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Abstract

In this contribution, the application of the computer-aided modeling and simulation environment PROMOT/DIVA

to the modeling of (reactive) distillation processes is presented. The main focus is on the description of the under-
lying modeling concept, together with some implications of this concept for the modeling of distillation processes.
One important point of the modeling concept and the subsequent design of the knowledge base of PROMOT is the
decomposition of individual process units into physically meaningful, finer grained modeling entities on different
hierarchical levels. The hierarchical levels considered thus far are the process unit level, the phase level, and the
storage level. This contribution focuses mainly on the definition of the modeling entities on the phase level, which
are important for the modeling of (reactive) distillation processes. Furthermore, the design of the object-oriented
knowledge base of PROMOT that contains these modeling entities is illustrated.

INTRODUCTION

The development and validation of adequate process mod-
els strongly limits the routine application of model-based
techniques in process design as well as process operation
in the chemical process industries (Marquardt, 1996b).
Considerable efforts have been initiated during the last
decade to develop general as well as domain specific
modeling languages – e. g., OMOLA (Nilsson, 1993),
GPROMS (Oh and Pantelides, 1994), and MODEL.LA

(Stephanopoulos et al., 1990) – and knowledge-based
process modeling tools – e. g., MODASS (Sørlie, 1990),
PROFIT (Telnes, 1992), and MODK IT (Bogusch et al.,
1996). These tools are supposed to be integrated into pro-
cess simulation and design environments – e. g., OMSIM

(Nilsson, 1993) and MODK IT (Bogusch et al., 1996) – to
assist the chemical engineer, i. e., to facilitate the model-
ing procedure, to suggest modeling assumptions, and to
guarantee the consistency of the process models being de-
veloped. Despite the advances, the developed knowledge-
based modeling tools still show some shortcomings. For
instance, adequate concepts and language constructs to
design, implement, handle, and document large chemical-
engineering specific knowledge bases are scarcely avail-
able. A general problem is the lack of adequate program-
ming and knowledge representation languages for an easy
and efficient implementation of knowledge-based process
modeling tools.

In this contribution, the application of the computer-aided
modeling and simulation environment PROMOT/DIVA to
the modeling of (reactive) distillation processes is pre-
sented. PROMOT/DIVA is supposed to interactively sup-
port chemical engineers in developing, analyzing, and
solving mathematical models of individual process units
and plants. Tr̈ankle et al. (1997) present the architec-
ture of the modeling and simulation environment PRO-

MOT/DIVA , which consists of the process modeling
tool PROMOT, a pre-processing tool and a code genera-
tor (Räumscḧussel et al., 1994), the dynamic process sim-
ulator DIVA (Kröner et al., 1990), and graphical as well as
text-based user interfaces. The object-oriented knowledge
base of PROMOT contains general chemical-engineering
modeling knowledge, from which modelers can interac-
tively browse information and generate novel process unit
models in the graphical and text-based model editors of
PROMOT. Once a process unit model is completed, it can
be stored to a private knowledge base for later reuse or
exchange with collaborating modelers. In addition, the
code generator (R̈aumscḧussel et al., 1994) can be called
to translate the internal symbolic representation of process
unit models selected from the knowledge base into DIVA

simulation modules (Kr̈oner et al., 1990). These simu-
lation modules are stored to the DIVA model library and
can be interconnected to simulation-ready plant models
by specifying plant flow sheets, for example in a graphi-
cal way as in B̈ar and Zeitz (1990).

The following sections describe the modeling con-
cept, which comprises the structuring of the chemical-
engineering modeling knowledge, its implications for the
design of the knowledge base of PROMOT, and the mod-
eling procedure. Besides, the application of the modeling
concept to the modeling of (reactive) distillation processes
is illustrated.

GENERAL MODELING CONCEPT

A proper structuring of the modeling knowledge can be
achieved by adopting concepts from general systems the-
ory and object-oriented knowledge representation. First
ideas for such a modeling concept were presented by Mar-
quardt (1992), Marquardt and Zeitz (1992), Marquardt
et al. (1993), and Gerstlauer et al. (1993). Subsequently,



2

...

