaney{) but not for the activity of the 000 010 020 030 040 0% 06 070 08 0% 100
|0ng-Chain One%). weight fraction of solvent

The proposed modification of the Entropic-F
model was based on optimizing the relation of taeth Figure 3: Experimental [18] and predicted activities of
core volume to the van der Waals (vdW) volumemethanol in Polyamidoamine of Generation 2
considering the statement of Bondi [16] tiaie to the (PAMAM-G2) with the Entropic-FV and the Unifac-FV
packing of molecules, a higher thaf, ‘inaccessible’ models.
volume represents more adequately the hard-core
volume. This leads to an expression of the typeaV,, In dendrimer systems, the Entropic-FV and the
(1<a<2). Values of thea-parameter in this range were Unifac-FV models, with no extra fitting parametecan

introduced in the equatidvfzavw and the results of the predict the solvent activity with acceptabl_e accyran
evaluation are shown in Figures 1-2. Although fnany cases. However, due to the special structfire o
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dendrimers, dependable tools such as the van Kaevekolvent systems. The algorithm is robust and tralces
method [17] are necessary for the prediction oirthefull temperature composition curve for both UCSTan
molar volume, which is a parameter that influencesCST type systems through the critical solution
significantly the overall performance of free-volem temperature.
models. The Unifac-FV model is more sensitive to th  When it comes to the evaluation of the original and
value of density than the Entropic-FV model (Fig8je the modified version of the PC-SAFT Eo0S, it hasrbee
which indicates deficiencies in these cases offtthe- shown that the applied simplification is not at the
volume expression derived from the Flory equatién expense of the accuracy of equation of state (taple
state. while the computational time and complexity are
significantly reduced, especially for associating
Table 1: Comparison of the performance of thesystems. For this reason, our focus has been dit¢ot
simplified against the original PC-SAFT in predigti the further evaluation of the simplified PC-SAFTIyon
vapor-liquid equilibria of polymer solutionsk0 in all  With no binary interaction parameter, simplified -PC
cases). Average absolute percentage deviation (HYAABAFT is able to predict vapor-liquid equilibria of
between experimental and predicted equilibriunpolymers with non-associating solvents. In the aafse

pressure curves. associating solvents, a small binary interaction
%AAD PC-SAFT parameterk; is usually needed for the satisfactory
(Simplified) (Original) correlation of the experimental data.
Cyclic hydrocarbons
PS-cyclohexane 13 16 0 0
PS-benzene 28 13 —— methanol-cyclohexane
PS-ethyl benzene 3 6 002 PS-acetone
PS-m-xylene 25 16 oo J: F-05
PS-toluene 18 7 X .
PVAc-benzene 6 10 0.06 1} ; 1
Chlorinated hydrocarbons & N N x®2
PS-carbon tetrachloride 18 12 E0% ;
PS-chloroform 30 11 01] 1 oX" 15
PP-dichloromethane 59 74 X
PP-carbon tetrachloride 55 47 R § 1,
Esters -0.14 :;
PS-propyl acetate 5 21 X,
PS-butyl acetate 3 25 -0.16 ‘ ‘ ‘ ‘ 25
PVAc-methyl acetate 3 2 0 02 molfraction Gy O° !
PVAc-propyl acetate 19 18 Figure 4: lllustration of the method of alternating
Ketones tangents. The solid line is the system methanol (1)
PS-acetone 6 26 cyclohexane (2). The dotted line is the system BS (
PS-diethyl ketone 7 28 _ _ o 1
PS-methyl ethyl ketone 14 12 acetone. The two spinodal points are |nd|cated><lgs§'/
PVAc-acetone 4 7 andx®? . The equilibrium (binodal) points are indicated
PP-diethyl ketone 16 27 el 2 ) _ )
PP-diisopropyl ketone 4 11 by X andX, . Starting from a spinodal point, the
PVAc-methyl ethyl ketone 7 6 equilibrium values can be calculated by solvingdaly
Amines one point at a time.
PVAc-propylamine 4 3 o _ )
PVAc-isopropyl amine 17 16 In general, the simplified PC-SAFT is successful in
Alcohols Bwohdel!mg _LLE, succetssfully ;r)]rg_?]ctmg the Icorrect
ehaviour in many systems exhibiting upper, lower o
PVAc-1-propanol 56 >4 both critical soluti)(/)n ytemperatures. V?/hep:g prediugi
PVAc-2-propanol 84 73 are not accurate, a small value of the binary autéon
PVAc-1-butanol 9 9 parameter is required to correlate the experimetutd
PVAc-2-butanol 39 36 (Figure 5).
PVAc-2methyl-1propanol 29 29
Overall 23 24

In the more difficult case of liquid-liquid equiliia,
a novel method, which has been called ‘the metHod o
alternating tangents’ (Figure 4), has been develdpe
tracing the liquid-liquid equilibria in binary patyer-
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a0 - Figure 7. Comparison of experimental pressure data
[20] with prediction and correlation results withCP
380 . ons o o1 SAFT at 543.15K, for the ternary system polyamide 6

weight fraction HDPE (1) - e-caprolactam (2) — water (3) (binary interaction
Figure5: Liquid-liquid equilibrium in the system High Parameters: prediction; -0.07, ks=-0.04, ks=-0.011,
Density Polyethylene (HDPE)-butyl acetate. Theeyst cOrrelation: k=-0.07, ks=-0.11, k3=-0.011).
displays both upper and lower critical solution )
temperature behaviour. The experimental data are fr Conclusions _ _
Kuwahara et al. [19] for molecular weights 13 60da N the recent years, there has been an industzd to

64 000. Lines are simplified PC-SAFT correlatiorithw COMe up with a thermodynamic tool that would beeabl
k, = 00156 for both molecular weights. to describe complex, multicomponent polymer mixsure

that are present in paints. This tool could bblegitan
) o advanced activity coefficient model or a simple

Finally, 'Fhe application of the model to thel nylén equation of state that would be able to handle the
manufacturing process shows that the five purgifierence in the free volume and size betweerlahge
component parameters afcaprolactam can be used asyolymer molecule and the small solvent. It shouéd b
initial estimates for the parameters of polyamide €aple to predict satisfactorily pure compounds a as
while ¢ is fitted to the pure polymer PVT data. It waswo-phase binary systems. Furthermore, it should be
also found that there is a linear dependency of thgccessful in correlating the more complex
segment size parameterto the linear polyethylene multicomponent, multiphase systems that are more
segment fraction of the polyamide, so other polyEmi representative of paint solutions. Our investigatims
types can be similarly modeled (Figure 6). shown that activity coefficient models have liniiats
when it comes to describing highly asymmetric syste
liquid-liquid equilibria or processes under high
pressures. A new FV model has been developed to
correct for the first limitations.

On the contrary, modern equations of state such as
the modified PC-SAFT we have proposed , can be very
successful in describing with good accuracy andtdith
empirical assumptions (when it comes to estimatibn

4.2 4

3.8 4

2 46 O=0T127W(PE)+3.0245 parameters) all kinds of equilibria in binary aednary
o a0 complex polymers solution with polar or associating
2 e T o T solvents. This observation makes PC-SAFT a very
e PAMT promising EoS for further evaluation to complex
azl pawms | EPANGS systems such as aqueous polymer solutions, assgciat

polymer systems and blends.
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From Step-siteson Single Crystalsto Technical Catalysts

Abstract

The structure of the active sites in catalytic loydind dehydrogenation of hydrocarbons has newanr bkicidated.
Identifying the active sites on a single crystaibgst of transition metal will give knowledge onva to optimize
technical industrial catalysts. Surface sciencalistuwill be performed by using the UHV/HPC techug@qto
investigate the reaction mechanism and the acites & the relevant reactions. These studies aathplement
catalytic testing of technical catalysts in miceactors. By optimizing the catalysts, larger sélgrs might be
obtained and the unwanted hydrogenolysis of thedoatbons can be avoided.

Introduction Hydrogenation, Dehydr ogenation, and
Hydrogenation and dehydrogenation ofHydrogenolysis
hydrocarbons is one of the most important chemical These hydro- and dehydrogenating reactions are
reactions. Reactions like dehydrogenation of ethitane often not very selective because of the competing
ethene, ethylbenzene to styrene or hydrogenation lajdrogenolysis, where a scission of the C-C bonds
benzene to cyclohexane are widely used in the a@mioccurs.
industry. Ethylene, which is mainly used for Extensive studies on hydrogenation and
polymerization in the production of polyethyleneEjP dehydrogenation reactions have been carried oul. by
is nowadays produced from thermal cracking oH. Sinfelt [3]. Group VIII metals were found to be
hydrocarbon feedstocks such as ethane or naphta [@Xcellent catalysts for hydro- and dehydrogenation
but can be produced by dehydrogenation of ethale. IPeactions as well as hydrogenolysis. Combined W8th
is the major plastic produced on weight basis ia thmetals, the hydrogenolysis was suppressed. Sinfelt
world, 4510° tons were produced in 1995 [1]. Otherexplains this as a reduction of surface sites vaugting
examples of hydro-/dehydrogenation reactions ai8 metal onto the VIII metal. These surface sitemrav
hydrogenation of benzene to cyclohexane, whiclséxlu not further identified. The importance of surfades
in the production of nylon, and dehydrogenation ofuch as steps, kinks, and terraces on catalytiuitsct
ethylbenzene to styrene, which is the monomer dfas later been shown [1]. Therefore the effect from
polystyrene. group 1B metals was not explained in detail by #ec
Hydrogenation of olefines on metal catalysts wasurface properties by Sinfelt.
discovered by Sabatier and Senderens in 1897. Since Surface science studies on well defined single
then, several catalysts have been developed and tirgstals can be used to identify active surfacessih
hydrogenation of olefins is today one of the mostatalysis and give knowledge on reaction kinetims f
studied chemical processes, especially thearious reactions [4]. Studies have shown thatKohur
hydrogenation of ethene on Pt(111) [2]. Even thougthe surface atomic steps on the surface of a ruthen
hydrogenation of olefins is a widely studied praceet single crystal lowered the probability of dissoisiat
every aspect of the catalysts role has been disedve  adsorption of nitrogen with 9 orders of magnitufip [
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CH,=CH, + H, as Temperature Programmed Desorption (TPD) of CO
CHy-CHs + H, CHe CH using Quadrupole Mass Spectroscopy (QMS). The
catalytic activity of the ruthenium crystal withosked
step sites in the dehydrogenation of ethane iseo b
investigated in the High Pressure Cell (HPC) in
connection with the UHV chamber. The results arego
compared with the catalytic activity of a non-
manipulated ruthenium single crystal.

Figure 1: Schematic drawing of a ruthenium crystal e
surface terrace (dark atoms) and a step to the next terrace m P

(lighter atoms). On the terraces dehydrogenation of ethane
takes place. On the step to the left hydrogenolysis is catalyzed.
Gold atoms block the step on the right so that no Figure 3: A catalytically tested 2wt%Ru/spinel for the
hydrogenolysis takes place. dehydrogenation of ethane. The catalyst is placed in a quartz
tube reactor with quartz wool plugs at the ends of the catalyst.

The poisoning of the steps might have the same ) _
effect on the hydrogenolysis as on the dissociative Real catalysts are also to be investigated by
adsorption of nitrogen, since both adsorption antPregnating a support with the active catalytictahe
dissociation are involved in the two reactions [B]. Plocking the active steps in the hydrogenolysisd an
order to minimize the scission of the C-C bondshim Subsequently testing the modified catalysts in @gpl
hydrocarbons, blocking the step sites on the singital flow reactor simulating the actual industrial réawt
crystals  with well-defined surface structure is! herefore, in parallel to the UHV/HPC experimerds,
investigated (see Fig. 1). Thereby it is possilde truthenium impregnated support is .catalytlcal.lyedsh
increase the olefin selectivity and avoid the? plug flow reactor. The catalyst is placed in @rgu
hydrogenolysis. tub_e reactor (sqe Fig. 3)_ and heated in an ov&230K

Investigating reactions on the surface of a singl@hile the reacting gas is led through the catabesd.
crystal can shed light on the reaction mechanisthef Hereby a technical catalyst is tested and the miscare
hydrogenating and dehydrogenating reactions. Resulfientified in the effluent gasses using a Gas
from this research will give a valuable and dethile Chromatograph equipped with a Thermal Conductivity
insight into the optimization of real time catabyst Detector (TCD) and a Flame lonization Detector (fID

Experiments Conclusions _ . .
So far extensive alterations have been done inrorde The combined results from the experiments will

to obtain equipment specifically designed for thigmprove our understanding of the area of
project (see Fig. 2). hydrogenation/dehydrogenation reactions and identif

the active sites in the catalysis making it possitd
obtain a higher selectivity by suppressing the urte@
hydrogenolysis.
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Combustion M echanisms Using Waste asa Fuel in Cement Production

Abstract

This project will analyze the combustion of wastes on the Hotdisc, which is a unit for combustion of waste in the
production of cement. The analysis will be based on mathematical modeling of the different processes on the
Hotdisc and comparison to experimental results. This will give a fundamental understanding of the processes
prevailing during combustion of waste. A successful model can be used to optimize the Hotdisc and lower emissions

of NOx and CO.

Introduction

The use of waste as afuel in kiln-systems for cement
production is an economically and environmentally
feasible way to get rid of waste and use its heat content
to replace fossil fuel.

In the recent years, the use of waste in cement
production has increased. Approximately 12% of the
total fuel-usage in the production of cement is covered
by use of waste in the EU. In Germany this figure has
increased from 4% in 1987 to 30% in 2001. At some
cement-plants more than 90% of the fuel-usage comes
from waste. The different kind of waste employed at
this moment in kiln-systems for cement production, are
used tires, municipal waste, plastics and biomass [1]. In
the future, it is expected, that the ability to use waste as
fuel in the cement-industry will become even more
important.

The Hotdisc-technology, which is developed at
F.L. Smidth A/S, is used for combustion of wastes in
the cement-industry. Figure 1 shows a schematic
drawing of the Hotdisc-unit, which consists of arotating
plate, at which the combustion of the waste takes place.

A part of the raw-meal, which primarily consists of
CaCO; Fe,03, Al,Og, and SiO, with portions of MgCO;
and other minor components,
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Figure 1. Schematic drawing of the Hotdisc.

is admitted to the Hotdisc, where it undergoes
calcination according to the reaction scheme:

CaCO4(s) — CaO(s) +CO, (g), AH=1782 kJ/kg CaCO;

This endothermic reaction is the most energy
consuming process in cement kilns, which uses
approximately 65% of the energy input [2]. Different
elements in the waste, as Fe, Al and Si, are implemented
into the cement in their oxidized forms (Fe,0s, Al,Os,
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SiO,). Waste and ashes, which is not burned completely
at the Hotdisc enters the rotary kiln.

Specific Objectives

This project will deal with further development of
the existing Hotdisc-technology for combustion of
wastes.

Mathematical modeling will be used to gain a
further understanding of the processes prevailing during
the combustion of the wastes. Some of the processes
analyzed will be;

* Heating of waste followed by pyrolysis.

e Combustion of the volatiles in the gas phase
followed by release of energy. Here, it is
investigated whether turbulent mixing of
reactants or finite rate chemistry is controlling
the combustion. Furthermore, formation and
reduction of NO, isinvestigated.

e Conversion of char, ash and other inorganic
compounds, e.g. Fe.

e Influence on the quality of the produced
cement as a function of the waste composition
of inorganics, as Fe and ash.

e The use of CaCOs; to control the temperature
on the Hotdisc.

A coupled analysis of the above, should ultimately
lead to a better understanding of the combustion-
mechanisms prevailing on the Hotdisc. Furthermore this
analysis will contribute to the development of arealistic
mathematical model. The model-predictions are
compared to measurements made at a pilot-scale- or a
real cement-production plant.

Conclusion

A successful mathematical model can be used to
increase the performance of a Hotdisc. Furthermore this
model can be used as a tool to predict emissions from
the production of cement.
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Modeling for Design and Predictive Control of I ntegrated Process Plant

Abstract

The project purpose is to investigate the potenfiategration of modelling, design and contral émergy efficient
operation of process plants. In particular, angragon of design and control will be investigatal an energy
integrated process. This development is especgmttypounced on operability of process integratedatplaand is
centered around increasing understanding of theehant the optimization problem for model basedtrmdnThe

most significant energy reduction is expected frapdel-based control.

Introduction control based on model analysis thereby enablingemo
Chemical Process plant design and operation @ght integration between decision-making and pssce
systems based on mathematical models and compuigferation. The principal objective of this studytés
science has the potential to significantly increfi®® j,yestigate the nonlinear behavior, which is retevar
efficiency of manufacturing systems by integratihg designing optimizing control of a heat integrated

_operatpns an(_d decision maklng. of these systemis. T?iistillation pilot plant. The nonlinear dynamic laefior
integration aims at supporting development o

sustainable processes and products. Full econonﬁﬁ:’_c'nvesug""ted n terms of a bifurcation analyﬁls_st,a
potential of such novel integrated processes iy onfiMple dynamic model capable of capturing the
exp|oited if they can be operated efﬁcient'y_ An|mp0rtant non-llneal’ behaVIOI’ haS been denved and
undesirable effect of process integration is theolved through a computer aided modeling toolbox
introduction of more complex nonlinear dynamicsaln (ICAS-MOT). Next, the position of control valves,
linear perspective these dynamics can be integbr@se which plays an important role in moving the opemati
movement of pOIeS and zeros of the transfer funstio points around within the Operation range of the
towards and into the right half plane. In a nordine jntegrated column, is first used as bifurcation

pgrspe(_:tive complex dynamics can .be ilnterpret.ed ﬁﬁrameters. The focus is on revealing and undelisign
bifurcation phenomena, which can give rise to highl . . . o
the possible nonlinear behaviors and their inflgenc

undesirable behaviors. Thus it is essential tolie & the further decisi behind th . tal
investigate and classify the nonlinear behavioresyp upon the further decisions behin € expenmenta

Through such a classification it is possible tdidguish ~ design for validating the process model in the arg
between the types that can be handled through addan around optimal operation.
model based control design versus the types. This
project focuses upon the types of nonlinear behavioProcess Descr_iption and P_ropees?Mod_el .
for which an improved performance can be obtained The heat integrated distillation pilot plant, shoimn
using nonlinear model predictive control designeThFigure.1 [1], contains two main parts, a distitbati
principal objective of this study is to investigaded column section and a heat pump section. It sepaEate
develop methodologies for optimizing control ofmixture of methanol and isopropanol, which contains
integrated sub-plants. low concentration water as impurity. The column h@s
- I sieve trays. The heat pump section is physically
SpeC|f|cObJe_ct|ve . connected to the distillation column through the

The efficiency of manufacturing systems can be :
Lo . o o condenser at the top and the reboiler at the bodtiotime
significantly increased through diligent applicatiof

column. Two control valvescys and acyg control the
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high pressure and low pressure of the heat punig@havior of the system in this paper. In the bétian
section, respectively. The values of valve coedffits of diagrams shown below, the solid lines denote stable
acvg and acyg determine how open the valves are. Iftationary points and the dotted lines denote biesta
acvs and acye equal one then high pressure and lovgtationary points. The bifurcation points are whare
pressure on the heat pump are at their minimumesgalu stable and unstable branch coalesces.

