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Chapter 1 Introduction 

The study of chemical process unit operations is of high interest in chemical 

engineering. Experimental rigs and computer simulations alike are developed 

and built to investigate the parameters affecting such systems and to 

understand and predict the observed phenomenological behaviour. 

Experimental rigs produce information on the process relationship between 

parameters and system performance. However, experimentation can be 

expensive, and intrusive noise of real-world set-ups result in the distortion of 

crucial detail. 

Numerical simulation of large complex dynamic systems of equations, that 

mimic the system behaviours, is the current alternative offered to overcome 

the expenses of such set-ups. Along with the lower capital expense, once set 

up, numerical experiments can be investigated in parallel, facilitating 

optimisation. However, for fully 3D resolved computational modelling, such as 

computational fluid dynamics (CFD), solutions can take weeks to months of 

solution time to simulate a few seconds of simulation time solving due to the 

large number of equations associated with the Navier-Stokes equations on a 

detailed grid. 

  

Figure 1  - Chemical unit operation modelling techniques, rated by 
number of variables and solution time. 
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In the development of a compartment model, the compartmentalisation of the 

system is like CFD, dissecting the larger process geometry into an 

interconnected collection of sub-volumes (compartments). The 

compartmental network is coarser, formed of fewer compartments and flows 

were compared to the converged mesh of CFD. The specification of fixed flow 

rates between compartments, instead of calculating them with each time step 

in CFD; the coarser grid; and the non-solution of the Navier-stokes momentum 

equation, all invoke a comparatively reduced solution time when comparing 

compartment modelling to the modelling approach of CFD. 

Mathematically, compartmental models are extensive first-order differential 

equation sets (ODE's) which describe the system variables' time dependence, 

functional of rates of change induced by phenomenological models. The value 

of a differential at any given time within the simulation is the sum of the 

instantaneous phenomenological rates (e.g., reaction, mass transfer, phase 

transport, heat transfer) effect upon each variable of the system. Because of 

the interconnected complexity of the equation systems of a compartmental 

model, analytical methods cannot be used; instead, numerical solvers are 

employed.   

The application of compartment modelling is broad, with the four most-

prevalent topics (excepting chemical process unit operations) being in the field 

of combustion (Komninos, Hountalas and Kouremenos, 2004; Bohbot et al., 

2009; Kozarac, Lulic and Sagi, 2010; Komninos and Rakopoulos, 2016), 

Pharmacokinetics (Leaning and Boroujerdi, 1991; Barrett et al., 1998; 

Golberg and Rubinsky, 2013; Laínez-Aguirre, Blau and Reklaitis, 2014; 

Moxon and Bakalis, 2016; Uno et al., 2019; Rico-Ramirez et al., 2020; Kim, 

Kim and Chung, 2021), physiology (Huang, Niokal and Chance, 2002; 

Piemonte et al., 2017) and ecology (Eriksson, 1971; Schramski, Kazanci and 

Tollner, 2011).  

The difference in these models of each topic is the nature in phenomena 

applied and the conceptualisation of the model structure. 

With physiology compartment models, the compartments represent a store of 

a species (e.g., plasma insulin, plasma glucose; see (Piemonte et al., 2017)) 
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with rates of exchange between compartments. Material transport from one 

compartment to another is modelled as a transport term but once arrived at 

the target compartment the species is conceptualised as to have undergone 

a chemical transformation. Thus, transport between compartments is 

representative of a reaction pathway. Physiology modelling differs to 

Pharmacokinetics by the representation of the compartment. In physiology, 

the compartment can represent the blood system, an organ, bones, or another 

part of the body. In pharmacokinetics the compartment is a store of species 

of no real location. 

Pharmacokinetic models metabolic effects upon drugs within the body through 

one-sided conversion "flows" and high-detail reaction schemes. 

Compartments represent stories of drug states and the flows between them, 

the reactive conversion of states, e.g., (Laínez-Aguirre, Blau and Reklaitis, 

2014). The compartment volumes are abstract and adjusted to fit 

experimentally obtained data to the constructed model. 

Ecology compartment models predict the change in populations of an 

ecosystem, formally referred to as "Reservoir theory". The systems model the 

plant foliage, sea and atmosphere as separate compartments and the 

exchange of carbon, living species, nutrients between these compartments as 

either of transport or transformative (synonymous with reaction probability 

theory) phenomena.  