...

tray N

tray I

tray 1

phase
boundary

phase
boundary

liquid
bulk phase

vapor
bulk phase

liquid
bulk phase

vapor
bulk phase

24

13

HX5

T1

C1

P1

P2

T3

P3

HX2

HX3

HX1

vacuum
station

concentrate

product

waste process unit level

phase level section

feed tray

stripping
section

rectification

T2

HX4

Figure 1: Hierarchical decomposition of a distillation column into structural modeling entities on the
phase level. The dotted lines illustrate the structural decomposition of the modeling entities. The dashed
arrow illustrates the mapping of the composite SME “distillation column” on the phase level to an elemen-
tary SME on the process unit level during model development.

this concept has been refined and developed further by
Bogusch and Marquardt (1995), Marquardt (1996a), and
Bogusch et al. (1996). The modeling concept, on which
the knowledge base of PROMOT is based, also originates
from the early works cited above. However, during the
application of this concept to the modeling of (reactive)
distillation processes, it became apparent that extensions
and modifications had to be made, in order to allow an
easy and efficient representation of process models.

One of the extensions in the modeling concept is the intro-
duction of threehierarchical levelson which elementary
and compositestructural, behavioralandmaterial mod-
eling entitiesare defined. The hierarchical levels consid-
ered so far are theprocess unit level, thephase level, and
thestorage level. Structural modeling entities (SMEs)de-
scribe the topological structure of a model on each level.
There are three main types of SMEs: “devices”, “connec-
tions”, and “terminals”. Each “device” and “connection”
has a set of “terminals” that define its interactions with
surrounding devices and connections. Examples of such
terminals are “convective flow terminals” and “exchange
terminals”. Behavioral modeling entities (BMEs)(equa-

tions, variables, and equation terms) are attached to each
SME to represent its mathematical model.Material mod-
eling entities (MMEs)are used for the description of pure
chemical substances and their mixtures being situated in
a SME.

As can be seen from the plant in Figure 1, the “elementary
devices” and “connections” on theprocess unit levelare
“process units” (e. g., tanks, heat exchangers, and distil-
lation columns) and “pipelines”, respectively. These ele-
mentary SMEs can be interconnected on theprocess unit
levelby specifying the flow sheet of the considered plant.

At present, thestorage level(not depicted in Figure 1)
contains SMEs (“substance storages” and “substance
transformers”) and BMEs from which mathematical mod-
els of the reaction networks of bacterial metabolism can
be derived (Breuel et al., 1995). In future investiga-
tions these modeling entities can be extended for model-
ing chemical reaction networks, e. g., polymerization re-
actions.

An important consequence of the introduction of the three
hierarchical levels is that during model development a
composite SME on a lower level can be mapped to an
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Figure 2: Three alternative possibilities for the decomposition of the structural modeling entity “phase
boundary” of a “two-phase system”: “two-film phase boundary”, “one-film phase boundary”, and “phase
interface”.

elementary SME on the next higher level. This mapping
extracts and processes the information that is needed for
the representation of the elementary SME on the higher
level from the composite SME on the lower level. For in-
stance, the composite device “distillation column” on the
phase level is mapped to an elementary device on the pro-
cess unit level (see Figure 1). This allows the modeler to
work with elementary modeling entities of adequate gran-
ularity on each hierarchical level.

MODELING CONCEPT ON THE PHASE LEVEL

One important point of the modeling concept and the sub-
sequent knowledge base design is the hierarchical decom-
position of individual process units into physically mean-
ingful, finer grained modeling entities on a lower level,
the phase level. Figure 1 illustrates this decomposition
for the example of the process unit “distillation column”.

In a first step, the “distillation column” is decomposed
into a “rectification section”, a “stripping section”, and
a “feed tray”. In a second step, these “composite de-
vices” are further decomposed. Both sections are vectors
of individual “trays”. These “section trays” and the “feed
tray” are “two-phase systems”, that can be further decom-
posed into the elementary devices “bulk phase” and “film
phase”, and the elementary connections “phase interface”
and “identity connection” as shown in Figure 2. The alter-
native decompositions in Figure 2 together with some of
their consequences will be explained in more detail in the
section about the decomposition of two-phase systems.