=0cvo Bifurcation Diagrams

> In this study the bifurcation analysis made firsthw
acyg as bifurcation parameter at constamd,s=0.4,
where all the level loops of the process are asduime

be perfectly controlled. The bifurcation diagranfsat

the important operational variables have been
determined and only the one corresponding to tip@va
flow rate in the column is shown in Figure 2. Indae
seen that the system undergoes fold bifurcations at

Condenser

Superheating

Distillation column

.t

-

Figure. 1. Flow sheet of energy integrated _— . .
distillation column 8vo

[

Air coolers

\SbOL oM L9ge (W3\p1)

-
o o

[4
°

14
°

Figure 2: Bifurcation diagram withicyg as

otherwise, ifacyg andacyg €equal zero, the high pressure . .
cve cve €4 ghp bifurcation parameter

and low pressure reach their maximum values. A more
detailed description is available in Eden et al [Phe
model used in this paper for bifurcation study is a
simplified version of the process [3], where in tig 1 60
D is the distillate flow rateB is the bottom product flow
rate, V is the vapor flow rate amng andxg is the molar
fractions of methanol. The feed contains 49.5moR6 o
methanol and 49.5mol% of isopropanol and is satdrat
liquid and the nominal feed flow rate is 0.86095
mol.sec.

50 o
40 )
g Cc
30 Q_ B
20

10- CA‘ 1
Bifurcation Analysis

A bifurcation diagram shows the changes in the 04 05 06 07 08 03 1
dynamics of a physical system and is therefore very _ _ _
ful for investigating integrated process operati A Figure 3: High pressure in the heat
use . ] 9 . g . 9 A P - P pump section. The safety limit is 16
two-dimensional bifurcation diagram is a map of a bar
system variable as a function of small changes of a
system parameter, where all stable and unstablesstaccys=0.38, 0.45 and 0.41 where a stable and an unstable

are determined and hence shown. By performing fanch coalesce and annihilate each other. The thre
bifurcation or continuation analysis one can depmw fold bifurcation points are found and marked A, ila

the pilot plant behaves for a single (or two) ofieraor ~ C» r€Spectively, in Figure 2, where 1A and BC bize
solid line) are stable branches while AB andl C

uncertain parameters. Given this information ona caé ; .
P ranches (dotted line) are unstable. T$iee of the

d.eterm|.ne the location of the bifurcation pomtsheT largest eigenvalue corresponding to Figure 2 isctieg
bifurcation diagrams have been calculated by uieg i, Figure 2.2 (not shown) and it is seen that gleineal

continuation program CONT [4] where the models argjgenvalue crosses imaginary axis (from negativie ga
solved in MOT [5]. The two control valvegys and to the positive gain) at the three fold bifurcatjosints,
acve determine the operating point movement within thevhere they are zoomed in so as to see clearly hew t
operation window of the heat-integrated distillatio eigenvalue change their signs at their bifurcagioimts.
column. Hence these two parameters are selected VYih respect to the operation of the pilot plansatéed
bifurcation parameters to investigate the nonlinedty the model it can be concluded that the feasible

High pressure (Bar)
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operation region is on the part of low vapour floate

whenacyg is kept constant at 0.4 because the bifurcation 13
points B and C are far beyond the high pressuretysaf
limit (see Figure 3) of the distillation pilot plan

Sensitivity Analysis of Bifurcation
The theoretical and qualitative analysis of
bifurcation diagram Figure 2 is the following. Tslepe

0.9r

0.8-

V(m3/hr)

of 0V/oacyg=0V/IoPyOPlOocys changes sign through orr

infinity at bifurcation points A, B and C. It is kwn 08y

that both column pressure and vapor flow rate & th o

column are sensitive to the high and low pressimrése %64 05 o 07 os o0 1
heat pump section, where high pressuseoR the heat cva

pump section has positive gain to vapor flow rat¢hie Figure 4: Bifurcation diagram with
column [3], i.e.0V/0P;>0. Thus the sign ofV/dacys cascade loop control

should follow the sign 06P./dacys Which is the slope shown in Figure 4. Comparing Figures 4 and 2 ome ca
of high pressure with respectdays (see Figure 3). The _ "y o &% Ches A1B1 and C1Il become stable

total energy balance for the energy mtegrate?solid line) while B1C1 becomes unstable (dottest)i

distillation pilot plant is: when cascade control loop is implementéte largest
d(MioBlio))/dt=FHeeq D Bliop-B Bport Weoms Qcoor Qioos eigenvalue corresponding to Figure 4 is shown gufi
Where My is the total plant enthalpy,dds Hiopand 4.2 (not shown) where the branch B1C1 is much éurth
Hyot is enthalpy of feed, top and bottom producd,o@s into the right half plane than branch AB in figu2e?
heat transfer rate out through the air coolers, \&gh, (not shown). This means that the controller imprtvwe
is work introduced by the compressor,,Qs the heat stability of the process within the feasible opieigt

loss rate through equipment and tube surfaces. THRIION.

!atter _term can be neglected by ensuring prOpesrensitivitylnveﬂigation t0 Valve deye

insulation of all surfac_e_s. ) ) The sensitivity of the bifurcations tq.yg in Figure 5
When valve positionocys decreases, this will ghows that the vapor flow rate increase as valyg

immediately affect the high pressur@ Buch that B open from 0.4 to 0.5 with the above cascade control
begins to increase. Thereby the compression work is

increased, but the cooling rate will also gradually .
increase as the temperature gradient in the seppnda
condenser and in the air coolers will increase With
The increase in the high pressure affects vapaor fige

in the column, and consequently the heat pump low
pressure Palso increases wheityg is kept constant.
The increased in low pressure #nds to reduce the
compression work. If the resulting effect of Bnd R

on Weomp is positive the energy flux into the system

Wapar floww rabe W madmg
.
A

increase further. And if the compressor work insesa 4% u a3 us a7 s
faster than the sum of all the outgoing heat flothe, _ _ _ _ o
behavior of the entire plant may become unstabéde, i FigureS: Bifurcation diagram sensitivity

reach the bifurcation points. So the signo®/docvs taeyg With cascade control
depends on difference between the mcrgase R)fop implemented. Consequently the low pressure P
compressor work and the sum of all the outgoing heg;y|' yecrease. This is in agreement with the fimgthat
flows. the low pressure Phas negative gain to column vapour
flow rate (3).
Bifurcation Diagram with Cascade Control
From the bifurcation results in Figure 2 one cam se
that branch AB is unstable. So to compare the neal
behavior with and without control of the high prass
P4, a cascade control loop is added into the model,
where the control valveicyg now controls the high
pressure B, whose set point is given by the vapor flow
control loop. Then the bifurcation analysis is devith
vapor flow rate set point as a bifurcation paramete
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Sensitivity Investigation to Heat Transfer (area)
Coefficients of the Reboiler and Condenser
The sensitivity of two uncertain parameters, i€ath analysis furthermore indicate that complex dynamic
transfer (area) coefficients in the reboiler andd#nser enaviour occurs in this heat-integrated distitiatpilot
are mvestlgated with the same cascade con.tr.o l fobe plant and reveals that a fold bifurcation existd an
results of different heat transfer (area) coeffitsen the . . "
controller can improve the stability of the systefithin

reboiler are shown in Figure 6. Clearly the biftima . . . .
the feasible operating range. Thus special premasiti
2 . . . have to be taken to verify the modelled behaviour
before implementing optimising model predictive
control on the actual plant. Based on this analyais
sequence of experiments involving the distillatwlot
plant has been planed to validate the model and the
plant performance in the region around optimal

Vapor flaw rate Vijmsihe)
=
s

. A s ungToncaui) productivity. Predictive control for optimal operat of
" H ‘j‘rf,izﬂgmﬁ the energy integrated distillation pilot plant witle
B carried out.
0.5 T T
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Release of I norganic M etal Species, Sulfur and Chlorine during Combustion
of Woody Biomasson a Grate

Abstract

The main objective of this Ph.D. project is to oy the understanding of the release of inorgamtahspecies, S
and CI from the fuel bed during combustion of wodidgmass on a grate. This understanding is essdntithe
development of models for aerosol and fly-ash faromaand behavior, aiming to find solutions for tEh-related
problems occurring during combustion of woody bigma power plants. The release of inorganic negiaties, S
and Cl during combustion of specific woody biomasss has been quantified by lab-scale experimemder well-
controlled conditions, simulating a grate-firedteys. The results obtained so far indicate thatréiease of the
studied elements is strongly dependent on the teatype and the inorganic composition of the fuel.

Introduction wood-fired boilers, and especially the aerosol fation
World wide, there is an increasing interest in gsinduring combustion of wood is a serious problem.

biomass as an energy source, due to the important
advantages of using biomass fuels compared tol fosSpecific Objectives
fuels: (1) biomass constitutes a renewable rescamce In order to be able to address the ash-related
(2) the net emission of GOs reduced. However, there problems mentioned above, an understanding of the
are also a number of problems related to biomasslease of inorganic elements from the fuel during
combustion. First of all, environmentally harmfidsgs combustion is needed. The objectives of this Ph.D.
(e.g. SQ and HCI) are emitted during the combustion oftudy are to quantify the release of inorganic ieta
biomass. Another important problem is the emissibn Qoarse fly-ash @ndensation of alkali
particulate matter (aerosols and fly-ashes) th&drised partides and heavy metal
during biomass combustion. Inside combustion units, & ‘______E@"“W
the formation aerosols and fly-ashes causes depositaa‘{i'Ea P

{ ‘l oling phase Z\?Agglor’r‘neration

formation on superheater tubes, which in turn laads
reduction of the heat transfer efficiency to the e

_ KQ K,
water/steam system and corrosion of the superheater } heavy metal A-.
tubes. Furthermore, practically all aerosols formed ggeﬂ"_’ 00"90{”“5 N
during combustion of biomass are emitted with tbe f qr@senase i comoounds

X - . . i1 reactions mp

gas during combustion, which may cause environnhenta

and health problems.
Woody biomass is an attractive fuel, since it isilga v

Aerosols

K, Na, S d, heavy metal
vapors released from the fuel

. . . QG
available and relatively cheap on most locations. T .
Furthermore, woody biomass fuels generally hawea | Aeh entained This
fromthe fuel bed S

ash content compared to other biomass fuels, add ar g, vy g, k A)
therefore thought to be ‘less problematic fuels’

considering the ash-related problems mentioned @bov F=Glg=G=E-E-gha-f-EG~y
However, the ash-related problems are also obsenved EJ% W O Ef/

Figure 1: Sudy area of the Ph.D. project [1].

project

ae vl . ¥ 4
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species, S and Cl during combustion of woody biemasind chemistry of inorganic species in the fuel.i€R
on a grate and to investigate the mechanisms bghwhitechnique based on leaching with increasingly acidi
the release takes place. Figure 1 indicates theifgpe solvents, and provides information about the redgti
study area in relation to aerosol and fly-ash fdiroma association of inorganic elements in the fuel. A
The quantitative and qualitative release data to lmmbination of the use of both techniques can give
obtained in this study are essential for the modetif valuable information about the association of iamig
aerosol formation and behavior, and for the subseiju elements in biomass, which is important for the
development of solutions for problems involvingunderstanding of the release mechanisms of inazgani
aerosol and fly-ash formation and emissions of gase elements from the fuel during combustion.

pollutants during the combustion of woody biomass. Some information was found on the release of
inorganic elements during wood combustion, but no
Literature Investigation guantitative data could be found in the literatuviast

Most wood types contain 0.2 to 1.0 wt% ash, whicbf the studies reported in the literature were base
is very low compared to straw (5-10 wt%) and coahhe release of alkali metals during pyrolysis atérc
(often > 10 wt%). Furthermore, woody biomassombustion. The general finding is that potassism i
generally has a low concentration of potassiumfusul released in two steps. A small amount is releaseithgl
and chlorine compared to straw and coal. However, tthe pyrolysis phase, at low temperatures (belowGQ0
amount of calcium and heavy metals (such as zinahereas the major part of the release takes ptateei
copper and lead) are relatively high in most woodhigh temperature region (above 50) during the char
biomass fuels; especially bark contains a relativéggh combustion and ash cooking phases. It was also
amount of calcium, and waste wood contains abserved that in the case of woody biomass condiysti
relatively high amount of heavy metals. potassium is mainly released as potassium hydroxide
Inorganic matter in biomass can be present in foyKOH) and potassium sulfate §80O;), which is due to
general forms: (1) easily leachable salts, (2)dgaoic the low chlorine content of woody biomass fuels.
elements associated with the organic matter of the The results of thermal equilibrium studies reported
biomass, (3) minerals included in the fuel struetand in the literature give an indication of the spediesng
(4) inorganic material added to the biomass dufiry released during biomass combustion, as a functfon o
processing [2]. Information about the associatidn demperature. The data suggest that the release of
inorganic elements in biomass fuels can be fourtthén potassium from woody biomass fuels starts around
biochemical literature, but can also be obtainedisigg 60C°C, the release of sulfur between 750 and’@pand
advanced fuel characterization technigues, such #w release of chlorine around 5G0 Furthermore, it is
Scanning Electron Microscopy (SEM) and Chemicagpredicted that the total amount of potassium pitesen
Fractionation (CF). the fuel will be released at 10%D) whereas all of the
In the biochemical literature, it was found thag th chlorine will already be released around &0
inorganic elements in biomass can be divided ihteet
groups, according to their growth requirement: (1lExperimental Equipment and Procedure
macronutrients, which have a high growth requiretnen  The main part of the experimental work is focused
(e.g. Ca, K, S, Mg, N, and P), (2) micronutriemtbjich  on the quantification of the release of inorganietah
have a low growth requirement (e.g. Zn, Fe, Mn, Cigpecies, sulfur and chlorine during wood combustion
and CI), and (3) beneficial elements, which stirfeila The first challenge was to design an experimertalp
growth, but are not essential (e.g. Na, Si and3l) and develop an appropriate method for performithg la
The distribution of the inorganic elements in thescale combustion experiments that would provide
plant cells and the way in which the elements amend accurate and reproducible release data. An expetahe
are related to the function of the elements inglat set-up has been built up (see Figure 3), consistiran
[3]. Figure 2 shows an example of the distributafn electrically heated oven (max. 12@) with an alumina

calcium in plant cells. tube inside, in which a fuel sample (max. 45 g) ban
inserted and a gas (max. 10 NI/min) can be intreduc
Cell wall + Plasma membrane in order to provide a pyrolysis or combustion
Fe={  Gmo™® | Cytoplasm atmosphere around the fuel sample. A gas conditipni
system and gas analyzers make it possible to measur
Vacuole the contents of @ CO and CQin the flue gas in order
* @B Endoplasmatic to monitor the pyrolysis and combustion behaviat tn
T eticulum determine if the fuel sample is completely combaiste
; - and the remaining ash residue can be assumed to
m;::;:z contain inorganic elements only. The release is

Figure 2: Schematic drawing of two adjacent plant quantified by performing accurate weight measurdmen

cells, in which the distribution of Caisindicated [3]. ~ 2nd chemical analysis of the fuel samples and ash
residues, and performing mass balance calculations.

SEM provides visual information about the fuel or
char structure and gives information about thecsting
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Figure 3: Experimental set-up for studying the release of inorganic elements from a burning wood sample.

Various experimental methods have been tested and Besides the chemical composition, the various
compared in order to find the most appropriate weth woody biomass fuels also differ in structure. Saapf

for obtaining accurate quantitative release data. the different fuel types have been studied usinylSE
This study showed the differences in structure betw
Table 1: Chemical characteristics of the woody the fuel types and the occurrence of mineral pagic
biomass fuels to be investigated. both inside and outside the fuel structure. Esfigdiae
Ash bark contains large amounts of calcium-rich mireral
Fuel type content | Chemical characteristics inside the fuel structure (see Figure 4). These
(wt% d.b.) observations are important for the understandinthef
v . association of inorganic elements in biomass amd th
ery low concentrations of Cl | duri busti
Spruce ~1 and S; low concentration of release dunng combustion.
metals.
Very low concentrations of
Beech ~05 Cl, and S; low concentration
of metals; very low
concentration of Si.
High concentration of K;
Bark 1 ~ 4 very high concentration of
Ca.
Very high concentrations of
Bark 2 0 si, Al, and Fe.
High concentrations of Cl W A )
and S; very high AccV SpotMagn Det WD Exp —————— EOpm
Waste wood ~3 . 20.0kV 4.0 500x _ BSE 10.0 1
concentrations of heavy x|
metals.
Very high concentration of Figure 4: SEM picture of bark, showing calcium-
Fibreboard ~1 Ti: low concentration of K. rich crystals (white cubes) inside the fuel structure.
. Very high concentration of . L . .
Fibreboard “1 Ti rgml?ower +han Information about the association of the inorganic
coated fit;reboard elements in some of the fuels is available from CF

analysis and can be compared to the experimental

. release data.
Fuel Characterization

The woody biomass fuels to be investigated in thi
study consist of both untreated fuels (spruce, iheacl
two types of bark) and treated fuels (waste wood a
two types of fibreboard). Each fuel type has
characteristic ash content and inorganic compasits
summarized in Table 1. This means that the inflaasfc
ash content and inorganic composition on the releés
inorganic elements during combustion can b
investigated by using the different fuels in thi-fale
experiments.