Combustion models are used to understand the distribution of temperature 

within a cylinder during piston movement. The systems modelled operate at 

high pressure and temperature, with only a single gaseous phase ever 

considered. Semi-empirical models for evaluation of spray penetration into a 

chamber, heat transfer and ignition/combustion are common to the 

compartment models of combustion.   

Construction of these models of differing topics to unit operations is relatively 

matured, reflected in the more significant number of papers published. This is 

due to domain-specific tools being readily available to the modellers of these 

topics, Pharmacokinetics, e.g., NONMEM (Kim, Kim and Chung, 2021), 

ecology, e.g., Econet, (Schramski, Kazanci and Tollner, 2011), combustion, 
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Figure 2 - Abstracted compartment model formed of 8 compartments (of 
total volume equal to system volume), of which are connected 
through a network of 10 convective transports (representing the 
hydrodynamics of the modelled system).  

In this chapter, further to the well-mixed nature of compartments, the network 

of compartments and flows are discussed in section 2.3 Elements of 

Compartment Models and section 2.4 Material Flow; most compartment 

models of literature are built (compartmentalisation of the unit) based on the 

agglomeration of CFD mesh results. Advancements in access to 

computational fluid dynamics through general model developments which 

eventually found their way into commercial tools, provided opportunity for 

better-discretised compartment models based on the accurate hydrodynamic 

results of CFD; the hydrodynamics of which are tightly bound to a particular 

piece of equipment (Rigopoulos and Jones, 2003).  

A compartment is a well-mixed, fixed volume. In special cases compartments 

with dynamic compartment volumes e.g., the timed volume change of 

compartments in (Öner et al., 2019) have been observed; see section 2.3.3 . 

The well mixed nature of a compartment lends to the value of each variable 

of a compartment (e.g., Temperature, moles of species A, moles of species 

B) represented each as a single value. The change in variable values within 

the spatially discretised model is due to phenomenological mechanisms (see 

section 2.5 Applied phenomena), which is mainly flow between 
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Figure 4 - Compartment modelling scope and context. 

 

The hypothesis of this work is that compartment models are both bespoke in 

implementation and solution. Model construction is an activity in exclusive to 

domain experts who can program compartment models or develop bespoke 

tools for the simulation of models. A detailed literature review, consisting of 

models which fit the scope of investigation, is completed, and is reported in 

Chapter 2 to determine the extent to which this is correct, and to collate the 

elements of compartment modelling at each stage, construction, 

implementation, and solution. Table 2 is a key, describing the column data 

captured in Appendix A.  
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(4) NoZ is also utilised in conjunction with a CFD result, formally referred to 

as CFD + NoZ compartmentalisation. e.g., (Guha et al., 2006; Delafosse et 

al., 2014), with momentum balance eliminated and flows set based on the 

CFD run (see section 2.4 Material Flow for further information on compartment 

flow determination). A CFD output of the unit operation is progressively 

dissected using the NoZ approach until the intrinsic properties of each 

compartment abide by the tolerance value set.; resulting in a NoZ model 

topology structure.  

 

 

Figure 5 - Compartmentalisation approach of reviewed papers. 

 

The proportion of the approaches to compartmentalisation of a unit operation, 

based on the database of compartment modelling papers in Appendix A, is 

given in Figure 5. The most utilised approach is the conversion of CFD 

hydrodynamic map into a compartment model, through the aggregation of 

cells of similar intrinsic properties value (56% of citations) with a set tolerance, 

e.g., the agglomeration of cells based on the pressure and turbulent 

dissipation (Nauha and Alopaeus, 2015). Through this approach the critical 

resolution of unit hydrodynamics produced through CFD are captured within 

the compartment model post compartmentalisation.  
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The involved approach captures snapshots of the process at varying fill levels. 

Each snapshot, 8 in this study, is a compartmentalisation of the fermenter at 

a particular fill level; as increasing fill level exposes more of liquor to the 

impellers and thus modifies the hydrodynamics; and thus, increasing 

inhomogeneities in key cultivation variables (e.g., metabolic species 

concentrations. The model representing the least-filled stage of the fermenter 

is ran up until the time point at which the fermenter reaches the next model 

volume (which is greater by a set step size amount between increasing 

compartment model sizes). The final variable values of the first compartment 

model are fed into the next until the chain of models have each ran for their 

allotted time with passed on information.  