At this point a note about the distinction between “de-
vices” and “connections” in the above paragraph is in
order. Whereas Marquardt (1996a) and Bogusch et al.
(1996) define devices and connections from a system-
theoretic view point, this contribution proposes the defi-
nition of devices and connections from a physical point
of view. The differences between devices and connec-

tions on thephase levelare outlined in the following. A
SME on thephase levelis termed a “device”, if it has
a finite extension and contains a continuum (Landau and
Lifshitz, 1987). From a macroscopic point of view, a con-
tinuum element contains a sufficiently large number of
molecules, but is still small compared to the system’s ex-
tension (Landau and Lifshitz, 1987). Only in this case, the
conservation laws of fluid mechanics can be applied for
the modeling of this system. Examples for devices con-
taining continua in the above sense are the “bulk phases”
and the “film phases” depicted in Figure 2.

On the other hand, the newly introduced SME “phase in-
terface” (Figure 2) is very thin in one spatial dimension
and contains only a few layers of molecules. From a
macroscopic point of view, the “phase interface” can be
seen as a singularity with a discontinuous transition of its
state variables. Thus, the “phase interface” does not con-
tain a continuum and is therefore defined as a “connec-
tion”. Similar arguments hold for the “identity connec-
tions” also introduced in Figure 2.

In the same way as process units are decomposed into
more elementary SMEs, the mathematical models de-
scribing the dynamic behavior of the individual SMEs can
be decomposed. This leads to the definition of elementary
and composite BMEs. Examples of BMEs are balance
equations, phenomenological relations, reaction kinetics,
and physical property correlations. It should be noted at
this point, that most of the chemical-engineering model-
ing knowledge lies within the BMEs. Hence, a proper
modeling concept has to address this point in detail. Some
ideas for the structuring of the knowledge about balance
equations for spatially concentrated and distributed sys-
tems were presented by Gerstlauer et al. (1993).
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Figure 3: Specialization hierarchy of structural modeling entities on thephase levelfor the modeling of
distillation processes. The arrows representis-a relationshipsbetween the modeling entities.

KNOWLEDGE BASE DESIGN

The design of the knowledge base of PROMOT is based
on the modeling concept explained in the previous sec-
tions and on an object-oriented representation of the re-
sulting modeling entities. At present, the knowledge base
of PROMOT covers thephase levelthat currently con-
tains modeling entities for modeling distillation columns
including reboilers and condensers for a limited number
of physical phase systems.

In the first step of the knowledge base design, the intro-
duced modeling entities are formalized asobject classes
with respective attributes. These attributes are informal
representations of the occuring physico-chemical phe-
nomena and the physical assumptions related to a mod-
eling entity. By comparing modeling entities according to
these attributes, similarities can be identified. If two mod-
eling entities are similar, a generalized modeling entity (a
superclass) can be defined that comprises the properties
of both. In a subsequent step these similarities are utilized
to defineis-a relationshipsbetween the modeling entities.
The special modeling entities are derived from the gener-
alized modeling entity by inheritance, i. e., they inherit all
properties of the generalized modeling entity.

Another type of relationship is theis-part-of relationship.
Is-part-of relationships are necessary to represent “com-
posite modeling entities”. From a knowledge represen-
tation point of view, the modeling entities are arranged
in specializationand aggregation hierarchies. Whereas
the specialization hierarchy follows from the is-a relation-
ships, the aggregation hierarchy follows from the hierar-
chical decomposition and the is-part-of relationships bet-
ween the modeling entities. Figure 3 shows an example
of a specialization hierarchy for “devices” and “connec-
tions” on thephase level.

It is important to note, that the design of the knowledge
base results from a decomposition process, whereas the
model development with PROMOT is a bottom-up pro-

cess. Thus, the knowledge engineer breaks down the
modeling knowledge into elementary modeling entities,
whereas the modeler aggregates the modeling entities to
create novel process unit models.