Experimental Results and Discussion

The release of inorganic elements during
NTombustion  of spruce and fibreboard has been
?nvestigated in the temperature range 500-C50he
original contents of Cl, S and K in these two fuate
shown in Figure 5 to compare with the release sdad
these elements as a function of temperature for the
?ange 500-85 presented in Figure 6. In this
temperature range, a very high release of Cl (~00%
and S (~75%) and a low release of K (up to ~30%ewe
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observed for spruce (see Figure 6). The releas¢hef mechanisms by which the elements are released from
metal species was also investigated and indicatedha the fuel during combustion.
release of Cd (~100%), and a low release of Mgtup  The main objective for this Ph.D. study is to
~15%), and Cu (up to ~25%), starting at ~500°850 quantify and understand the release of inorganitaime
For Zn and Pb, the release increased from ~0 t0%10 species, S and Cl during combustion of woody bi@mas
whereas for Si, Al and Ca no release was observemh a grate. An experimental set-up has been bpitbu
Similar release trends were observed for fibreboarthvestigate the release under well-controlled ctioiié
although the release of S and K was lower in tac  and the results indicate that the experimental oteth
When comparing Figure 5 and 6, it is seen that thaitable to obtain an accurate quantification oé th
release of inorganic elements from the fuel duringelease during the combustion of various types of
woody biomass fuels. The release was found to be
Fuel contents of Cl, S and K strongly dependent on the temperature and on thie fu
composition.

! Future Work

In the remaining part of the project, the experitaén
work will be extended to obtain quantitative rekedsta
of the other woody biomass fuels available and to
investigate the influence of other parameters (sagh
particle size, residence time, etc.). Furthermdre
fuels, as well as the ashes obtained after the astiamn
experiments at different temperatures will be ptaiy
K and chemically characterized in detail. This wilbyide
information on the association of the inorganicveats
in the fuel and the speciation in the ash, which giwe
a better understanding of the release mechanisms. A

.b.

©

mg/g

Fibreboard
Spruce

Figure5: Contents of Cl, Sand K in spruce and

Percentage released

fibreboard. specific thermodynamic equilibrium study of the
Release of Cl, S and K various woody biomass fuels is also planned, ireotd

100% - . e Ol Spruce provide insight into the inorganic transformatigaking

place during combustion.

8% . m am | ¢ Cl-Fibrebound The ultimate aim is to develop a model for the

60% B ] release of inorganic metal species, S and Cl during
- WS- Spruce combustion of woody biomass on a grate.

40% B~ S - Fibreboard
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Figure 6: Release of Cl, Sand K from spruce and
fibreboard as a function of temperature.

combustion cannot be explained by looking at thgeferences

quantities of these elements in the fuel only; the | Obernberger, T. Brunner and M. Joller,

presence of other inorganic elements in the fueé fan Characterisation and Formation of Aerosols and
influence on the volatility of certain elements\asll. Fly-ashes from Biomass Combustion, Report EU
For example, in the case of fibreboard, the highteat Project ‘Aerosols from Biomass Combustion’,

of titanium present in the fuel from the pigmentshe 2001.

coating may have an influence on the release adrothy . Zevenhoven-Onderwater, Ash-forming Matter
elements. This will be studied in more detail. in Biomass Fuels, Ph.D. dissertation Abo Akademi,

] Finland, 2001, p. 88.
Conclusions 3. H. Marschner, Mineral Nutrition of Higher Plants,

Unless the lack of quantitative data on the reledise Second Edition, Academic Press, London, U.K.,
inorganic elements during wood combustion in the 2002, p. 889.
literature, important information was found on the
distribution, function and association of inorganic
elements in plants. This information is valuable the
interpretation of the release data in terms ofpihgsible
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Transport Propertiesin Free Space and in Porous Media

Abstract

The main task of the Ph.D. study is to improve ekisting models and/or to create a new model ferdiffusion
coefficients for the multicomponent mixtures. Stuzfythe transport properties in multicomponent iijmixtures
and high-pressure gases is an important and ch@ligscientific problem. It has special importafiaepetroleum
engineering, for study of the geological-scale miiign processes and distributions of hydrocarboxrtures in
porous rock of petroleum reservoirs.

Introduction equation of state or the activity coefficient modehe
Multicomponent diffusion is the governing fact that the number of independent coefficients is
mechanism in many natural phenomena, as well asriaduced during such a transformation makes it ptessi
industrial processes, like those of chemical antb verify the consistency and the accuracy of the
petroleum engineering. Diffusion in amcomponent experimental data, as well as the applicabilityttod
mixture is determined byn(n-1)/2 independent existing thermodynamic models to modeling the
coefficients, by the number of interactions betweetransport properties.
individual fluxes of different components. Whileeth The idea behind the first part of the study ispplg
theory of diffusion is well developed, the valudsttie Onsager reciprocal relations to verification of itatae
diffusion coefficients in realistic multicomponentexperimental data on diffusion coefficients and
mixtures remain a problem. thermodynamic models for multicomponent mixtures.
Only several models for the diffusion coefficienfs After verification of the experimental data and
multicomponent mixtures may be found in the literat thermodynamic models, the modeling part followse Th
The experimental data on multicomponent diffusisn imodeling part provides the rigorous physical frarogw
scarce, since the corresponding experiments dieuttif for future modeling. Such a framework is constrdcte
to perform. Only few reports with the values of thdby means of the theory of fluctuations around an
diffusion coefficients in ternary mixtures are dable equilibrium state, described both by the methodthef
and to the best of our knowledge, there is no abhel statistical mechanics and by the theory of Markov
experimental data on diffusion coefficients forteyss processes.
with more then three components. It was proved that the rate of diffusion in the tune
The experimental data on ternary diffusion isnay be described in terms of three factors: The
normally reported on the four independent Fickiathermodynamic factor, determined by the structure of
diffusion coefficients. However, most of the modelgshe mixture and “the system of thermodynamic
operate with different systems of thermodynamicoordinates”, in which diffusion is expressed, tBg
variables, where the number of independent tramspdinetic factor, or the rate of the molecular motion, and
coefficients is reduced due to the Onsager recgiroc3) the resistance factor, determined by the fact that
relations. For the ternary mixture this gives threether molecules may serve the obstacles on theofvay
independent transport coefficients. given molecule. These factors are differently egpeel
Transformation from Fickian to Onsager coefficientand combined in different models for diffusion
requires knowledge of the thermodynamic functionsoefficients.
(the derivatives of chemical potentials with regand Besides modeling of diffusion coefficients the stud
molar fractions). These functions may be evaluated of the transport mechanisms inside the porous niedia
the basis of the certain thermodynamic model: theerformed. The stochastic and averaged modelshéor t
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process of particle suspension flow in the poroeslim background, since there is no available experimental
are created. This work is performed in cooperatiitth  data for multicomponent mixtures to build empirical
Prof. Pavel Bedrikovetski from UENF, Brazil. Themodels. We should be sure about theoretical basis and
process of filtration of the particle suspensiontlie extrapolational abilities of the model in order to apply it
porous media is of great interest for petroleunusty, for multicomponent mixtures.

mainly with regard to offshore waterflooding and The theoretically rigorous framework for transport

permeability damage. coefficients was proposed by Alexander Shapiro [2]. It
was shown that the matrix of the diffusion coefficient

Specific Objectives can be estimated in terms of the so calteshsfer
matrix:

Consistency Check L, =L LgL; (5)

Modeling of the diffusion coefficients in the
multicomponent mixtures requires knowledge of
volumetric and caloric thermodynamic functions. $hu 8RT V2
specific thermodynamic models are required. Alse th L, ; =9,C;,C; =(—J (i.j=1..n) (6)
experimental data should be validated with regarifist ™,

consistency for future modeling and fitting. The thermodynamic matrix L, ,(n+1)><n is

_That can be.done in the fram.ework of the onsag%rxpressed in the terms of the following thermodyicam
reciprocal relations. The experimental data on th

diffusion is mainly presented in the terms of Fick alues:

In the last equatioth (nxn) is thekinetic matrix:

diffusivities: F. :az—S,F =§,

J=DOC 1) TUONON, T au? .

where J denotes the(n-1)vector of diffusive FES (7)
molar fluxes of the specied) is the (n—-1)x(n-1) Fina = Fouy = INAU
matrix of Fick diffusion coefficients andC is the The thermodynamic matrix is negative minor of the
vector of molar densities. The Fick diffusioninversed matrix:
coefficients are normally measured and reported in the L, =—f f=F" )

U] ij?

literature. It should be mentioned that the Fick diffusion h . L d in th f
matrix D is not necessarily symmetric: The resistance matrix is expressed in the terms o

D; # D; @) penetration lengthsZ, (N,U),i =1..n. Thepenetration

length is the newly introduced property. That is the

With the help of the formalism of non-equilibrium
b 9 @haracteristics of the molecular motion and it nscte

thermodynamics it is possible to express the entro
production in the different sets of thermodynami
coordinates and by that to recalculate the Fick matrix g
diffusion coefficients into the Onsager diffusion

ngth after which the molecule of component “fdsje
initial velocity:

0Z, (N,U
Ley =3,Z (N,U)—NiM

coefficients (intermediate derivations skipped): 1 oN,
1 op 1 on )
D=—+A,L—=—"1AL— (3) 0z, (N,U)
zT oc znT 0z Lrine =N, —0
where the transformation matrix is: Thus the problem of estimation the matrix of
1-z -z ... -z diffusion coefficients for the multicomponent mirtu
A= 1| -z, 1-z, ... -z, 4 reduces to the problem of estimation the vectothef
Wz D : ) penetration lengthg (N,U). The penetration length
-2, ~Z_. .. l-z_, either can be determined by means of the molecular

: . . dynamics simulation, as value connected to thecitglo
and Lis (n-1)x(n-1) symmetrical matrix of the yne correlation function, either by some kinetic
Onsager coefficients,p is vector of components considerations. As a first step we get the peretrat
chemical potential and is vector of the molar amounts. lengths by fitting of the experimental data on byna

Solving system of linear equation (3) providediffusion. And analyze them for future modeling.
connection between Fick matrix and Onsager matrix. After estimation of the transfer matrix the matoik
Since Onsager matrix is symmetrical the procedure califfusion coefficients can be derived in the foliog
verify the consistency of the experimental data anday:
thermodynamic models, used for calculation of the — — 1
chemica?/potential [1]. Lo =GLyG Ly, ZE(LTr +LTTr) (10)

The matrix G transfers the matrix of diffusion

Modeling Framework coefficients from the diffusion-convective systeri o

The modeling of the diffusion coefficients in the o rginates to Maxwell Stefan system and vice versa
multicomponent mixtures requires rigorous theoretical
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Thus, the fitting of the diffusion coefficients téges  particles, suspended in the water can plug thespamd
knowledge of the thermodynamic properties for theeduce the permeability and porosity of the porous
determination of thethermodynamic matrix. The media. The permeability damage and porosity redocti
majority of existing thermodynamic models iscan highly affect water injection and oil productio
optimized and developed for calculation of phas@lso, description of the suspension flow in the quar
equilibria properties. Thus the estimation of tladodc media can be of great interest for membrane
properties requires also some empirical dependgnciechnologies and for bioscience.
for caloric properties of the pure components. The Here we investigate the particle suspension flow in
method of estimation of the thermodynamic matrixswathe porous media with particles, captured by theepo
proposed and used for fitting diffusion coefficerdf by some adhesive forces. Thus, the problem can be
selected binary mixtures. Some of the results dafescribed on the stochastic level by considering th
modeling the binary mixtures are presented in Rgsulprobabilities of the particle to be plugged by pdrhat
section. is the extension of the newly developed stochastic

approach for Deep Bed Filtration [4].

10 The stochastic system of equation describes flow of

Methanol-isobutanol-propanol the particles suspension, accounting for pluggiatg r
5p * ] and porosity change. Also, the equation for theepor
° plugging kinetics on stochastic level was derivEbe
0 . process of the plugging of the pore is described by
° Markov chain and resulted equation is similar kg it

type to Boltzmann equation of fluid kinetics.
Before deriving the system of the model equations,
let us introduce the key variables. We distingutisé
as| o i iasat two concentrations of the particles of the size

° — c(r,,xt) - the suspended concentration;

-10 |

Deviations from symmetry, %
(4]

.20 I I I I
A B c D Z(r.,xt) - the deposited concentration.

Concentrations .
Concentrations: A - (0.2941: 0.3533); B - (0.1487; Also we introduce the amount of the free pores of

0.1493); C - (0.1478: 0.7016); D - (0.6995; 0.1504) SOme specific size: H r,x.).
After deriving of the stochastic system of equadion

60 — ‘ ‘ ‘ ‘ we are interested in deriving the averaged modsksy
Acetone-benzene-methanol . in the terms of the averaged values, which is ef th
g ol e d o ] practical interest for the industrial applications:
2 ° [ ° v . o
(] ° _
! ] c(xt) —fC(rs,x,t)drS
@ v v 0
£ v o
S v v
2 o a(x,t):'[z(rs,x,t)drS (11)
i) 0
a v
2 20l ® UNIFAC |] ©
Cl —
& v oo h(xt)=H (r,xt)dr,
0
N 5 t f < o . Also, we are interested in deriving equations for
Concentrations porosity and permeability change due to the prooéss

Concentrations: A - (0.350; 0.302); B - (0.766;16tt  plugging.
C - (0.553; 0.193); D - (0.400; 0.500); E - (0.299;
0.150);F - (0.206; 0.548); G - (0.102; 0.795); (#.120; Resultsand Discussions
0.132); | - (0.150; 0.298) In that section some up-to-date results are predent
Figurel: Deviations from the Onsager reciproca@nd discussed. Also we discuss the possible sstject
relations for the systems containing associatingd$l ~ points for further investigation.
Experimental data from [8,9].
Consistency Check

Suspension Flow in the Porous Media In that section we present the results of the

During the external Ph.D. stay in the group ofonsistency check of the experimental data on the
Professor Pavel Bedrikovetski (UENF, Brazil) thediffusion coefficients and thermodynamic modelseTh
model for Deep Bed Filtration was developed. Deeftore extended results can be found in [1].
Bed Filtration — is the process of particle susjmns The thermodynamic models used in the consistency
filtration in the porous media [3]. It is of paniar check are: UNIFAC [5], SRK, CPA[6] and PC-
interest for petroleum industry, since of offshaié SAFT[7].
production. During injection of the sea water the
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And below are some results, obtained using thregpod method for checking the consistency of the

thermodynamic models. experimental data on ternary diffusion.
10 ‘ ‘ ‘ It should be noted that most of the thermodynamic
Dodecane (x=0.350) models have been designed for and fitted to the
8 I Hexadecane (x=0.317 u ] problems of phase equilibria. However, verificatioh
Hexane (x=0.333) . « Y :
ol v ] the symmetry requires such “exotic” properties as
derivatives of chemical potentials. Our analysis
af ] probably indicates that the existing thermodynamic

models (especially UNIFAC) are well adjusted to
calculation of these properties also. However,htert

Deviations from symmetry, %

o |1 work on improvement of the existing thermodynamic
models is required for more reliable predictiontioé
2y ° ] partial molar properties, in connection with the
4 ‘ ‘ ‘ transport-related problems.
UNIFAC SRK PC-SAFT
Models

Diffusion Modeling Framework
As it was shown before the problem of modeling

Toliene-chlorobenzena-bromobanzene diffusion coefficients is reduced to the problem of
< 2f A ] estimation thethermodynamic matrix and resistance
= ol . matrix. Our current goal is to estimate tiesistance
2 . s ¢ matrix from diffusion data on binary mixtures.
E o d It can be shown from thermodynamic
e s b transformations that thermodynamic matrix can be
% a0r ] determined as (here expressions are for binaryunaxt
S ol ] L, =—f f=F"
@ ® UNIFAC Jij ij
% v SRK where
0O 30} 4 PCSAFT % 1 .
— L&l j . .
40 I I | | | I .. = _a(ﬂ /T) = —i_a/'lj /J_Ja_T .
A B c D E F I oN. T oN. T2 oN. ’
Concentrations I U\V.,N HIUVAN HUVN
. o(yT
Concentrations: A - (0.250; 0.500); B - (0.260;30)) For=Fuy = (]/ ) = —iza—T ;
C - (0.700; 0.150); D - (0.150; 0.700); E - (0.450; ou T2ON |,
0.250); F - (0.180; 0.280)
Figure2: Deviations from the Onsager reciprocal Frtne :M = _iza_T ]
relations for the systems modeled by the three ou T0U|,yn
thermodynamic models. Experimental data from  gjqce we are using thermodynamic models, such as
[10,11]. cubic EoS or PC-SAFT we have normallyP,N) as a

set independent variables. We use the following

The experimental Fick diffusion coefficients weregq ations to calculate required values, using etiog
recalculated to the Onsager diffusion coefficienting independent variables:

eq.(3). The deviations between diagonal Onsager

-1
diffusion coefficients were analyzed. Below dedas 0T _| 0V (12)
from symmetry are plotted for selected mixtures and gy Uy N T |,y o
some thermodynamic models. . .

So, we have shown that checking the symmetry of 5t ;%TV \
Onsager coefficients is necessary and nontrivialth® N =- LU| = (13)
data tested, the most problematic system is that of iluv.N T ITv N

acetone-benzene-methanol. This system exhibits high and the following for chemical potential:

non-ideality, and the abnormally high cross-diftursi ou! ou!
coefficients are reported for it. Both thermodynami N :aT
models applied to this system produce high anderath iluyvN ilpTN
different deviations from symmetry. The naturetwdge ou! dU /oN, |TV N
deviations may require further analysis. — -
Apart from this system, all the models considered or PTN aU/aT|T,V,N
behave rather similarly, UNIFAC being slightly (but ,
uniformly) better. An important fact is that the deds % a_P _a_P %
are either consistent or fail simultaneously onshme OP |, (LON| o OT|,  au/aT|

points. This shows that verification of the symmesra Now we need the expression for the internal energy

and chemical potential in the coordinatgsv,N). We
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define these properties in the sé€f,P,N) and transfer
them to desired coordinates by numerical solvinthef

EoSV =V (P,T,N).

The internal energy defined in the following way:

9] :Uid +Ur5
The ideal part is:
U => Nh(T)-NRT

.
h (T)=H® +Ahf (298.X)+ [ C(T)dT
298.2
The residual part is:

ZNiW+

UI'ES :_R-I-Z

4 T

where z is the compressibility.
And the chemical potential defined as:

T k
§(T)=s"+as) (298.X) + | —CpT(T)dT

298.2

N(az(T, P,N)/oT _0z(T,P.N)

|

4 =RTIng + RTIn(sz/F{))+h(‘§ (T)-Tss(T)

As you can see the deviations are rather low fer th
ideal mixtures (heptane/decane and heptane/dodecane
and slightly higher for acetone/chloroform mixture.
That is because the used dependence for penetration
length reproduces Vignes mixing rules, which are
consistent only for ideal behaviour. However, the
introduction of more advanced expression, for imsta
expression including cross-component interactions
performs better for non-ideal systems. The further
research is currently going on this subject. The
coefficients of eq.(14), obtained from the fitting the
experimental data [13,14] are:

» for hexane/decane:

A=211M10° y, = 2.82010 v, = 4.43 1

» for hexane/dodecane:
A=1.17010° y, = 1.75118 v, =

» for acetone/chloroform:
A=3.8910° y, = 2.20010 v, = 2.27 1T

The future work is to analyze the behavior of the
penetration lengths for large scale of the binaiytune
and establish the influence of the molecular stmgcon

the values. Also, molecular dynamics simulations ar
planned to be used in order to get penetrationttsng

6.30 1t

Thus, we can determin¢ghermodynamic matrix, and compare them with the one, obtained from {ttin

using some thermodynamic models, as cubic EoS, PC-

SAFT or some modifications of cubic EoS, such aSuspension Flow in the Porous Media

CPA. Also we need some caloric information aboet th  In this section we discuss the model of the Deeg Be
components, which is available in some databases, Filtration. The formalism used here was developed i
instance in DIPPR database [12]. the works of the authors [4].