The dynamic phase volume cases are not interchangeable, in case 1 Zheng, 

Smith and Theodoropoulos (2005) changed the volume as a function of 

contents requiring the molar volume definition for each species which is not 

given in the other cases, In case 2 (Arizmendi-Sánchez and Sharratt, 2008) 

the control scheme utilises a function which is inherently discontinuous, use 

of such sub-models results in numerical instability in model solution. The timed 

phase volumes of (Öner et al., 2019) does not account for the hydrodynamic 

change due to increasing volume of the liquor. The fault of (Öner et al., 2019) 

is accounted for in (Nadal-Rey et al., 2021) model as the hydrodynamics at 

each time-discretised model is re-evaluated to build the compartment model, 

however the model is in essence a collection of separate models with 

information passed through them in series; an accurate but brutalist approach 

to modelling the volume change which is not easily scalable.  

Many of the authors approaches to phase volume change is a function of the 

phasic volume change, conflating the two volume terms (compartment and 

phase) is confusing where the compartment represents a fixed vessel volume. 

The vessel does not change in size, the phase volumes do. Changing phasic 

volumes are typically accounted for based upon the molar influx to outflux out 

of compartment. The benefits of such feature are clear with regards to fed-

batch behaviour and modelling of systems of non-constant volume. 
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2.4.2 Further comments 

The fixed flowrates of compartment modelling are not enough to accurately 

represent the hydrodynamics of the system, beyond the steady state data the 

model is built upon. Pressure gradients are a major driving force of material 

flow in many unit operations, the fixed flows of compartment modelling 

assume a fixed gradient throughout the process but fail to appreciate the 

pressure gradients induced through phenomenological models. An instance 

where pressure change is resultant is through a multiphase reaction, this may 

proceed within a compartment in which a high-density liquid is converted to a 

low-density gas. Without accounting for change in density of phases due to 

species composition and type (incompressible, compressible) the movement 

of material is solely based on the concentration per volume inhabited. Flow 

induced by pressure resultant from phenomena, such as the case of phase 

change reaction given above, is ignored and in effect results in incorrectly 

estimated flowrates. A crucial parameter absent from flow modelling is the 

pressure of materials and such the effect on flowrates, to be addressed within 

this work.  

2.5 Applied phenomena  

A phenomenon, in the context of compartment modelling, is a sub-model 

which describes the relational interaction of system variables. A 

phenomenological model is not derived from first principles but is consistent 

with fundamental theory. To reiterate from section 2.1 An Introduction to 

compartment modelling, the decoupled material transport of a compartment 

model is assumed unaffected by the phenomena of a system, within the 

literature of compartment modelling; e.g., Reactions have no effect on the 

hydrodynamics (Rigopoulos and Jones, 2003).  

The number of phenomena is a measure of how many separate 

phenomenological sub-models are applied in a single compartment model, 

not how many differential terms result as it was not possible to extract this 

more accurate measure from most papers due to insufficient information.  
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Every approach to implementation found in the literature review is of a 

bespoke nature. Models written into general purpose languages and in House 

software are so that the code is specific to the model and the parameters of 

the model; and especially within general purpose programming the coding is 

particularly personal and thus regularly indecipherable. Use of equation editor 

software alleviates some difficulty in programming, but the nature is still 

present in that the model implemented is specific and immutable without the 

domain knowledge of programming. 

No universal implementation tool has been developed to build chemical 

process compartment models.  

 

2.6.2 Numerical solution of compartment models 

From Table 7 we can see that 27% of models are solved with an edition of a 

general-purpose ordinary differential equation ODE equation set solver, with 

a minority of 12.5% solved with a differential algebraic equation DAE solver. 

Where the models solved through DAE solvers are easily modified to form the 

respective ODEs of the systems. The disconcerting percentage is that of 

unknown solvers, 60.5% of papers. Declaring the numerical solver is akin to 

declaring the methodology of measurement in an experimental procedure; 

without such knowledge one cannot evaluate the error associated or potential 

faults in the results obtained.  
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(50%). And their timed activation, such as in the timed modelling of filling by 

Öner et al. (2019). 