The interactive model development with PROMOT re-
quires the generation of new modeling entities and the
modification of existing modeling entities at runtime.
Thus, dynamic object-oriented programming and knowl-
edge representation languages have been chosen for the
implementation of PROMOT. The object-oriented Model
Definition Language (MDL) is the implementation lan-
guage of the knowledge base as well as the modeling
language of PROMOT (Tränkle et al., 1997). MDL has
language concepts and constructs that are specific to the
representation of chemical-engineering modeling knowl-
edge. The dynamic, frame-based knowledge representa-
tion language FRAMETALK (Rathke, 1996; Rathke and
Tränkle, 1997) has been chosen as the implementation
language of MDL. FRAMETALK is implemented in the
Common Lisp Object System (CLOS) (Steele, 1990).

DECOMPOSITION OF TWO-PHASE SYSTEMS

In the section about the modeling concept on the phase
level, it was explained that the distillation column can be
decomposed into two sections which can be further de-
composed into individual trays (Figure 1). The final stage
of the decomposition shown in Figure 1 is that each tray
can be decomposed into a “liquid bulk phase” and a “va-
por bulk phase” connected by a “phase boundary”.

The most effort in modeling distillation columns lies in
setting up the model equations for these “two-phase sys-
tems”. For this reason, we now focus on the model de-
scription of two-phase systems. The physico-chemical
phenomena occuring within the two-phase systems are:
transport of the two phases, heat and mass transfer, chem-
ical reactions, and thermodynamic phase equilibrium. In
the literature on the modeling of distillation processes
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different types of mathematical models are introduced
(see e. g. Kooijman and Taylor (1995)). The two ma-
jor groups of models are theexchange (non-equilibrium)
modelswhich can be distinguished from theequilibrium
models.

In Figure 2 it is shown that these different types of models
lead to different structural setups for the considered two-
phase system. To arrive at anexchange model, the “phase
boundary” of the “two-phase system” in Figure 2 has to
be treated as a “composite connection” which can be fur-
ther decomposed into a “liquid film phase” and a “vapor
film phase” connected by a “phase interface” (“two-film
phase boundary” in Figure 2).

A “phase interface” is an “elementary connection” that
describes the local thermodynamic equilibrium of two
phases and the equality of the mass and heat fluxes on its
left- and right-hand sides. “Film phases” are like “bulk
phases” “elementary devices” containing a continuum.
They represent the thin boundary layer between a “bulk
phase” and the “phase interface”. “Identity connections”
are trivial connections that state the equality of the fluxes
and states on its left- and right-hand sides. This struc-
tural setup represents a two-film model of the “two-phase
system”. The main physical assumption underlying this
model is that there isno thermodynamic equilibrium be-
tween the liquid and vapor bulk phases.

A common physical assumption when modeling distilla-
tion processes is to neglect the boundary layer on the liq-
uid side, since this layer is usually one order of magni-
tude thinner than the vapor boundary layer. Due to this
assumption, the “liquid film phase” can be removed from
the exchange model, which yields a one-film model of the
two-phase system, where the liquid bulk phase and the
phase interface are connected directly (“one-film phase
boundary” in Figure 2). The above argument naturally
leads to a further model reduction: the removal of the
“vapor film phase”. In thisequilibrium modelof the two-
phase system, the phase boundary reduces to the elemen-
tary connection “phase interface”, which states that the
two bulk phases are in thermodynamic equilibrium.

In other approaches (e. g., Marquardt (1996a)), equilib-
rium models of two-phase systems are treated in a differ-
ent way. There the modeling entity “quasi-homogeneous
phase” is introduced as a special type of the model-
ing entity “generalized phase” that comprises both “bulk
phases” as well as “phase interfaces” as a whole.