Determination of the resistance matrix requires We aim in extension of the stochastical approach in
knowledge of the penetration lengthsZ(J,V,N). The investigation of the Deep Bed Filtration processred
simplest expression for the penetration length comeve describe the filtration of the particles in fherous
from simple linear Vignes rules for diffusion innbiry ~media. The particles can be plugged by the porous

mixture: media. The mechanism of the plugging is adhesive
M. forces.
Z = 7,7 = Aexp(-v,N, =V,N,) (14) We developed the system of the stochastical model
12 equations. The system contains three partial @iffieal

Thus, we fit binary diffusion coefficient for obtai equations (PDE). The first equation describes the
coefficients of the penetration lengths. Below ysan process of the flow and is nothing else like theipa
see some results for selected mixtures. Theonservation law in the porous volume. The second
thermodynamic model used was SRK with MHVlequation is the equation for the deposition rated &e
(UNIFAC VLE) mixing rules. last equation is for the pore plugging kinetics. dte

not present here the stochastic system for a mafter

simplicity of the presentation.

P ® Hepmneiecane However, in industrial applications, it is importda

8l . e e know the measurable averaged values, rather than so
g — Zero deviations ] concentrations for specific pore or particle smbat’_s _
£ ° Y why the averaged model was deduced. Skipping
g a7 . v ] intermediate derivations the final averaged systethe
8, o ° o o ¥ following:
s (8 o © © v, d d )
&0 . We oo o ttee o S Fxt)+ = Ue(xt)(1-a) = -—o(xt)

o,

2 v : ce® ov O o 3

N y v ® ] Ea(x,t) =alUc(x,t) (15)

0.0 O.‘Z O.‘4 O.‘G D‘.B 1.0 a

Molar fraction of the first component -— h(X,t) =0
Figure 3: The deviations of the experimental data from ot
the model for three binary mixtures. Experimentzid
from [13,14]
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The averaging procedure was performed rigorous|y.
the only left stochastic value was presented as a

“velocity reduction factor”: 7.
Tdrjdrp{/l (rs,rp)ul(rp)c(rs,x,t) H (rp ,x,t)} 8.

-0 0
a= Uc(x,t) 9.

where we have:

A(r..r,) - probability of particle to be plugged; 10.

u,(r,) - flow velocity through one pore. 11.

The effect of incomplete plugging results in thstla

equation (15). The total amount of the pores remaid-2-

unchanged, since pores don’t disappear complgtedy,
reduce their size.

The numerical solving of the system (15) allows get
the distribution of the concentration and depositio
the porous media.

We are also interested in the equations for the
permeability and porosity change. Such equatioms ca
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be derived on the basis of the stochastic modédtist of Publications

Unfortunately they cannot be averaged in the rigsro 1
way due to high complicity. That's why we assumed
that probability of particle to be plugged is trenstant.

After some simplifications and considerations wé ge

the following system for practical applications
(intermediate derivations are skipped): 5
09(x.t) k(x.t) :
—rt == U (xt
ot ,B:pC(X ) (X ){p(X,t) 6
ok(xt) _ k*(xt)
T = ﬁJU (X,t)C(X,t)m 3.

where we have two empirical coefficient, which4,
came from procedure of averagings;, 5, -

The analytical solution of the system gives the-
following relations between permeability and potysi

).t

Here we have initial distributions §t =0):

kO(X)'%(X) 7

The sample numerical solution of the system (15),
accounting for equations (16) and (17) is goingoéo
performed in order to verify model system and to
produce some recommendations for industrig}
applications.

(17) 6.
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Calorimetric Investigations of Asphaltene Self-Asstiation and Interaction

with Resins

Abstract

Asphaltenes are a complex fraction of crude oilviimdo cause severe problems in the extraction afidimg of
petroleum. Asphaltene research has been carriefbootore than 60 years. Still, many fundamentasgions are a
matter of debate, such as the main mechanism Bassbciation and the average molecular weighbhefftaction.
This study is an attempt to shed some light on abgregation behavior of asphaltenes in toluene, taed
characterization of the interaction with anothetrgleum fraction, the resins. Resins are belieweddt as natural
inhibitors for asphaltene precipitation. The ohjextwas to establish a procedure to apply Isothkerhitaation
Calorimetry to obtain experimental values of sorh¢he parameters that are used to model and pradjitaltene
behavior.

Introduction The molecular structure of asphaltenes remains
Recovery and refinery processes face constabeing a mistery, but there are evidences provided b
difficulties due to heavy fractions, namely wellrlb@and NMR, IR, fluorescence spectroscopy, X-ray scattgrin
pipeline plugging, de-stabilization in the mixing o and mass spectroscopy that have led to the coaoolusi
crude oils, coke formation, and poisoning of cattly that asphaltene molecules contain fused rings dirtke
[1,2]. Sometimes the damage is so severe that l@adsalkyl branches (archipielago type, Figure 1).
the closing of the production [3]. Most of these
problems are related to asphaltenes, waxes or raitu
of these fractions. This investigation has focusety
on asphaltenes. They are defined as the fracticnuale
that precipitates after the addition of an n-alkane
(usually heptane) and that is soluble in an aramati
solvent (toluene). This loose definition allows the
presence of very different molecules in terms of
molecular weight and associating capacity. The rermb

of different compounds inside the asphaltene foacis A ‘ s ‘ o
estimated to be over 100,000. The amount of OO O
asphaltenes is crude oil varies in a wide rangan 9.1

to 17 wt% [1]. The fraction is highly aromatic: 20 Figure 1: Hypothetical asphaltene molecule.

50% of the carbon atoms are in aromatic rings T4
heteroatom content is very significant. Asphaltenebhis project deals with the investigation of thatstof
consist, as an average, of around 5-10% in weiht asphaltenes in toluene solutions and the intemaetith
heteroatoms [1]. This implies that there may beuado resins. The main technique used is Isothermal fidtra
4-6 heteroatoms per molecule, assuming a molecul@elorimetry (ITC). The calorimeter consists of aisge
weight of 1000 units. This gives this fraction aegr and two cells, a reference and a sample cell. Evece
tendency to associate, both through the polar mesiet is placed inside a glove box to minimize the inflce of
and the aromatic sheets. the external conditions (Figure 2). The syringkitson
is injected step by step in a series of injectioh§-10
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ul. When the solution from the syringe is injectttgre  filled with a concentrated solution of surfacta80 (/1)
would be a re-arrangement of the equilibrium in théo assure that it is in micellar state.

sample cell. )
Sodium Cholate at T= 40 °C

0 50 100 150

Time (min)
20+ .

\ GLOVE BOX

Silica gel

[y
o
1

1

Syringe

pcal/sec

Door

Reference Sample
ICell Cell To the computer
Stirrer

T sensors

Figure 2: Schematic view of the ITC equipment.

The heat developed is recorded and displayed in the
computer. The integration of the area below eadk pe
gives the heat developed per injection (FigureV@ith 0 2 4 6 8 10 12 14 16
the application of a suitable model, it is possibde Conc (g/l)
determine the enthalpy of interaction of the sutrsta
injected from the cell with the ones present in the
syringe.

Figure 3: Determination of CMC of a surfactant

The solution is injected into the cell and the heat
developed is recorded: in the first injections, the
concentration in the cell is low and the micellesak
Xompletely into monomers. The breaking of micelles
gives a high heat positive signal (endothermic)thiis

Specific Objectives
The ultimate objective is to determine the enthalp
of interaction asphaltene-resin for several stadnel

instable crude oils. With this information, it wdube : . .
possible to determine if resins have a criticalu@fce particular case. When the_ CMC is reached in thi cel
! e . . the heat developed experiments a sharp decreaieg as
in the stability of the crude oil. These experingent_.
micelles do not break any longer and the only heat

would also be useful for researchers that perform . A )

. : .recorded is the heat of dilution of the micelleheT
molecular simulations and develop models to describ . o . X

. . inflexion point in the curve (6.11 g/l) is assigntedthe

asphaltene behavior, such as regular solution yheor MC. There is qood aareement between the literature
SAFT equation. ITC is able to provide expenmenta? : 9 9

enthalpies of asphaltene self-association andaatien and t.he data presented here (6:67 g/l, [5]). Séverg
. . ; thhmques [6]) have been used in the past to mbtai
with resins, together with the average number qQ

. : . ) values of CMC of asphaltenes. This value would
interaction sites in asphaltene molecules. Thusseh . )

. determine when asphaltenes started to self-associat
values would help to reduce the number of unknowns

e modeling of asphaliene behavir,as they s, /%% 1° SIVSATCES bsed L pATLInuery ond foue
considered as fitting parameters.

for asphaltenes [7]. They are usually very aromatid
Results and Discussion also contain a high number of heteroatoms. Thiddea
a complex mechanism of self-association, whichltesu

a) Asphaltene self-association in aggregates of variable size. They are supposed t

It is often useful to find simpler model substance§ . ; S .
X ollow a step-wise mechanism of association. This
that may help to understand the behaviour of cormple

A Mmeans that they do not need a certain concentration
fractions such as asphaltenes. It has been reptiréed ; .
- L . . the solution to start forming stable aggregatestebd,
asphaltenes stabilize water-in-oil emulsions, lik

?hey form dimers, trimers and so on at all

surfactants and they also present surface actiVhgse ; o ) ;
: : caoncentrations. Similarly to the ITC experimentghwi
evidences pointed the research about asphaltenéas

towards the determination of properties typical o d)r/izz (tzllalérneensogosxg;wt]%’atthﬁ]gtggn dzt/zlscf)h:ﬁg;ea
surfactants. Surfactants usually consist of a pb&ad P

and a non-polar chain attached to it. In aqueo with increasing concentration in the cell (Figurg 4

solutions, they tend to form micelles where the -non ere is not a first region in which the heat depel is

polar chains are protected from the solvent bypiiar constant. The absence of this p!atea_u suggests _that
. . asphaltenes do not have a CMC in this concentration
heads. This phenomenon starts to occur after aicert

concentration is  reached  (Critical Micellar "€9ioN- The step-wise model seems to fit better the

Concentration, CMC). In a calorimetric experimehis experimental evidences.
CMC is easily calculated (Figure 3). The syringe is
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because of its simplicity and overall good fits adlt
LM2 Asphaltenes Cs = 15 g/l phictty 9

0 20 40 60 80 100 concentrations (Figure 5).
Time (min)
1207 — EK model
2 14 .
= ~ 1001 @ O experimental heat
S S
o 1 S 80
=
0.35 = |
T 60
0.301 B 3
3 0.25+ 4 = 40 1
° ]
.2 0.20+ g <
E’ 0.15 E 207
= Y EE b
[
© 0.104 E% ) 0 T T 1
0.05 T T T
0.0 0.5 1.0 15 2.0 0 2 C asp (g/l) 4 6

Caspincell (o) Figure 5: Fit of Equal K to KU asphaltenes (30 g/l).

Figure 4: Titration of an asphaltene from Venezuela.
The calculated values &H, are small (Table 1), a

The concentration range studied was 1-10 g/l, ais thoit lower than the limit of the usual hydrogen bdpal
is the region where most of the values of CMC art® -40 kJ/mol, and smaller than the stacking of som
found in the literature. Ten different asphaltemesse pure aromatic compounds, such as pyrene (-15
tested to give more validity to the conclusionswira kJ/mol,[8]).It must be taken into account that the model
The behavior observed is the same for all of thenassumes that all molecules are equally activedrs#tf-
without a plateau at low concentrations and association. There are evidences that a significant
continuous decrease of the heat developed. fraction of asphaltenes do not take part in thd- sel

association [9]. This may explain why the valueadf,

Once the surfactant approach has been proven to dr@ so small.

wrong, it is necessary to come up with a new way of

interpreting asphaltene self-association. The aqugro Table 1: AH, and K optimized by EK model.
followed is based on the chemical equilibrium tlyedt Cs=5g¢gl Cs=30g/
assumes that the molecular aggregates are in AHa K AHa K
equilibrium among themselves and with the monomers, KU 23 4990 -29 1222
following the same type of reaction as in polymer ~ Alaska95 -47 3403/ -51 831
growth and in aggregation/stacking of aromatic Yagual 8.5 7097 -45 1185
molecules: Lagrave -3.0 685.7 -4.0 1014
LM2 35 1644 | -47 63.5
Ca30 21 7955 -34 87.5
Pr+ PL o Pua= [Poia] = Kt [P1] [Pr] 1) oMV 27  4199| -38 792
LM1 31  566.1| -5.2 73.7

All the heat developed in the experiments is
assigned to the formation of new species. Afteheac  The choice of the model, however, is critical ie th

injection, the concentration of the molecular agates final value of AH, and the average Mw affects greatly

changes and a new equilibrium has to be reachesl. Tie values of the parameters. This is a deficierfae
differences in concentration between the momerr afty,gdel due to its simplicity compared to the complex

the injection and the equilibrium allows the caitidn  mixture we are dealing with. The use of a moreitieta
of the number of association sites broken in the renodel incorporating a distribution of Mw would inypl

each injection. molecular weight that is out of the scope of thisjgct.

Heat = Number of bonds broken (mol) AHa) (2)  p) Alteration of asphaltene structure
Chemical alteration of asphaltenes was carried out
The parameters of the models are optimized byy gain more insight on the importance of polar
means of a non linear least square fitting of Eiqua2.  functionalities in the self-association of asphadte
Four models have been used to fit the experimelatial, First, polar acidic groups were blocked in two eliéint
all of them incorporating the step-wise growthyeactions. Silylation affects only oxygen functitities
mechanism. Equal K assumes that the equilibriuhydroxyl and carboxylic) and substitutes the hymo
constants and the enthalpies are the same foheall tyy a trimethyl-silyl group. Methylation substitutéise
reactions. The equilibrium concentration of thehydrogen in acidic groups that contain not only gety
monomer is obtained by means of a mass balanggt also nitrogen and sulphur. It is observed i€ IT
analysis [9]. This model has been chosen over thero experiments that the heat developed decreases upon
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alteration (Figure 6). There are fewer bonds brokestabilization of asphaltenes. These experimentse wer
which implies that the capacity of self-associatltas intended to shed some light on the mechanism of
been reduced after the reactions. The effect iatgrén stabilization by surfactants. They would also pdeva
methylated samples, stressing the importance eblid background that will later be used in the
nitrogen and sulphur groups in the associating @gpa interaction of native resins with asphaltenes.

of asphaltenes. Experiments were carried out by injection a model
resin, nonylphenol (NP) into an asphaltene solution
®1 . toluene. Reference tests were as well performed by
07 % © RAW ASP| injecting nonylphenol into pure toluene. The heat
£35 3 O SY ASP developed in the nonylphenol reference data was
Zsoq I 6% O MET ASF subtracted from the resin-into-asphaltene data. The
S5 @EE%%@ resulting heat was assumed to be due to the itimnac
S 20 Poam_>000g, ASP-NP. The interaction between asphaltenes and
gls— oPoe mm@mmgé‘@’%@%% nonylphenol is modeled as a Terminator-Propagator
T 101 @ e®<}®® Ged o system. Asphaltenes are propagators of the groWth o
51 oe ®%<ﬁ@®%@® the aggregate. On the other hand, when a nonylpheno
0 : : molecule is attached to the aggregate, the growiiss
0.0 0.5 1.0 15 2.0
Concentration (g/l) |:)n + |:)l o Pn+1 = [pm]] = Kn+1[p1] [prJ (3)
Figure 6: ITC of LM2 altered asphaltenes (10 g/l). Po+T o PT = [PT]=Ku[T] [Pl 4)

Fluorescence spectrum of methylated Alaska95 The calculated heat q is:
shows an increase in intensity at shorter wavelengt
with respect to raw asphaltenes (Figure 7). This q=p, \ (mol)*(AH) + naa (MON*(-AH,) (5)
phenomenon is not observed in asphaltenes thatalid
show a substantial decrease in heat developed@ IT p  isthe number of ASP-NP bonds formed apd n

experiments. ais the number of ASP-ASP broken. The parameters of
the models are optimized so that the heat calallate
0.027 ALTERED Asphaltenes Alaska 95 with Eq. 4 is as close as possible to the experiaten
; heat.
0.016- |
~ 1.0 1
3 MET ASP
£ 0.012+
2 < 0.0 4
2 2
£ 0.008 ]
= GE_J' -1.0
0.0041 RAW ASP = y
\ o -2.0 A
4 T To &
0 ; e ‘ o
240 340 440 540 -3.0 7
excitationA (nm) ©

'40 T T T T 1
0.0083 0.0081 0.0079 0.0077 0.0075

Figure 7: Schematic view of the ITC equipment.

Emission at shorter wavelength would in principle C Asp cell (molfl)
imply the presence of smaller aromatic rings [1ilt Figure 8: Fit of Model to LM1 10 g/l ASP titrated with
the reaction does not alter the core of asphalten@lP Concentrations: (O) 5 g/l; (+) 20 g/IjX 40 g/l; (X) 100
molecules. It is suggested that the emission is tdue gll.
small molecules that were associated through hyrog
bonding in raw asphaltenes, as association isuezlieo Figure 8 shows that the model is able to fit the

quench the bands and also move them to longekperiments with different nonylphenol concentrasio

wavelengths [12]. Two more reactions were carriet]l o The AH obtained are in the lower limit of hydrogen
in which oxygen and sulphur bridges were brokerhjonding (Table 2) and vary in a limited range.
decreasing the size of the molecules (Reductioeg SNevertheless, the equilibrium constants K are rathe
reference 13 for a complete description of the @ssc concentration dependent. They tend to decreasheas t

and the results obtained. concentration of nonylphenol increases. This cdagd
interpreted in terms of affinity: at high nonylplén
c) Interaction with model resins concentration, it would have more tendency to self-

To remediate asphaltene fouling, the concentraticassociate than to interact with asphaltenes. At low
of resin-like material is increased by adding chels concentrations of NP, the proportion of monomeric
such as alkyl-phenolic surfactants. These molecule®nylphenol is higher, allowing a higher interantio
would act as synthetic resins that help in the
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with asphaltenes that implies a higher value of thene molecule is not affected by the neighbor sitéss
equilibrium constant K. means that two sites act as if there were veryréan
each other, even if they may be in the same maedul
Table 2: Fitting results of asphaltene-nonylphenol  agllows the calculation of the average number of
interaction AH (kJ/mol) and K in l/mol. interaction sites at the same time as the enthafpy
C asp cell = 10 gh association. The fit is as well good (Figure 10) the

CNP (@) ALI—’:?1 ASKF;' A}::ij ASEi' Aﬁgis AS}Z values ofAH are extremely low. They are one order of
5 |50 2433 -39 1913 59 827 magnitude lower than the ones obtained with the
20 |51 285 43 141 -65 108 previous model. This is considered a deficiencyheaf
40 |68 91 67 93 model.