The variables of the system are species quantities, compartment energies and 

dynamic volume of the compartment phase mixture. The mathematical 

description of the system is the set of temporal differentials describing the 

change in each of these variables as a function of phenomenological model 

terms which directly cause effect to the variable. And an array of initial variable 

values; an ODE IVP. 

The implementation and solution of the ODE initial value problem (IVP) 

requires a novel tool, one which can be used to describe, build, and solve the 

compartment models described above in a time to solution much lower than 

CFD (<<1hr). There is an absence of complex chemical process compartment 

models of greater than 163 compartments with any of higher number of 

compartments exclusively reaction based or flow-based investigation. Tools 

exist in the broader topics of compartment modelling application but not in 

chemical process compartment modelling, due to the variation in 

phenomenological and differential complexity, and the lack of a universal 

framework for compartment modelling of chemical process unit operation 

compartment models.  
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Chapter 3 Universal Compartment modelling Theory  

3.1 Introduction 

Fundamental to process modelling is the understanding of process 

phenomena and their spatiotemporal scale-interrelationships. This modelling 

framework is built of two modules, structure and phenomenological models, 

the structure is tightly interrelated with the phenomena.  

In this chapter, the common aspects of compartment modelling in chemical 

engineering, extracted from and summarised in the literature chapter, are 

combined to form a unifying theory. This motivation is to create a universal 

compartment model capable of describing the dynamic behaviour of the wide 

range of chemical engineering units and processes in the chemical 

engineering field, which has not yet been realised. 

The complexity of the subject necessitates simplification, this requires us to 

apply a technique that historians apply frequently - named ideal type which is 

based on the works of the German sociologist Max Weber (1949) in castle 

siege design. We will not look at every individual compartment model, we take 

recurring elements from different compartment models to construct a typical 

and ideal compartment model that we then use to explain the most important 

and most common behaviours (phenomena) and structure of compartment 

modelling. 

The chapter begins with the structure definition of a multiphase (M 

incompressible & N compressible) continuum-dispersion compartment, 

formed of three levels: the compartment itself, the phase(s) within and the 

chemical species of each phase. Whereas in most of the literature, models 

ignore the volumetric contribution of phases to the compartment volume 

(assumed solvent approach), assuming a constant set phase volume equal to 

the compartment volume, here the individual phase volumes are considered 

separate to the compartment volume. 

Two closure models developed as part of this work are presented to describe 

the compartment pressure to phase volume relationship of contents, 
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** Initialising object also adds a compressible (phantom) phase to itself (compartment/surrounding) and adds a (phantom) 

species to the compressible phase. 

Phantom phase is a derivation of CompressiblePhase; no transport occurs between compartments, as defined in section 

3.2.2.2 Phantom phase. 

*** For intra compartmental MTR and reaction the mechanism needs only to be defined once; where the source 

species/phases are present in the model space and in contact (dispersion/continuum phases) the mechanism of species 

transfer is applied. 

Further detail into the auto-addition of phenomena to locations of the model is given section 4.5 Linkage & population 

of model components in the python data-structure. 
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4.8 Chapter Summary 

A high-level language is presented which captures a broad range of 

compartment models and the phenomena occurring therein. The language 

automates the creation of python-based API. Both approaches, high-level 

language and API of CompArt, can be used to form a description of 

compartment models with greater ease compared to the direct ordinary 

differential equations typically passed as input in literature, being less prone 

to input error, more readable, scalable, and mutable. 

Direct use of the API facilitates the description of the model; however, we see 

the high-level input language syntax is advantageous compared to the direct 

use of CompArt API, making redundant the need for parentheses to identify 

strings, temporary reference variables, or dot notation for declaring standard 

variables in the base python API of CompArt; allowing extension of the 

modelling approach to larger, more complex systems.  