From the discussions so far it should be clear that the
physical assumptions introduced above influence both the
structural and the behavioral description of the two-phase
system. There are further assumptions that do not af-
fect the model structure, but only the behavioral model
description. As an example for such an assumption, the
computation of the vapor-liquid equilibrium at the phase
interface is considered. The general relation for the phase
equilibrium (see e. g. Stephan and Mayinger (1988)) can
be simplified by assuming an ideal vapor phase, low pres-
sures, and an ideal liquid phase. The assumption of an
ideal liquid phase, for example, can be formulated in
mathematical terms by setting the activity coefficients to
one. Together with the assumptions of an ideal vapor

phase and low pressures, the general relation reduces to
Raoult’s law. For the representation of these assumptions
attributes are defined and attached to the modeling en-
tity “phase interface”. It is important to note that other
assumptions – e. g., equimolar mass transfer or thermal
equilibrium – can be treated in a similar way.

In summary, from the decomposition of the distillation
column and the investigation of the physico-chemical
phenomena and the simplifying assumptions the elemen-
tary devices “bulk phase” and “film phase” have been
identified. Since these two devices share common proper-
ties, the elementary device “generalized phase” is defined
as a superclass of “bulk phase” and “film phase” that com-
prises their common properties (see Figure 3). The “two-
phase system” and the “column section” are the resulting
composite devices on the phase level. All devices and
connections are arranged in the specialization hierarchy
of SMEs shown in Figure 3.

Next to these SMEs, the decomposition of the distilla-
tion column and the examination of the occuring physico-
chemical phenomena yields BMEs and MMEs. Due to
space limitations, we cannot present these modeling enti-
ties in detail. However, it is important to note that BMEs
and MMEs are represented in the same way as SMEs and
are also arranged in specialization and aggregation hierar-
chies.

The knowledge engineer implements all modeling enti-
ties as MDL constructs in the knowledge base of PRO-
MOT. The PROMOT user (the modeler) can access the
stored knowledge and aggregate the modeling entities first
to form models of two-phase systems and subsequently to
form models of distillation columns. For instance, by in-
terconnecting a “liquid bulk phase”, a “vapor bulk phase”,
and a “phase interface” with the model editor of PRO-
MOT, an equilibrium model of the two-phase system can
be defined. By inserting “film phases” and “identity con-
nections” between the “bulk phases” and the “phase inter-
faces” the more detailed exchange models can be speci-
fied.

CONCLUSIONS

In this contribution, the application of the modeling and
simulation environment PROMOT/DIVA to the model-
ing of distillation processes has been presented. It has
been shown, that a necessary requirement for a proper de-
sign of the knowledge base of a computer-aided process
modeling tool is the detailed structuring of the chemical-
engineering modeling knowledge in a modeling concept.

With the current prototypical implementation of PRO-
MOT, equilibrium and exchange models of tray distilla-
tion columns can be generated. For a numerical solution,
these models are subsequently translated to DIVA simula-
tion modules by the code generator (Räumscḧussel et al.,
1994). Examples of examined (reactive) distillation pro-
cesses are the separations of alcohols (e. g. Methanol,
Ethanol, 1-Propanol) and esterifications (e. g. Butanol,
acetic acid).

First ideas for the modeling concept explained in this con-
tribution were presented in Marquardt (1992), Marquardt
and Zeitz (1992), Marquardt et al. (1993), Gerstlauer et al.
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(1993). However, this modeling concept is modified and
extended in order to allow an easy and efficient model de-
velopment of distillation processes. A major extension is
the introduction of the process unit level, the phase level,
and the storage level. Consequently, during model de-
velopment a composite structural modeling entity can be
mapped to an elementary structural modeling entity on the
next higher level. This allows the user of PROMOT to
work with elementary modeling entities of adequate gran-
ularity on each hierarchical level. A further modification
is the alternative definition of the structural modeling en-
tities “device” and “connection” together with the intro-
duction of “film phases”, “phase interfaces”, and “identity
connections”.

On the one side, future work will focus on a further in-
vestigation of the mathematical models of distillation pro-
cesses as well as their physico-chemical properties and
assumptions. On the other side, the current implementa-
tion of PROMOT will be improved and extended, so that
different kinds of users (e. g., chemical engineers and con-
trol engineers) can generate models of different levels of
detail for (reactive) distillation processes.
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