100 -6.2 92

Caspcell=1 g/l
LM1 Asp. KU Asp. A95 Asp
AHi Ki AHI  Ki AHi  Ki
5 -2.4 275 -21 219 5.7 121
20 21 148 59 73

In order to calculate the maximum capacity of
interaction with asphaltenes, a high concentratdén
nonylphenol (300 or 468 mM) was injected into a low
concentration of asphaltenes (1 g/l). This dilution ey ‘ ‘
assures that asphaltenes have a low aggregatiten sta 0 20 40
and most of the sites are available for the inteac Mol Ratio
with nonylphenol. The exothermic interaction NP-ASP ] ]
is rapidly compensated by the high heat developed i Figure 10: Fit of ONE model to NP-ASP experiments
the break of H bonds among nonylphenol molecules ) )
(Figure 9). The subtraction of the reference data The number of sites ranges from 2.6 to 5.1 sites pe
(injection of NP into dried toluene) gives the heaf!lo9ram. Elementary analysis shows that the amotnt
developed in the interaction NP-ASP. This heatlieac "€téroatoms per kilogram of asphaltenes is alshan

a value of zero when all sites have been saturated. ~ '@nge. This may indicate that the hydroxyl group is
mainly attached to asphaltenes through the hetareat

by hydrogen bonds. Nevertheless, the capacity of

25 ;] Ca30 Asp
o Alaska 95 Asp
Fit of ONE model

Heat (cal/mol injected)

Time (min) nonylphenol to form bonds with the aromatic sheets
oo S0 100 150 200 250 300 through the free electrons of threorbitals cannot be
neglected.
o 60 1 1 The average n obtained are in the same range as
2 L. ] those reported by other researchers. Leon et &l [1
= CASp=1gl found 6.7 molecules of NP per asphaltene molecule
S 201 . asphaltene in adsorption studies on aggregates- in n
heptane. Wu et al. [16] used 6 sites of interacpen
Og' S C‘As‘p‘:()‘g/f asphaltene molecule in their SAFT calculations.
' Buenrostro-Gonzalez et al. [17] used 3-4 sites to
= 967 ] successfully fit onset precipitation data with SAFT
L2 044 —ChAsp=0gl , equation.
8 f-fCAsp:Al g/l
£ 0-2] o Subtraction | d) Interaction with native resins
= i
g. 1 Experiments with native petroleum resins have
50 5 A 6 & 1012 14 16 18 20 been performed as well. The heats developed are
C NP cell (g/) significantly lower than the ones of the interactigith

Nonylphenol. Figure 11 shows that the fit of ONE
Figure 9: 100 g/l of NP into dried toluene and 1 g/l LM1 model is still good. The average number of sites
ASP. depends on the crude but is around 1 in all cales.
decrease with respect to NP may be due to steric
The previous model assumed only one site peiindrance: resin molecules are supposed to be ibigge
asphaltene molecule, so it is unable to provide th®@an nonylphenol; the binding of one molecule tsita
number of sites. A second approach is based oeiprot might prevent other sites from being occupied #yth
ligand studies [14]. One Set of Independent Sitedeh are very close to each other. The contribution hef t
(ONE) considers that asphaltenes contain a number gntropy to the free ener@yG is much greater than that
sites available for the interaction, and they alvdrthe of the enthalpy, suggesting that the process is
same affinity for nonylphenol. Besides, the bindibfg entropically driven.
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Figure 11: Titration of 1 g/l Ca30 ASP with 99 g/l RES. (0)
Experimental (-) Fit of ONE model.

Table 3: ONE model fitting results on ASP-REs interaction.

AH andAG in kJ/mol and\S in J/mol. K in I/mol.

Crude CRES(g/l) n 4H K 4SS 4G
A95 75.3 0.8 -28 257.3 37.0 -14.0
LM1 475 1.1 -05 7535 533 -16.7
Ca30 99.0 1.5 -0.8 348.0 459 -14.7
12.0 1.6 -0.7 1595.0 59.2 -18.6
YAGUAL 90.0 1.7 -0.8 3816 46.7 -15.0
65.6 1.8 -1.1 3587 454 -14.8
26.1 1.5 -0.6 23740 62.6 -19.6
LM2 94.0 16 -1.1 3589 454 -14.8

Conclusions

suggest that the aggregation of asphaltenes oatwas
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ITC has been applied extensively to asphalten j muyrgich, C. Lira-Galeana, D. Merino-Garcia, S.I.
solutions in toluene. The evidences presented here

step-wise manner at all concentrations. Asphaltengs

have been altered to determine the importance lafr po

functionalities in the self-association. ITC expegnts

shows a significant reduction in aggregation capaci

after the blockage of hydrogen bonding sites. Thdys

of the interaction of asphaltenes with first a mode,

molecule and then with native resins has beenezhrri

out. By means of a simple model, the average nuwberg
sites in an asphaltene molecule has been calculated

together with the enthalpy of interaction

resin-

asphaltene. These experimental values would bduhelpg

in the improvement of the predicting capacity oé th

models that describe the behavior of asphaltenes by

reducing the number of estimations or fitting
parameters.
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Phase Behaviour and Viscosity Modelling of Refrigeant-Lubricant Mixtures

Abstract

The understanding of thermophysical properties @mase behaviour of refrigerant-lubricant oil mixtsiris highly
important for optimal designing of refrigerationdaair-conditioning systems. Refrigerant-lubricariktures may
develop complex type of phase behaviour that mestamsidered when designing a cooling circuit. Sustmaviour

may include, open miscibility gaps, closed misdipigaps,

liquid-liquid-vapour equilibrium and evéarotropic

phenomena showing mass density inversions. Thik alb have a profound effect in the mixtures tpams
properties. This bring into consideration a mustidplinary problem involving phase behaviour, dyi@behaviour,
barotropic phenomena and, since cooling circuitsraje around critical points, another importantrgmeenon:
critical behaviour. Thus, given the complex behawitdhat is intrinsic to refrigerant-lubricant mixas, the
development of models that accurate capture this of behaviour is essential.

Introduction behaviour is essential. For many years, theserdiite
The phasing out of chlorofluorocarbons (CFCs) hagroblems have been studied and a good amount of
led to a major change in technology within theknowledge achieved. Yet, in order to be able to
refrigeration and air conditioning industry. Newghi accurately model cooling cycles, to some degree, th
performance refrigerants, such as R134a (1,1,1u8ed equations of state must take into accounhdine
tetrafluorethane) and their accompanying syntheti@nalytical natural of the critical phenomena. Thilng
lubricants (such as polyalkylene glycols, polyotees main research objective of this project is the
and alkylbenzenes), have been the result of intande development of a new type of equation of state
rapid technological development. This developmexst h applicable near the critical region and which can b

been based on a detail understanding of the redtiga

used in conjunction with the recently develop fant

application and the chemistry of refrigerants antheory §-theory) [2] for refrigerant-lubricant mixtures.

lubricants. However, these mixtures, which arelyike

have strong asymmetry, may develop complex type @bjectives

phase behaviour. Thus, the understanding of
thermophysical properties and phase behaviour @f
refrigerant-lubricant oil mixtures is highly imparit for
optimal designing of refrigeration and air-condiiiog
systems under the various conditions of operation.
Furthermore, for an optimal performance design, the
phase and transport properties of the coexistirapgh 2.
must also be taken into account. For instance ttfer
oil-rich condensed phase to smoothly flow back i@
compressor, the viscosity should be appropriate ad
barotropic phenomena (density inversion) should be
avoided [1].

As well as physical measurements of thermophysical
properties of such mixtures, the accurate numerical
modelling of the phase, barotropic, dynamic anticai

101

The main objectives of this project are:

The development of equations of state models
capable of capturing the non-analytical nature of
the critical region while at the same time having a
mathematical structure simple enough for actual
industrial applications.

The simultaneous development of an accufate
theory viscosity model to be coupled to the new
equations of state.

The accurate numerical modelling of the phase,
critical, barotropic and dynamic behaviour
observed in refrigerant-lubricant mixtures under
wide ranges of temperature and pressure.
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Results and Discussion Conclusions and Future Work

The type of phase behaviour that refrigerant- In spite of their simplicity, it appears that th&® P
lubricant mixtures may developed, has been studi¢eOS with the classical quadratic mixing rule may be
based on experimental information found after amppropriate for a description of the phase behavidu
extensive literature survey. In addition to largecomplex systems such as HFCs + TRIG. Classicakcubi
immiscibility regions, it has been shown [3] thatEOS represent a powerful tool for the actual desifyn
asymmetric mixtures such as refrigerant-lubricantefrigeration cycles. This modelling approach can b
mixtures may develop density inversions, as observeised to prevent technical problems such as baiotrop
by Hauk and Weiner [1]. This complex behaviour caeffects, decrease solubility-related compressor oil
be modelled with reasonable accuracy with cubigiscosity, among others.
equations of state and van der Waals mixing rulés. The next step is to model the viscosity behavidur o
use of a cubic equations of state as simple ad/#me refrigerants and refrigerant-lubricant mixtures using
der Waals EOS [4], or one of its more accuratthe friction theoryf-theory).
empirical derivations such as the SRK EOS [5] & th
PR EOS [6], represent a powerful tool for a betteAcknowledgments
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Figure 2: Pressure-density PR phase diagram of
HFC134a + TRIG at 353.15 K.
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Datadriven and Mechanistic Model based Control and Optimization of
Fed-batch Fermentations

Abstract

Fed-batch processes are widely used in chemicabamthemical industry. Fermentations in biochemiodustry

are most often carried out as fed-batch proce<3pseration of these processes is not possible ustiagdard

regulatory control schemes because of their naalimature and limitations in the production equpmIn this

project a methodology for control and optimizatioh such processes will be developed based on theofis
mathematical models.

Introduction performance. The results of the models will bedatkd
Fermentation processes are commonly used against experimental data obtained on the plantand

biochemical industry for production of a wide vaéyief control structure based on the models will be

products. The true nature of these processes @yrarimplemented in a pilot plant for validation purpsse

fully understood which makes the implementation of

efficient control schemes very difficult. First pciple Resultsand Discussion

engineering models are not used because the limit&d begin with the approach will be to design a nhiode

knowledge about the processes would make them vdrgsed entirely on operational data, where a Setack-

time consuming to develop. box models will be developed. The model will beeabl
Another promising strategy is to develop datadriveto predict the evolution of the process based en th
models entirely based on data from actuajiven inputs. A methodology for generation of such
fermentations. When knowledge about the process nsodels has already been developed in earlier fgeojec
available a hybrid modeling approach to extradil]. It has been shown that this kind of datadmive
pertinent information from data can be applied. models are able to account for disturbances thatran
The purpose of modeling these processes is tbe process. The advantage of datadriven modeding i
develop control structures that ensure uniform ajp@n  that only limited prior information about the praesds
and optimize the productivity of the process. required. The disadvantage is that the resultingetso
This project is a part of the Novozymes Bioprocesdo not have any physical interpretation and can not

Academy which is a newly established cooperatiodirectly provide any information about the fermeiata

between Novozymes A/S, The department of Chemicplocess.

Engineering and Biocentrum at DTU. The methodology uses a large number of linear
time invariant models which each describe the
behaviour of the process in a certain time interVake

Specific Objectives combination of these linear models results in a ehod

The objective of this project is to develop awhich covers the entire time span of the fermeotati
methodology to identify mathematical models whictand approximates the highly non-linear behaviouhef
can predict the behaviour of fed-batch fermentation process. Successful application of such models show
biochemical industry. Based on the identified medel that the data contains sufficient information tedgict

is possible to control the fed-batch process. Thdeats the behaviour of future batches.

may also be developed for optimizing the process
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At a later point in the project knowledge about the
microorganism and how the process is carried ont ca
be combined with operational data in order to dmvel
knowledge based models. A methodology for
development of such knowledge based grey-box models
has already been developed [2]. It is based omigkeof
stochastic differential equations which are welitexii
for combining first principle engineering modelsthwi
data because they account for random uncertairdy an
noise.

The control structures used today are most often
decentralized and lack the ability to account for
limitations in the process equipment and
microorganisms. Furthermore industrial operatioterof
relies on the operators experience and can not be
guaranteed to be uniformly reproducible. Uniformiity
the production is important for the subsequentssiap
the production facility. Development of models for
control can be essential for reducing variations in
product quality and can thereby improve the
productivity of the overall process which is benki
for economic reasons.

Conclusions

The limited knowledge about the nature of the
fermentation processes used in industry makesnig ti
consuming to develop first principle engineering
models. An alternative is datadriven modeling based
process data. If some information about the process
available knowledge based grey-box models can be
developed and efficiently used to uncover unknown
functional relationships.

In this project both types of modeling will be
explored and the results will be validated agaatstal
plant data.
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Prediction of the Solubility and Diffusion Properties of Pesticides in Polymers

Abstract

In the field of pesticide controlled release tedbgg, a computer based model that can predict glieaty of the
Active Ingredient (Al) from fabricated units is impant for purposes of product design and marketingnodel for
the release of an Al from a microcapsule devigarésented here, together with a specific case stpgiication to
highlight its scope and significance. This papesoahddresses the need for predictive models angopes a
computer aided modelling framework for achievinghitough the development and introduction of rééaand
predictive constitutive models.

A group-contribution based model for one of the stitutive variables (Al solubility in polymers) igresented
together with examples of application and validatio

Introduction properties in these models are the ones that riletes
There are many applications in agriculture, wherpesticide and the polymer. It is then appropriatesay
protection from pests is required for extendedquiiof that the solubility of the pesticide in the polynaed its
time. If control is required for periods of a yearmore, diffusivity through the polymer membrane have a
then the conventional methods of delivering thaignificant influence in the release of a pestididen a
pesticide compound (for instance, spraying a smhutif — controlled release device. This is where the moftels
the pesticide over the crop) may not be good enougiediction of the solubility of pesticides in polgns
because the pesticide might not be delivered at tlhecome important.
specific desired site and also because it doedasbt The main objective in this work is to make the
long enough to accomplish the protection of thepcro current models predictive, flexible and robust batt
Considerable improvement can be achieved by usitigey can be used to design and evaluate Al fornoulst
controlled release systems for the pesticide delite and their delivery, rapidly and reliably. This ingd
the environment. Through the sustained releasénef tbeing able to predict the properties that arecaitio the
pesticide from these devices, the amount of pesticicontrolled release mechanism through specially
used, as well as, the number of times it needseto beveloped predictive property (constitutive) models
applied on the crop, is reduced. As the pestickle These property models when incorporated into the
usually encapsulated within a polymer membranagthegeneric controlled release models will allow thedstof
is also a reduction with respect to environmentdhe release of the pesticide molecule through the
hazards and human toxicity. polymer. Thus, these computer models would be a
A great number of models exist for describing th@aluable addition to the tools for both polymer and
wide variety of controlled release devices avadablue product design and analysis.
to the attention that the sustained delivery ofgdrhas
received in the past years. Our purpose at thi iso  Model for Controlled Release
try and apply these models into the field of pédtc Controlled release technology presents several
controlled release technology and to make themdvantages over the conventional applications of
available through a computer aided system. As thgesticides; they are illustrated in Fig. 1. A conmgan
controlled release devices consist basically of af the pesticide concentration in the environmevgro
pesticide (Al) that is encapsulated or incorporatetime obtained from a conventional pesticide apfpilica
within a polymer membrane, the most importan{d) with the concentration from a controlled delivery

105


mailto:nms@kt.dtu.dk
http://www.capec.kt.dtu.dk/

system 0 -) is presented in this figure. It can be This model applies for systems where the Al is
observed that with a conventional application ayveravailable in solution below the solubility limitnIthe
high concentration is obtained initially, that aaren be microcapsules diffusion occurs through a thin fijof
greater than the allowed toxicity level. Thisthickness h), thus the equation of diffusion can be
concentration decreases fast and is soon below tbensidered in one dimension with respect to space.
minimum effective level. On the other hand, thedjia

of having a sustained pesticide delivery are imicuedly roq (r - p)?
observed in the other concentration plat ¢), due to  f(r;u;0) = j Ton exp(— 2 j (1)
the quick achievement of the desired concentratian W N27o g
is then maintained over time, this is obviously aren
desirable scenario. dC. DA K V.
— =Ky | 1| 4= 1 Cy
dt  V,h Ko V)| o™
Overdosing 5 eEp%{vd K, +Vme,djtj o)
.............................. Toxic.conc h ViV
T -
£l|r
g1 & DA o {%[K_v_] tJ @)
I MingffcONC. W Y \Kwa Vo
Under dosing ) L
Equation 1 represents the normal distribution
Time function that is applied to the microcapsule radius (r) in

) o o order to get a representation of the various sizes of
Figure 1: Common pesticide application]( versus mjcrocapsules found in solution. This distribution is
controlled release application (-) applied with a certain mean distribution valyg &nd a
specific standard deviatioro). Equation 2 represents
the rate at which the concentration changes with time (t)
$h the donor compartment {Qy/cn?), that is the “core”,

s it is defined in Fig. 2. This concentration is affected

y two properties related to the Al and the polymer: the

iffusion coefficient (D, crfis) of the Al within the
Hblymer and the partition coefficients between the
polymer membrane and the donor.( and the one
between the release medium and the polymer membrane
(Kmi). The geometric parameters of the microcapsule

also have an effect on the release; these are the surface
Membran area through which diffusion takes place (A,’gnthe
volume of the microcapsule or donor volume, (¥h?),
and the thickness of the microcapsule wall (h, cm).
Finally, the initial concentration in the coreqy(Gia, 9/
cn) and the volume of the release medium, or bulk

Model Description

The field of controlled release technology offers
wide variety of devices with a similar final effecne
of the most common types being the microcapsules.
microcapsule is a reservoir system where the Al i
enclosed within a polymer membrane, as is shown
Fig. 2. Several examples can be found in the market
microencapsulated pesticides (TopNotch, Fultime,) et
with different properties and functionalitigy.

G volume (M, cnt) are also present in this equation. In
Core Release Eq. 3 the variation of the concentration in the receiver
medium or release medium (Cg/cn?) is represented over time

and having mainly the same variables present in Eq. 2.
In the total model, the radius distribution from Eqs1 i

used to calculate microcapsule volume and surface areas
The process of Al release from a polymer can bg ¢ appear in Egs. 2 and 3

described in most cases by Fickian diffusion, vifta
appropriate initial and boundary conditions. In th§,q4el Solution

present work, a computer based model has been . s section the model presented above is tested
developed for the delivery of Al from microcapsuleyiih some experimental data in order to assess its
devices. This model accounts for the number Qferformance and suitability. The case study is selected
microcapsules and their size differences through @ {hat the values of the model parameters and known
normal distribution function (Eq. 1). The contralle |5 iapies required for the model equation solution are

relga;e is modelled with the equations for pon—talns available from experiment. Shao et [@] have studied
activity source (Egs. 2 and [Z]), that are derived from o release of a disperse dye solution from a

Fick’s law of diffusion and provide the concentoati microcapsule. This microcapsule is prepared by
dependence with time.

Figure 2: Microcapsule schematic representation
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complex coacervation and the dye solution isn a group contribution approach, with an existing
encapsulated with a gelatin and gum acacia membrangarameter table that provides accurate and predictive

results.
Input Data
D 1.75e-14 Mis Q°
h 27.2um Kpol/c = o° (4)
|
Km/d 1 Po
0.18 K 1
m/r . . -y .
0.16 . In order to illustrate the possibility of having a
0.14 completely predictive model for the controlled release
0.121 . of pesticides, some preliminary calculations related to
In ((C,s-C;) 0.1 the prediction of the partition coefficient are presented.
ICyt-Coimt)) 0.081 . In Taple 1 .th('a . experi_mentgl values of a_ctivity
0.06 coefficients at infinite dilution@™) of two solutes in a
0'047 e Bop data polymer (Pol_ystyrene, PS) are compared with the ones
' —_ Simulation result calculated with the GC-Flory EoS. It can be noted that
0.027 good agreement has been obtained. After this initial test,
0 ‘ ‘ ‘ ‘ the next validation test involved the calculation of
0 20 40 60 80 100 partition coefficients of complex molecules in selected

time (min) polymers. Table 2 highlights some of these results for
Figure 3: Comparison of model results with Iiteraturethree comple_x molec_ules (drugs are used as pesticide
data[3]; where G, is the concentration of the receivermOIecu.leS being studied cannot be disclosed for reasons
at time,zero ( /chr;tand G, is the concentration of the of confidentiality). These examples are selected so that
9 f the available parameter table of the GC-Flory EoS

receiver at 24h (g/cf model can be used and the results compared with

The model equations (Eqgs. 2 and 3) are solved kg)t/erature data}5)].
setting values for the diffusion coefficient (D), the wall
thickness (h) and the two partition coefficients, (K,
Kny) obtained from [3]. The available apparent

Although there are some differences between the
experimental and calculated values we have to keep in
mind that this has been pure prediction, that is, without

erers s Bt o ot Sty aGSIment o parameters. W vt Ik 10 ot
- partit ; ?hough, the qualitative goodness of the results.
have been set to unity in order to avoid accounting for

them more .than once. .The calculgted values Obtam?gble 1: Comparison of experimental and calculated activity
from the simulation with the microcapsule release

model are plotted together with the experimental values efficients at infinite dilution, in weight-bas(@")
from the literature in Fig. 3. It can be observed that thecomp. 1 Comp. 2 TEK) %1 9%
model reproduces the release of the dye solution from (exp)  (calc)

the microcapsules reasonably well, even though thd-propanol PS (20000) 4450 18.8 17.6
simulated values are somewhat lower than theBenzene PS (120000403.4 4.61 4.29
experimental data. This small disagreement can be due

to differences in the donor volume arising from th&able 2: Comparison of experimental and calculated drug

. . . . . . Al
dIStrIbUtIOI’] Of mICI‘OC&pSU|eS SlIzes, Wh|Ch affeCtS thﬁartition coefficients between p0|ymer and Watér {)o|/w)’ at

amounts of Al released. 298°K _ _
New Developments Drug Polymer logk poliw logk poliw
Analyzing the microcapsule model presented in the (calc) (exp)
previous section we observe that there are twdAndrostenedione EVA 2.61 2.182
parameters that are critical for the applicability of theTestosterone EVA 2.66 2.217
model to a wide range of microcapsules and pesticide®rogesterone EVA 3.01 3.210

These two parameters are the partition coefficient

(related to the solubility of the pesticide in the polymer) Having the capabilities of the GC-Flory EoS model
and the diffusion coefficient. The first attempttested and verified, the next step has been to develop a
therefore, has been to select and implement a model fopdeling framework through which the group
the prediction of the thermodynamic partitionparameter table can be extended to handle a large range
coefficient (Koi) through activity coefficient of pesticides and polymers. For example, with the
calculations (Eqg. 4). The challenge here is to use partition coefficient of two well-known pesticides,
simple model that is predictive and can then bBermethrin (52645-53-1) and Abamectin (71751-41-2),
extended to handle a wide range of complex moleculeglculated through this model and the corresponding
The selected model is the “GC-Flory Equation of Statediffusion coefficients obtained either by experiment or
[4], which is a simple activity coefficient model basedPredicted by a model, the controlled release can be
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compared with different microcapsules and/or
conditions of use. The results are, in principle, simdar t
the ones illustrated in Fig. 3

Conclusions

A computer aided model has been developed that is
able to reproduce the controlled release of an active
ingredient from a microcapsule device, and it has been
tested with available experimental data to evaluate its
applicability. An extension of activity coefficient
models for the prediction of solubility of the active
ingredient in polymers is under development, and
preliminary results indicate that it is feasible to create a
predictive controlled release model. However, to make
the system truly predictive, flexible and robust, a
predictive model for the diffusivity of active ingredients
within polymers is also needed and this is the subject of
future work.
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Development of a Computer Aided M odeling System for Bio and Chemical
Process and Product Design

Abstract

This project deals with the development of an adeatomputer aided modeling system (CAMS) that &ideodel
developer in model generation, model analysis, hatentification and model solution in a fast, adlie and
efficient manner. The advantages of using CAMS haghlighted through case studies in terms of radocof
modeling time and effort. Case studies are rel&tethe optimization of a batch biogas reactor dwel dynamic
simulation of a semi-continuous copolymerizatiomater. Up to now the results show that this contitn
proposes an integrated modeling framework thatallonderstanding main characteristics of chemigatgsses.

Introduction Modeling Framework

In general, modeling is one of the fundamental The process of mathematical model building is a
activities related to research and development afial and error procedure. The iterative feedback/
processes and/or products. There is an increaseng t feedforward nature of this process is shown in Eig.
to use computer- aided modeling systems (CAMS) anthe model developer usually repeats the steps more
tools for integrated process analysis. CAMS provide than once. He gets closer reaching the model abgsct
opportunity to reduce the time to market and inmestt with each cycle while, at the same time, refinihg t
costs through integrated product and process desidefinition of the modeling purpose. The modeling
with fast, reliable and efficient modeling step®AMS approach can be subdivided into the following s{@bs
must ensure the integration of existing tools amdiels problem definition, system characteristics, probliata
into a software environment to support modeévaluation, model construction, model solution, elod
construction, analysis, solution, and validation. verification, and model validation. Usually all tfese

The aim of this project is to highlight the useaf steps consume a lot of human resources and time.
generic modeling framework for CAMS called ICAS-However, if the work is divided between human and
MoT [1], which is applicable to a wide range ofcomputer, so that the computer assists to the model
modeling and associated problems. As a first caslys developer where it is efficient and leaving to thenan
the modeling of an (experimental) anaerobic biogake parts that require important decisions, there tand
reactor is considered, establishing a solutiontesisa cost for model development can be significantly
that is divided into several sub-problems. Kinetigeduced.
experiments have been carried out according to a The modeling framework used in this work is ICAS-
predefined set of scenarios, and the available ldat@ MoT, which is an integrated modeling environment to
been used to estimate the unknown model parametdosjld, analyze, manipulate, solve and visualize
using an off-line optimization approach and an ioe-l mathematical models. An important feature of ICAS-
estimation approach. As a second case study, tMoT is that the model developer does not need ttewr
dynamic evaluation of the monomer composition i thany programming codes to enter the model equations.
emulsion (aqueous and polymer particle) phases inModels are entered (imported) as text-files or XML-
semi-batch reactor is presented. The dynamides, which are then internally translated. In rabd
simulations are verified and compared with earlieanalysis step ICAS-MoT orders the equations inteelo
reported results. triangular form (if feasible), generates the

109


mailto:msc@olivia.kt.dtu.dk
http://www.capec.kt.dtu.dk/

Problem
definition

Model Construction
The behavior of the batch digester (anaerobic
\ bioreactor) can be described by a set of non-lifiestr

order ordinary differential equations (mass balahce
taking the form:

System
characteristics

Problem
data

~~~~~~~~~~~~~~~~ =]
constructio
@ =, = M (1)
dt K+ [ GI]

Model calibration
& validation

Figure 1: Modeling framework. d[Lac] = CE, (1, (X 1 [ = My, LAC] X @)
dt ! 2 * Kk, +[Lac]
d[IP sl IP] X
incidence matrix, verifies the degrees of freedam %: DE, [t - r,, Iy =m|:si[[“1] (3
checks for singularity. After this interactive madde 3
analysis, the appropriate solver for the model #qua  d[Pr] _ _ _ My P X
is selected together with a corresponding solutiondt AL I+ AL r,, = ke, +[P1] ()

strategy. As solver options, ICAS-MoT provides sabve
solvers for AEs (algebraic equations), DAESM:BE2 (0, + BE, (B, +Ys ,,[B,~ Ty, Ty  Mhaus] AC] X (5)
(differential  algebraic equations) and numerical 9 ' ke + [ Ac]
optimization methods.

Where [GI], [Lac], [IP], [Pr] and [Ac] are the glucose,

M odeling and I dentification of a Biogas Reactor lactate, intermediate product, propionate and &zeta
concentrations respectively. This model (Eqgs. 1s53
Process Description DAE set with 18 unknown parametersifua, Muace,

Biogas processes are linked to methane productiomas, Muyasda: Muass, K, Ko, Ky Ka, Ks, CEj, DE;, ALy,
as a renewable and possibly also sustainable enemy,, BE,, BE;, X, Y, . }, which have to be identified.
source, formed as the end product during biodegjada
of organic waste material without oxygen. Recently,vIodel | dentification Strategy
several steps have been taken towards establishingy, e igentification is necessary to be carried out
gengral purpose a_md cqmprehensive mechanistic m.c’df‘dgether with a plan of experiments, which is desi)
of bioprocesses, involving a large number of r@asti g -, that first the total biomass concentratidf i

with highly non-linear kinetics. However, as sOme Ogy oy then several experiments are used as foll¢a)s
j[he K'.net'c parameters are not known, they must l?ﬂe parametem\.,q andkgy were calculated using Eq. 1
identified and calibrated before the model can sedu 54" experimental values of glucose concentratibh, (
to optlmlz_e the process. . . thenmy, ke andCE; were calculated using Egs. 1 and
In particular, the anaerobic conversion of gluctse - and experimental values of glucose and lactate
biogas carried out in a batch reactor is considefbe concentrations, consideringy,a andkg as known, (c)

complex reaction scheme with five consecutiv 4 . .
(Monod-type) reaction rates has been taken from(%(t;{en DE, and Y., were estimated by solving the

previous work [3], and experimental data collectims Carbon mass balance for the conversion of glucose t
been performed to estimate the unknown modékctate, intermediate product and biomass. Theltsesu
parameters. The kinetic mechanism (see Fig. 2) shof@r the identification of these parameters arev.a,
that the decomposition of glucose to methane arthae K Ko, K, Ks, CEy, DEy, X, Yo} = {197.94,
carbon dioxide passes through the production dfclac 2.88, 46.0, 11.0, 14.0, 32.0, 0.137, 0.345, 14.23)0
acetic and propionic acid; while concentration®tifer  Finally the identification of the missing (eightnktic
volatile _fatty auds such as butyrate are _neglegllﬂ parameters fins, Mot Mias, Kes, AL, ALg, BE;, BEg}
comparison with those of acetate and propionate. is done using all glucose, lactate, propionateaelate
concentrations together with Egs. 1 - 5. This aldwhe
decomposition of the model identification problemtoi
a set of sub-problems. In this paper, only thel totdel

Lactate 1 D& lntgrr(r;gﬁtgtat identification results are highlighted.

AL, Ay Two approaches are employed for the identification
o (Propionatg / of the eight missing parameters: (a) off-line
’ ) optimization by minimizing a least square functfona
-Acetate

given set of experimental data and using the
s conventional NLP method (involving discretizatioh o
the DAES), and (b) on-line estimation by using &lde
experimental data and a non-linear dynamic estimato

Figure 2: Kinetic mechanism for the anaerobic =~ Whose algorithm add extra ODEs (one for each
digestion of glucose parameter to be estimated) to the reactor model. Fo
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both cases, kinetic experiments were carried odtta@ Explicit), and (b) the on-line parameter estimation
available data were the four concentration&GhfLac, model has 33 equations (9 ODEs, 24 explicit AEg) an
Pr andAc. 46 variables (9 Dependent, 14 Known, 23 Explidit)e
total number of data points (shown in Fig. 3) fatt
Off-line Parameter Optimization: In this test, we found strategies is 22, but three of them (pointed ositimthe
the eight missing parameters by minimizing a leastash circle in Fig. 3) were discarded because gelar
square function for a given set of experimentahd@he experimental error.
minimization problem is stated as:
Model | dentification and Simulation
& 2 2 Off-line Parameter Optimization: The optimization
m'ng{[el]a@(ti)_[el](“)} +{[La°]a@(tﬁ)_[|‘a°](t*)} problem (Egs. 1 - 6) was solved by the SQP-
2 2 optimization method (included in ICAS-MoT) and ugin
+{[Pr]exp(ti)_[Pr](ti)} +{[Ac]a<p(ti)_[AC](ti)} (6) discretisation of the DAEs. The optimal kinetic
parameters obtained were as followsn{az, Muaxa,
Which is subject to Eqgs. 1 - 5, and with boun@§(ft) = %56 k83’0A|62;1 $L03’4IZE26 ESE}S}T:he{:.‘:)?;)c%g,si%ﬁﬂ%é
0. [Lac](t 2 0, [Pri(t) 0 and Acl(H) = 0. was performed by integrating the reactor model s(Bq
- 5) with the BDF (Backward Difference Formula)-
method (also included in ICAS-MoT) and using
previous optimized parameters. The simulation tesul

On-line Parameter Estimation: This approach was
implemented by using an estimator [4], which regsiir
the derivation of additional ODEs (one equation fo ! . ) . .
each parameter to be estimated) to be solv e shown_ in the Fig. 3, which are in accprdandda wi
simultaneously with the process model equations(EqNe  €xperimental data. The corresponding standard
1 — 5). Moreover, each parameter should be estimat@€Viations were g, Otac, Opr, Oach = {29.7 mg/L, 13.2
from one on-line concentration measurement. FOPY/L, 12.2 mg/L, 15.1 mg/L}, and with a global
instance, taking into account the set of four am@ correlation factor of 0.932.

concentration measurements, then it is possible to

estimate four parameters, so that the rest (folith®
unknown parameters are identified by off-line
optimization. For purpose of illustration of the
methodology, the setA 3, BEs, M4, Muaxs} has been
chosen for this on-line estimation approach siresy t
have a linear dependency, leading to the followtimey
additional equations,

250

200 TRy AN

(\.. /x N
<i. AN
ofe L AN\
A
y N
\
<4 I AN
/ N

100 ® experimental \
— — - calculated (off-line optimisation)
calculated (on-line estimation) °

150
P~ g.fol., o)+ ouliac), {Lad)ro Pl fp]) ()

dlztEa:921[q|_ac]exp-[|_ac])+923[t[Pr]exp-[Pr])+gufé[Ac]ap-[Ac]) ®)

dn;tW4 :g41E([GI]W—[GI])+g42[([Lac]ap—[Lac])+g43[([Pr]exp—[Pr]) ()
dn;tmxs:g51[qG|]exp_[G|])+gSZEQLaC]ap-[Lac])+gs3[t[Pr]em-[Pr]) 50o 5 10 15 20 25 30 35

+gs4[t[Ac]a<p-[Ac]) (10) time (h)

Propionate concentration (mg

400

- — — calculated (off-line optimisatiol
calculated (on-line estimation)

® experimental
Where g; are non-linear functions obtained accordinga ] A
Alvarez and Lopez [4]. In general, the estimatorg zqq oF \x
minimizes the error between the calculatedg / ‘\
concentrations and the experimental ones, suchathat & 1 oy
sufficiently long time, the ODEs (Egs. 7 - 10) wblde 200 ,/' N
equal to zero meaning that the constant valuedef t
parameters have been found. 1 <
N\

M ; 100 \

odel Analysis / AN

The classification of variables is done through ] \
ICAS-MoT, which allows the classification of all mo e
explicit variables. The variable classification feach 0
identification strategy is as follows: (a) the &ffe
parameter optimization model has 30 equations (5 time (h)

ODEs, 1 optimization equation, 24 explicit AEs) at@l
variables (5 Dependent, 8 Known, 10 Parameters, 28igure 3: Concentration results for the biogas reactor.

Acetate concentrat|

0 5 10 15 20 25 30 35
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ti h . . . o
ime. (W) Reaction mechanism: Free-radical polymerization

] ) o ] involves in general four main steps: initiation,
Figure 4: On-line parameter estimation for the biogas propagation, chain transfer and termination.
reactor. In the case of copolymerization system both
monomersM; and M, will be activated to form free
. o i i radicals, thus three initiation steps are consiiierith a
On-line Parameter Estimation: To verify this approach, terminal decomposing initiator. Propagation invelve
experimental data (taken originally in discretenidr o, distinctly different steps, neglecting penmulite
was regressed as a time dependent function. Then ects. The monomer type in the penultimate pasiti
estimator model (Egs. 1 — 5 and 7 - 10) were solwed may also affect the rate of monomeric units additio
ICAS-MoT (using BDF method) as an initial valuethe growing polymer chain, but the importance & th
integration ~ problem.  As  aforementioned, fouenyltimate effects has not been widely investighte
parameters were first identified by off-line optration: e following it is assumed that penultimate effecan
{Mma, ka, ALz, BEj} = {4.48, 17.96, 0.0, 0.46}. The pe neglected and the kinetic can be approximated by
results for the on-line estimated parameters a®@shn  fist-order Markov process. Termination either by
Fig. 4, where it can be seen that their final valaee: compination or disproportional involves six stepbjle

{ALs, BEs, M, Mras} = {0.41, 0.61, 0.519, 1.764}. transfer reactions can occur with a variety of civain
The simulation results for concentrations are shawn species including monomer, emulsifier, solvent,

Fig. 3, also in comparison with the off-line optiration  olymer and chain transfer agents.
results. The standard deviations wei@g{ O, Opr,
Oact = {22.7 mg/L, 11.9 mg/L, 9.1 mg/L, 11.7 mg/L}, Model Construction

the global correlation factor was 0.935. As carséen Taking into account the preceding free-radical

both algorithms are quite good for the parametghechanism, the dynamic model is derived from

identification of the biogas reactor. balances of mass, volume and thermodynamic
equilibrium. The details of modeling and parametans

Dynamic Simulation of a Polymerization Reactor be found in [5]:

Process Description d[Mf]

Emulsion  polymerization is currently the
predominant process used in industry to producesatg
variety of polymers of multiple uses (paints, adhes d[M p}
binders, etc.). Many applications of these polymeriz:gz{[Mf][M;],VR,Fl,FZ,[I] ﬂlﬂz} (12)
latexes require the formation of a continuous fikith dt
specific mechanical properties, which depend on thﬂ[l]
chemical composition of the polymer. However, the o — == aof[MI][ME] Ve FuFo 1]} 13)
line measurement of composition in emulsion
polymerization processes is still a difficult issuedv, _ b o
involving high cost of measuring and experimentatio ¢ 4{[M1]'[M2J'F1'FZ'[']}
Having this in mind, afterwards, the dynamic evtibra ;
of the monomer composition in the emulsion (aqueousaG AGY
and polymer particle) phases for a semi-batch oedst | gt {[Mlp]’[M;]’al’az} _[j {[M Pl{me] ”1”} (15)
presented. In particular, the isothermal emulsion
copolymerization of styrene (monomer 1) and methy(AGjp

=g{[MF][ME] Ve FuF, (1] @, ) (11)

(14)

methacrylate (monomer 2) is considered, as shown &t
Fig. 5.

(w7} [w5]c}=(52] (w7} (] aa} (29

2
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WhergM/] and [M}] are the monomer concentrations 35
in the polymer phasel][is the initiator concentration,
VR is reactor volumeT is the reactor temperaturg;
andF, are the feed flow rates of each mononmrand

30+

1;

Styrene concentration [molL

i Particles
" 25+
a, are the monomer partition coefficient(saG)ipand .
20
(aG)" are the partial molar free energies of monomers in Reactor

polymeric ) and aqueousaj phases respectively, and 151

g; are nonlinear functions defined in [5].
Equations 15 and 16 correspond to the ]
thermodynamic equilibrium, which is assumed to be 2 g |

104

quickly reached and maintained in the emulsion ] lVater
polymerization, since the monomer diffusion through 0 == - ———
the aqueous phase is fast. The thermodynamic 0 1 2 3 4 5 6
equilibrium approach used in this model is based on Time (h)
Flory-Huggins theory [6]. 140
Model Analysis 1120

The model equations (Egs. 11 - 16) form a set ofg 1 Partic]
stiff DAEs. The classification of equations andigbfes =100+ areies
is done through ICAS-MoT as follows: the model has .2 T §
114 equations (74 independent, out of which, 4 areS 801
ODEs, 2 are implicit AEs and 68 are explicit AEsfa g . Reactor
there are 103 variables (sorting as 28 Paramefrs, § i
Unknown, 1 Known, 4 Dependent and 68 Explicit). 2 40-

= |

Model Simulation = 50l

The dynamic simulation based on the model Water
(Egs. 11 - 16) provides an estimate of the monomer 0 -
concentrations in the different phases. The DAEhsst 0 1 2 3 4 5 6
been solved with the BDF-integration method inchlide Time (h)
in ICAS-MoT. Fig. 6 shows the results for the dymam
behavior of the copolymerization of methyl Figure 6: Dynamic evolution of monomer

methacrylate and styrene, considering a semi- concentrations in the copolymerization reactor
continuous process operated under monomer-starved

conditions. It can be seen that concentrations gdnan
throughout the course of the polymerization proeess Fyturework
after the end of the monomer addition period, and a

drop in the level of monomers in the polymer ptesc Computer-Aided Modeling Framework

is observed followed by a drop in the aqueous-phase The ICAS-MoT system is being improved providing
monomer concentrations. This basically demonstrat¢satures for model analysis and model export in the
the diffusion of monomer form the aqueous phase inform of CAPE-OPEN compliant COM-objects that can
the polymer particles as modeled trough thee used through external software. This makes the

thermodynamic equilibrium approach (Egs. 15 - 16).  creation of a customized computer-aided system with
It is worth of mentioned that these simulation fssu validated models possible with a minimum of

are in accordance with those reported by the asff3dr  programming effort.

Another feature will be the addition of solvers for
Conclusions PDE (partial differential equation) and PDAE (palrti
The framework for a computer-aided modelingjifferential algebraic equation) systems, sinceéaupow
system has been presented and the modeling featufeAS-MoT can solve them but with a previous
related to model identification have been highlght discretization.

through two case studies. An important featurehef t

computer-aided system is that a model represetii®g Case Studies

process/operation can be imported into ICAS-MoT For the anaerobic bioreactor, the ultimate objectiv
system and set up for identification and othejs to provide the researcher with such a complitirea
applications without the user having to write anyool so that future experiments can be designedtiamd
programming code. This makes the usually iterativBioreactor operated optimally. In  particular,

model development and identification very efﬁCi,entexperimenta| designs are being carried out for a
fast and robust.
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complex biogas reactor used for the anaerobicniresait
of sewage sludge.

For the emulsion copolymerization reactor, the
modeling, operational analysis and  process
configurations will be considered. Several model/
process configurations will be implemented in thene
environment, for instance type of operation (batch,
semi-batch or continuous), presence or absenceaif h
exchangers, thermodynamic equilibrium model, are us
of different kind of polymer thermodynamics are
considered. Further, dynamic simulation studies thed
model analysis may help to identify process/openili
sensitivities and to formulate control and optirtiza
problems related to polymerization reactors.
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Experimental Study and Modelling of Asphaltene Precipitation Caused by
GasInjection

Abstract

Asphaltene precipitation in oil reservoirs is pdfiial to the economy of oil production. Many at@shave been
carried out in order to model the behaviour anctipiation of asphaltenes, but the results havelmsan very
successful yet. There is an important lack of eixpental values for the main properties of asphatemnd this
hinders the development of the modelling. This @cbjespecially aims at generating experimental dath at
building a simple thermodynamic model based on ethesperiments and capable of predicting asphaltene
precipitation caused by gas injection.

Introduction Results and Discussion

Many models are available to describe precipitation This method has first to be calibrated with pure
of asphaltenes [1] but none of them is entirelgompounds such as hydrocarbons. Thermal expansivity
satisfactory. Asphaltene are quite complex systants is determined by means of microcalorimetry and the
simple parameters such as molecular mass remasxcuracy of the method developed is around 2% [2].
doubtful and uncertain. A simple approach seemntseto Density measurements are used so as to determine
more relevant and may enable a good descriptidheof isothermal compressibility with Equation 3:

various phenomena. _ _1(avj _ 1(6,0] 3)
T T

L= ha
. " V \ dP oP
Specific Objectives Density is d ined '0. v within 0.1%
The first point we decided to investigate was the e”.S't.V Is determined quite accurately within o270
of deviation, by means of an Anton-Paar densimeter

solubility parameterd and its measurement, especiaIIyDMA 512 and isothermal compressibility can be

as a function of pressure. Indeed, the solubilityy e ated within 2.7% of deviation (these results will

parameter has a key role in the regular soluti@th o hiished later). Thus, internal pressure is calculated
and its accurate determination remains problematie. or pure compounds as a function of pressure and
solubility parameter can be linked to the internai

ith the followi lationshio: ompared to literature data at 1 bar [3]. Figure 1 shows
pressure with the following relationship: the evolution of the solubility parameter as a function of

1 % pressure.
o=|—-m (1) The deviation at 1 bar reaches at the most 1'ffIPa
n for cyclohexane. However, the link between internal

where7lis the internal pressure and n is around thgressure and solubility parameter is not as simple as
unity. described with Eq 1. Bagley et al. [4, 5] explains that
Internal pressure can also be linked to thermdhternal pressure is only a measure of the cohesive
properties such as thermal expansivitg and energy density due to dispersion and polar forces.

isothermal compressibilitg’;

=T _p @
Kt
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The solubility parameter is compared to a model based

on SRK [6].
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The value of n is equal to 1.06. The model fits quite
well the results of this work.

Conclusions

A method to measure internal pressure as a function
of pressure was developed in this work and validated
with pure compounds. Several dead oils were
investigated and their solubility parameters were
determined. From now on, the work will be focused on
the determination of the solubility parameter of
asphaltenes and its application in modelling. Gas
injection experiments will be carried on, especially on
live oils. Other points such as the structure of
asphaltenes and a good characterization of oils will be
investigated as well.

Acknowledgements

The authors appreciate the fruitful help of the technical
staff of IVC-SEP and they would like to acknowledge
the financial support of DONGs jubileeums fond for
financial support.

116



Ada Villaféfila Garcia

Address: IVC-SEP, Dept. of Chemical Engineering
Building 229, Office 262
Technical University of Denmark

Phone: (+45) 4525 2864
Fax: (+45) 4588 2258
e-mail: aga@kt.dtu.dk
WWW: www.ivc-sep.kt.dtu.dk
Supervisor(s): Kaj Thomsen
Erling Stenby

Ph.D. Study

Started: 01 October 2002

To be completed: October 2005

Modeling of Mineral Scale Deposition in Geothermaand Oilfield Operations

Abstract

Scale formation is a common and expensive problemany industrial processes, such as in oil andhgemal
fields. Scale prevention is technically and ecormathy more effective than re-dissolution once sd¢wle formed. In
this Ph.D. project we will focus on the predictioihmineral solubility in natural waters under cdratis of varying
brine composition, temperature and pressure. Thended UNIQUAC model has been chosen for calcuatin
solid-liquid-vapor equilibrium and crystallizatioBoth experimental data found in literature and soeements
performed for the experimental part of this projedt be used for parameter regression. As a agsich of the
work done until the moment it can be stated thaeBked UNIQUAC is able of accurately representdygtems
investigated.

Introduction to a production decrease and to the consequent
Mineral scale deposition is a problem encered economical losses.

in oil production and geothermal power plants.aih be

defined as the deposition of inorganic mineralsmfra  Specific Objectives

brine. The precipitation of the minerals causeblienms The first step towards scale deposition pnége is
if it deposits onto a surface such as the innet ofad to have an appropriate tool to predict the behawior
pipe. scaling minerals in multi-component solutions a¢ th

temperature and pressure range of interest. A nuofbe
models to predict scale formation already exist, dsi

the problem becomes more severe, a better accigacy
required. One of the problems for the existing niedse
that they are based on a limited amount of data and
therefore heavily rely on extrapolation.

This project will consist of a theoretical arach
experimental part. In the experimental part, the
solubility of different salts causing scale forroatiwill
be measured. Both binary and multi-component

Figure 1: CaCQ, Deposition in Tubing [2] solutions will be analy;ed, covering tempe_r;_aturei an
pressure ranges found in geothermal and oilfieldswe

The amount and location of scale is influehby  sych data are scarce or inexistent in literature.
many factors such as the degree of supersaturation, |n the theoretical part of the project a moftei
kinetics, pH, etc. One of the main causes of scalgiculating solid-liquid-vapor equilibrium and the
formation is the large changes in both pressure aggystallization will be developed on the basis bé t
temperature as the brine flows up the well. Thigxperimental data found in literature and the data
sometimes leads to solid-phase deposition. Also thghtained from the experimental part of this prajddte
injegtion of so-called incompatible brines leads t@Extended UNIQUAC model [1] is used to represent
scaling. speciation, solid-liquid equilibrium, and gas-lidui

The consequences of scale deposition are userigquilibrium (gas fugacities are calculated from §RK
damage in utilization systems, reduction of welbquation).
porosity and reinjection capacity. All these eféettad
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The most problematic scale minerals found in Barite solubility in water at 500 bar and tesrgdures
literature are calcite (CaGJ) anhydrate (CaS) up to 300°C is shown in figure 3. It is seen thetite
gypsum (CaSg2H20), barite (BaSg) and celestite solubility increases with temperature up to ab@@C,
(SrsQ). All of them are considered in this project,and it starts decreasing for higher temperaturks. T
together with all the possible salts formed from Me- Extended UNIQUAC model is able to accurately
K*-Cd*-H"-Ba*"-SP*-Mg**-CI-SO,*-OH-HCO;-CO;*  describe this solubility behavior. If a brine sated
-CO,-H,0 system. Additional species could ddded to with barite is pumped from a reservoir at 500 bat a
the system if they are found to play an importate in ~ 100°C to ambient pressure and temperature, batlite w
the problem studied. become supersaturated and will most likely preaipit

from the brine.
Extended UNIQUAC

There is a lack of data for scale mineralsilsitity in
natural waters at high temperature and pressur  7-E-04
conditions. Therefore, a method requiring limited
amount of data but leading to accurate predictions
the solid-liquid-vapor equilibrium and crystallizat
processes for electrolyte solutions would be ofagre
use. This is the case of the Extended UNIQUAC model
which only requires two parameters per speciess plu
two parameters per species pair. The temperatut
dependence is accounted for in the model equation
Two additional parameters have been introducedhdo t 1.E-041 - O Experimental |- —-—— - - N
model presented by Thomsen [1] in order to acctamt ‘ ‘ ‘
the pressure dependence of the solubility. Thelteesu ~ O-E*00 | | | ‘ ‘
obtained through this modification are very satisfay 0 S0 100 150 200 250 300

) , . T °
in the pressure range investigated (1 to 1000 bar). ) o emperature °C
Figure 3: BaSQ Solubility in H,O at 500 bar
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Results and Discussion )

The solid-liquid-vapor equilibrium for the sgms Conclusions
BaSQ-H,0, BaSQ-NaCl-H,0, SrSQ-H,O, SrsQ- The Extended UNIQUAC model as presented by
NaCl-H,0, CaSQ-H,0, CaS@-NaCl-H,0 and CaC@® Thomsen [1] modified with two additional parameters
CO,H,0O has been represented using the Extenddgaccount for the pressure dependency of the siojub
UNIQUAC model. The liquid-vapor equilibrium for the 'S been used to represent —solid-liquid-vapor
system CQ@H,O has also been studied. Some of thgquilibrium of different systems. The model is daipa
systems mentioned above are shown in figures 2andof _ representing  accurately ~ both ~ binary  and
where the high accuracy of the Extended UNIQUAcNUlticomponent systems, covering a wide range of
model can be seen. The same close agreement betwigRPerature (up to 360) and pressure (up to 1000
experimental data and Extended UNIQUACP)-
calculations was observed for all the systems studi
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Micro-Patterning of Conducting Polymers

Abstract

Conducting polymers has been around for the laste2s but with a quite limited use in industripbhcations.
Stability and processablity has been main diffiegltfor the actual use in larger scale. Since |®wdy-3,4
ethylendioxythiophene (PEDT) has been known assbhbad high conducting among the conducting polgmer
This project investigates the possibilities for ripatterning of PEDT using lift-off and ink-jetdienology. During
this investigation it has been obvious that a fdbailding blocks” is necessary before micro-patiag is possible.
Solving these “building blocks” (bonding to surfacéigh and stable conductivity, etc.) has to gdagxtend been
achieved.

Introduction 2. Uniform, controllable polymerization of

With the aqueous suspension (Baytron P) from Fig.1
Bayer AG an easy access to PEDT is available. i .

Unfortunately the conductivity of Baytron P is not Spin coat photo resist

expressing the full possibilities of PEDT compated ﬁ

directly oxidative polymerised PEDT.

However, oxidative polymerisation of PEDT is not
trivial when it comes to reproducible, homogendlmsd UV light
suitable for micro-patterning.

Bayer AG has developed and deliver the EDT
monomer and an oxidative solution of Fe(ll)TOS in
butanol. By mixing these two ingredients PEDT is
easily polymerised. But to get a homogenous filamfr
the mixture requires a lot of skill and the potligf this ﬁ
mixed solution is only 10-20 min before the PEDT
forms insolvable flocks (in the solution). This cduse

makes practical use difficult. Develop photo resist

This paper describes some of the problems and the (high pH)
solutions developed. m m m

— ™

Micro-patterning by lift-off

If a lift-off procedure has to bee useful for Deposition of the
conducting polymers it has to fit into the existing conducting polymer
production platform in the semi-conductor industry.
This more or less fixes the route for the micro- ’-. = = = .-|

patterning route (Fig.1).
A number of tasks are obvious: )
1. Binding PEDT to the substrate (stand Remove photo resist
acetone ao.). (acetone)
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PEDT.
3. PEDT have to stand high pH (> 13,5) for
multi-layer patterning.

Ad 1)

A plasma polymerization process has been develtped
bind PEDT (or other conducting polymers) to the
substrate — normally Si-wafer. The plasma coating
contains active groups where the PEDT can reaatglur
the oxidative polymerization process.

DTU is currently investigating if the plasma
polymerization process can be patented.

Ad 2)

A base-inhibit oxidative polymerization of PEDT has
achieved most of the requirements. i dabs, Koo
By adding pyridine as base to the monomer/Fe(ll$§)To EHT=26_00 KU W- 26 mn
solution pH is raised to 2,5 (or more), this redudee R Fhoto No. =357
activity of the Fe(lll) and the solution is stalide up till

3 days at room temperature. When printed or spin-

coated the pyridine evaporates (before the mondner

and the polymerization starts.

The method gives films with conductivity ~ 1000 18/c

2-3 times the conductivity achieved by PEDT witheat

methods.

Ad 3)

The PEDT films made by the method described in Ad 2

are surprisingly resistant to high pH.

Fig. 2 shows the resistant of a PEDT film exposepH

0,5 and 13,5 (measured after 2 hour) several times.

60
50 -
40 -
=
T 30
© 20
ol of W W ™
0 ‘
Start 1. 1. 2. 2. 3. 3.
Base Acid Base Acid Base Acid
——CP Dry —A— CP Wet
Fig.2

Most of the problems for the micro-patterning seems
to be solved — the actual test during the winted an
spring 2004 will show if we are right.
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Efficient and Environmentally Friendly Antifouling Paints

Abstract

Antifouling paints are highly specialized coatindgssigned to combat the natural process of mariofilding on
immersed artificial structures. This project dealth the identification, characterization and quicdation of the
main processes responsible for the antifoulingvigtiof an environmentally friendly system. Herethe first
results regarding the reactivity of some binder ponents with seawater are presented. Such infaméipart of
the required experimental inputs to a mathematiwadel for a tin-free rosin-based self-polishingifanting paint,
whose structure is also outlined. A successful eimbvative mathematical description of the paintivity is

expected to speed up the paint design, testingptichization.

Introduction

some key processes in the A/F paint activity caulte

Marine biofouling is a natural and spontaneoum reliable estimations of paint performance. Aligh
process which involves tremendous economical lossesginally based on a tin-based technology, theasde
on ocean-going ships. The most widespread preventiunderlying the model are directly applicable to any
solution is to coat the underwater part of the ekss system based on a controlled reaction with seawater
hull with an antifouling (A/F) paint. In additiorotthe The latter involves that the outputs of this reskaran
tight durability requirements inherent to paintpesed be applied to a number of promising non-toxic A/F

to such a harsh environment as seawater is, theaeernatives

which are currently subjected to

products must release active compounds in a cdedrol investigation elsewhere.

manner during long periods of time (e.g. up to &rgg

Consequently, the design, optimization and testihg Project Objectives

new products is a time-consuming and very complex

tuning task.

An example of this was seen in the last years after

the prohibition of the very efficient tin-contaimgn

coatings. Paint companies were urged to develop tin

free alternatives with similar performance to thhthe
toxic tin-based products. While the first grantedemts

related to some of today’s commercially available
products date back to the mid 80’s [1], the moderat
results of these technologies forced the marinatpai
companies to commercialize tin-containing products

until the suggested date for the entry into for€dhe
ban.

With the advent of new progressively stricter

The main goals of this research project are:

o0 To characterize the main processes determining
the activity of a tin-free A/F paint

o To quantify and implement them into an
advanced mathematical model

0 To analyze the influence of A/F paint
components on the paint activity: (e.g. different
(in)soluble  pigments,  (un)reactive  binder
components)

o To develop fast testing methods based on
model simulations and short rotary experiments

o To adapt the model from artificial to natural
seawaters in the extent possible.

The fulfilment of these objectives requires

environmental regulations, there is a need forefastextensive rotary testing of different paint compiosis,

procedures for effective screening and developmént together  with
mathematical modeling.

promising environmentally benign alternatives. kail
al. [2] showed how the mathematical quantificatan
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Working M echanisms of Biocidal A/F Paints reaction. The more converted binder will be thathat
All the currently marketed chemically-active tired paint surface (longer contact time with seawat&he
alternatives are based on similar working pringplelatter can be analyzed by means of Scanning Electro
(Figure 1). Microscopy coupled with Electron Dispersive X-Ray
detectors (SEM-EDX) (Figure 3).
Ho - O Nt O GO 0L The model assumes that a very thin paint layer is
HCOy', 0%, 0z, K . Mg ™, Ca™, 20 ¥ Seavater released (polishing process) when the reactiorhat t
paint surface has reached a certain conversigR)X
thus exposing a less reacted binder surface. This

Eroded bind:

Pores formed after

thealuepaics T L3 parameter constitutes an innovative concept inpift
gg Loacher layer modeling and it is thought to depend strongly oa th
s reen insoluble paint components, i.e. insoluble pigmetd
retardants.
~ Unreacted Paint The system must be designed in such a way that the
nopgren imwds release rate of the biocides are sufficient to @nev
Active slublepigrment fouling throughout the paint's lifetime (typicallp
Figure 1: Schematic illustration of the working Years). Ifitis intended to use a model-based @ to
mechanisms of a chemically active A/F paint assist the design process, it is customary to whiter

the rate at which the reaction schematized in Eigur

Seawater and seawater ions diffuse to the pailftkes place. This is presented in the next section.
surface where they rapidly react with the solubl

pigments (typically CxO):

1%Cu,0() + H* +2CI" = CuCl,” + ¥%H ,0(1) (1)
CuCl,” +CI" = CcuCl” (2)

The copper complexes formed diffuse out into the
bulk seawater thereby forming a pore network in the Reacted ‘ Unreacted
paint (the so-called leached layer). At the painface ’
and at the pore walls, seawater ions also reatt thi
paint binder system. In the case of the rosin-based
system of interest in this study, the following atan
takes place:

HyG, HaG, CHy CHy . }:
/Zn\ H 4 2Na" ’ ? mn Distance (plx:rs) “ * =
HaC 3 0. CHy . R . 3
b Figure 3: SEM picture and its corresponding EDX
o o

analysis showing the Zn atom signals (up). Thenitg
of the signal is processed by means of ImagePro,

Zinc atoms

= showing a distinct gradient from the unreacted tptmin
the paint surface (bottom).
HaC, HaG, s HaC,
/Na + Na 4+ Zn? ] )
e ¢ e g Dissolution Rate M easurements
CHy CH

° s In this investigation, the zinc carboxylate of a
Figure 2. Alkaline hydrolysis reaction of the Zn refined and prereacted rosin compound is used.rilatu
carboxylate of abietic-acid with seawateThis rosin is distilled in order to eliminate impuritiesd
mechanism has been characterized in this project Bybsequently hydrogenated. The resulting mixture
means of Fourier Transform IR Spectroscopy consists mainly of tetrahydroabietic and dihydreé&ibi

acids. Zinc resinate was prepared after reactiothef
This reaction results in the formation of Veryhydrogenated rosin dlssol_ved n xylene 1.:1 wi. with
soluble soaps which diffuse out into the bulk setawa EXC€SS ZnO for two hours in a high speed dispetser.
If a biocidal compound is embedded in the binder, pxcess ZnO particles was removed by centrifugation

will thus be exposed and released. Consequentij b(%l.f_?mm’t 3?100 r.p.m.). glear jer_)r?]ration betvtvet_aglithe
the reaction with the pigments and the reactioi wie nierent phases was observed. 1he supernatantiiqu

binder lead to the release of active compounds twhid@s ex_trac_ted from the Very upper part of the_ avoid
give rise to the A/F activity. contamination by ZnO particles and further filtered

At a certain point in time, the binder at the pord0-4> Hm). A Fourier Transform IR Spectroscopy

walls of the leached layer will have different deeg of 2nalysis of the resulting mixture shows virtually0%
conversion to the dimeric carboxylate. The resinate
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obtained in this way is brittle after solvent evegimn. Overall, the model describes the profiles inside th
Film cracking would result in uncontrolled exposecpaint film for CuCy/CuCk®, CU*, Na', H'/OH, CI,
surface area. Thus, a water soluble polymericiplast O, HCO;/ CO,%, Zrt"1ZnCl'/ZnCl,/ZnCls/ZnCl,>and
was added in the ratio 1:4 solids volume. A gratilne Na resinate. The oxidation of Coomplexes to Ciiin
method is chosen to follow the dissolution rate. the leached layer has been included for the firset
The samples were coated onto very thin glassccording to the kinetics measured by Millero (2000
panels of dimensions 2.4x6 cm. were used. Glass W@}. The incorporation of that process allows thady
found not to absorb water, unlike acrylic andf the potential formation of insoluble €usalts,
polycarbonate materials, and it is thus appropriate traditionally associated with rosin-based systews.

gravimetric studies (see Figure 4). advanced numerical solution technique [4] is used t
immobilize the moving boundaries (i.e. paint suefac

_ and pigment front) and allow the use of orthogonal
féféﬁ'?b collocation to solve the system of differential atjons
0007 - Polycarbonate [5] .
Regarding the seawater chemistry, the activity
coefficients for the individual ionic species pnesse
within the leached layer and in the diffusive boamyd

0,003

layer are estimated by means of Extended UNIQUAC.
o This model is based on the addition of a Debye-ldlick
A term to the UNIQUAC expression of the molar excess

Water absorbed (g)

0,002

0,001

. T S S i g
bl 5 Gibbs energy to account for the long-range intévast
between the ionic species (electrostatic forces) as
‘ Immersion time (hours) presented by Thomsen et al. [6].
Figure 4: Water absorption of different materials as a
function of immersion time Plg/mén.'l' Dlssbl!,l'l'lon

Th_e panels were cle_aned with xylene to remove 14Cu,0) + I 201 22 Cucl, +4
potential surface contaminants. A surface area.6f 9 Cuél'+cl’ 2 cuc
cn? was coated with binder by means of a Bird e
applicator. High wet film thicknesses were avoided
order to minimize crack failure due to poor cohesiv _ ‘
strength of the binder. Overall, around 0.4 g ofdeir R-Zn- Rinsol)+ 2Na* R-Nafsol)
was applied to a ~0.53 g glass panel. The bindauldh IR_N;(_T;HZ% i
be applied on a perfectly horizontal surface toiévo Binder Reacti p .af;'q)P lishi
heterogeneous distribution. This was possible due t inder Rea@ B ginT Folishing
low viscosities and the absence of any flow or
thixotropic additives which could impart a rheologi Figure 5. Scheme of the tin-free rosin-based (TFR)
structure to the binder. mathematical model. The main processes involved in

Results are only available in seawater &C28nd a the activity of the paint and their interactionse ar
pH of 8.2@0.5. Consistent measurements of th€ombined with chemical speciation calculations and
dissolution rate of the mixture zinc resinate/ptasér —transport phenomena.
after 21 days of aging time in sea water have been
obtained. The rate obtained is higher than tluddbe
pure zinc resinate and hydrogenated rosin.

Future efforts will be directed towards the
attainment of a kinetic expression to account fog t
effect of different seawater conditions on the alison
rate of the zinc resinate and to the elucidatiothefrole
of the plasticiser. New plasticizers will also lested in
order to optimize the binder dissolution rate witha
loss of mechanical properties.

AH,O()

A/F Paint Performance

The model outlined above has to be capable of
reproducing the activity of model A/F paints. Such
activity can be characterized by means of two
experimental parameters (see Figure 6):

0 The degree of polishing

0 The thickness of the leached layer

To measure such parameters, a rotary set up (Figure
. 7) is available simulating the conditions experehby
Thez/l a;thematlcalfM Od?h di . b the b the paint on a sailing ship’s hull. By providin@Cauette
S It comes from the discussion above, the Dasig, iy the water around the paint samples, theashe

phenomena modele_d are (_see_ Figure 5). stress could be adjusted to reach realistic values.
0 Cu0 and binder kinetics

0 Seawater chemical speciation
o Transport phenomena
0 A condition for paint polishing (¥ax
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which should be subjected to more thorough testing.
Future work will address the development of proceslu
for:

o Fast estimation of binder and pigment kinetics.

Degree of polishing o Fast determination of X, (SEM/EDX)
Leached layer thickness

nert reference

The dissolution kinetics of ZnO and low leaching
: Cuw,0O pigments are to be determined and verified by the
) S use of the model and rotary experiments.
Figure 6: Measurement of the degree of polishing and
leached layer thickness through optical microscopiéonclusions
analysis of the cross-section of exposed paints The use of A/F paints as a means of preventing the
undesired settlement of marine organisms on thks hul
Up to now, an important amount of rotary data i9f ocean going ships entails important economical
available studying the influence of different mogalnt ~benefits. Moreover, it involves reduced fuel
compositions (e.g. Figure 8). It is presumed thet t consumption and, thereby, lower emissions of harmfu
polishing process can be tailor-made through agpmpounds into the atmosphere. The prohibitiorhef t

identification of the individual roles of: very effective but environmentally harmful tribuiph
0 Insoluble pigments based coatings was the first of a series of expecte
o Insoluble resins (retardants) restrictions which will regulate the A/F compourttiat
o Pigment PSD can be used on a bottom coating. The transitiom fiftee
o Pigments of controlled dissolution rate tin-based to the tin-free coatings has demonstrtted

drawbacks of design and optimization processesdbase
on trial and error tests after long-term rotary
experiments. New approaches must thus be developed
in order to adapt the current A/F products to theram
environmentally friendly active compounds produtt i
an efficient manner.

A mathematical model of the performance of a
rosin-based tin-free alternative will soon be reddy

. = validation against the rotary data already gendrdtbe

PRI EARGIe,  TENEREAmIRRL AT new binder reaction mechanisms and kinetics ardoyet

Couette be fully determined.
Inner cylinders Llow If the model is proven successful, fast experinmenta
Rotor 5 _procedures can be identified to provide the necgssa
with paint input parameters for the model and allow a fast

Seawater— estimation of the performance without the needoof t
long rotary experiments. Ideally, the latter shoakdy
Figure 7: Rotary set-up (up). Inner cylinder andbe performed with a few selected systems which have

samples

Couette flow regime (down) shown promising characteristics from the model
analysis. In addition, information about the paint
2000 behavior under different seawater conditions calab

be simulated, which is only feasible today at the
expense of increasing testing costs.

The generic nature of the model, would make it
extensible to innovative alternatives with the only
condition of involving the release of active compds.

In this way, the development of non-biocidal
chemically active alternatives would be eased.

— Linear (No retardant)
150,0 — Linear (Base Case)

—Linear (3xBase case)
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Laboratory I nvestigation of Formation of Aerosols and Chemical Reactionsin
Flue Gas from Biomass- and Waste-Combustion

Abstract

The aim with this project is to investigate thenfiation of aerosol particles and deposits duringhogstion of the
so-called C@neutral fuels, biomass and waste. The kineticthefchemical reactions leading to the formation of
these particles and deposits, and the phase toarssinvolved, will be studied. In general, combustaerosols
should be avoided due to their harmful behaviothi@ environment. Particles from combustion of hiel§ are
particularly harmful due to their sticky and coiix@sbehavior in the process equipment.

This project involves experiments performed in butar furnace and also CFD (computational fluid aiyics)
simulations using Fluent. The focus will be on depeng a quantitative model based on experiments an
simulations. The quantitative model can be usedlésign and control of Danish power plants usirggrzss and
waste combustion in the future.

Introduction on walls and super heater tubes. This phenomenon is
Straw, some sorts of wood, and various kinds ofteva much more pronounced for bio-fuels than for other
contain considerable amounts of volatile inorgasailts, fuels. Dealing with the problems caused by depmsiti

in particular the chlorides of sodium, potassiund anof salts in the process equipment increases theafos
zinc, which evaporate during combustion. When th&O,-neutral’ combustion considerable. The aerosol
flue gas cools down after combustion the inorganiparticles and the deposits have previously beediestu
vapors condense and form aerosol particles andsitiepointensively by field-studies and the chemical

Salt-
szt"uertzited Particles for analysis in
P ’ > cascade impactor,
Inert gas —> — » SMPS, SEM, TEM etc.
Reactive gas >
T :
A Aerosol particles

> 7z

Figure 1. Schematic drawing of the tubular furnace. Gas enters the reactor in one end. The inert gas is led
through a packing of pellets to be saturated with a volatile salt. The salt concentration of the gas is adjusted by
changing the temperature of this part of the reactor. A temperature profile is applied on the reactor and particles
are formed in the cooling zone by nucleation. The aerosol leaving the reactor can be studied by using a cascade
impactor, SMPS (Scanning Mobility Particle Seizer), SEM (Scanning Electron Microscopy), TEM (Transmission
Electron Microscopy) and other methods.
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compositions of these have been found. However, tieicron particles (P<1um), which are the most harmful
proposed qualitative models for the chemical reasti particles for the environment, spreading over large
involved are not clear and are contradictory. Also, distances and with harmful impact on the humansung
quantitative models have been developed. Field-@i@a These particles are also more difficult to sepafiatmn
influenced by a highly varying chemistry of thelfugy the flue gas.

complicated distributions of residence times,

temperatures and flow-patterns. Therefore it is naoflodeling

possible to develop quantitative models based eseth Mathematical models will be used to describe the
data. In order to set up a quantitative model thexperiments performed. The models should account fo
important reactions involving the key chemicakhe kinetics of chemical reactions involving the
components must be studied separately. In thipr@ volatilized ash species, homogeneous nucleation,
bench-scale tubular furnace with well-defined fly®s coagulation, particle growth by condensation, and
flow, temperature and gas-composition is used fparticle transport by thermophoresis and diffusiBs.
establish a qualitative as well as a quantitatieglehfor applying the models the experimental results wél b
the formation of particles and deposits. analyzed and alternative mechanisms will be contpare
and fitted to the experimental data. The modelinly w
be made by Computational Fluid-particle Dynamics
using the programme package Fluent.

Nucleation of KCI particles with different saturation temperatures
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Figure 2. Experimental setup. To the left the SMPS Figure 3: Size distribution of pure KCl-particles from
system is placed and to the right the tubular furnace is experiments with homogeneous nucleation in a

seen. tubular furnace. The temperature of the saturation
. zone with alumina pellets impregnated with the salt is
Experimental work varied to obtain different values. With increasing

For the experimental work a 173 c¢m long tubula temperature the concentration of KCl, is increased
furnace (@=25 mm) with laminar flow is used (se¢ and the average particle diameter increases.
figure 1 and 2). It is possible to control the temgiure However, while the mass of particles formed will keep
up to ~1200 °C in nine separate axial sectionsgatbe  increasing with higher temperature the number of
flue gas flow direction. In the first part of theactor an  particles formed is highest at some given
inner tube is placed. In this inner tube a flowiraért temperature. Above this temperature coagulation of

nitrogen passes pellets of inert alumina impreghate the small particles with the larger ones will dominate.
with the salt to be volatilized (e.g. NaCl or KCljhe

nitrogen gets saturated and by changing the termpera
of the pellets it is possible to adjust the salt-
concentration in the gas (see figure 3). Othertieac
gases (S@ H,O, NO and Gair) enter the reactor on
the outside of the salt-containing alumina pipee Th
temperature is kept constant in the first part fod t
reactor and is then decreased in the flow direcifber

a given length. Using this technique, it is possitd
study effects of different temperature gradientewf
velocities and chemical compositions on the foromati

of particles and deposits. It is also possiblentooduce
particle seeds with the inlet gas to study the cefte
foreign seeds in the flue gas. These will serve as
nucleation sites for further growth of inorganic
materials and may serve to suppress homogeneous
nucleation. Homogeneous nucleation leads to sub-
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