The auto-population algorithm of the tool is required to determine species and 

phases required to be generated within a compartment and phenomena 

between/within a compartment. This is one of the most complex sections of 

the tool. This algorithm propagates material through the system, adding phase 

and chemical species and phenomenological instances to the python data 

structure where they should be present but have not been declared in the 

input file. The complexity of this algorithm comes with the variance of 

phenomena which propagate material. Each phenomenon must have its own 

imitation function, and each of the imitation functions must be iterated over 

one another until no change in system size occurs, measured as the number 

of model variables. The imitation function was added to reduce the overhead 

on the user when declaring the model input file. If every chemical species and 

phase was required to be defined the input file length would reach obscene 

size for even the smallest of models. 

The implemented numerical solver packages, DiffEqPy and SciPy is 

introduced and explored in terms of applicability to compartment problems 
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based on the accepted tolerances of a model. The investigation into negative 

domain of a solution, a failure point of the numerical solvers, was also 

explored with no solution found to address the occurrence of negative 

concentrations/variable values. Instead, reduction in model stiffness is 

suggested until more problem-specific numerical solvers are tested and/or 

developed. 

CompArt is a full stack tool for the description, implementation, and solution 

of chemical process compartment models. The universal applicability of 

CompArt to chemical process compartment models is demonstrated in the 

following validation chapter. 
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Chapter 5 Validation of CompArt  

5.1 Introduction 

The theory developed in Chapter 3 is implemented in Python, forming the tool 

- CompArt; the work of Chapter 4. The tool is built in a Python 3.7 environment 

with the modules of Table 20 are imported into the Integrated development 

environment (IDE) PyCharm; on a Windows system, with an Intel i5 8250U 

processor (integrated graphics) and 8 GB of RAM, the equivalent specs of a 

current office PC. 

Table 20 - Required Python Modules & operation within CompArt 

Python Module (version) Operation in CompArt 

scipy (1.6.3) 

Provides the numerical solver 
algorithms of section 4.6.1 The 
numerical Solution of a compartment 
model, for solution of the model. 

pandas (1.2.4) 

Translates the model solution 
arrays to tabulated and plotted data 
in a generated excel document, see 
section Error! Reference source not f
ound..  

 

The objective of this chapter is to validate the implementation of the 

phenomenological models of CompArt through the simulation of a matrix of 

benchmarking models, given in Table 21. The novel container theory is prior 

validated in section 3.4.5 Application to a filling vessel, with an example of a 

batch fed vessel. Demonstration of the species, phase, and compartment 

meta-structure is apparent in all models of the matrix.  

Quantitative validation is the process of determining the degree to which a 

model and its associated data are an accurate representation of the real world 

from the perspective of the intended uses of the model. For a single unit-

operation model this is reasonably achievable, however for a universal 
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Table 21 - Phenomenological validation models 

Phenomenon Investigated 
Singular compartment (+ 

Surroundings) 
Linear series of compartments 

Single-phase convective flow 

(1) The filling of a closed (no outlet) 

empty compartment from a source 

surrounding with a pressure driven feed 

of phase nature, 

(i) Incompressible  

(ii) Compressible  

 

(2) Model 1-1-ii with pressure-driven flow 

overflow to a sink surrounding. 

(1) A series of 10 pressure flow connected 

empty compartments, with a fixed-flow feed 

from a source surrounding to the first 

compartment of phase nature, 

(i) Incompressible  

(ii) Compressible  

 

(2) Model 1-2-1 with a pressure driven flow 

from the final compartment in the series to 

a surrounding. 

(i) Incompressible  

(ii) Compressible  
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Phenomenon Investigated 
Singular compartment (+ 

Surroundings) 
Linear series of compartments 

Multiphase convective flow 

 

And 

 

Phase Transport 

 

(1) Filling an empty compartment with a 

mix of Incompressible and compressible 

phase flow from a source surrounding. 

 

(2) Model 2-1-1 with a pressure driven 

overflow to a surrounding. 

 

 

(1) Single Pulse RTD; pulse and solvent of 

two immiscible incompressible phases. 

 

(2) A single compressible phase, phase 

transported from a source surrounding 

through a series of three compartments 

filled with stationary incompressible 

material, rising bubbles exiting to a sink 

surrounding.  
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Phenomenon Investigated 
Singular compartment (+ 

Surroundings) 
Linear series of compartments 

Inter- compartmental mass 

transfer 
N/A 

 

(1) Diffusive mass transfer between two 

compartments of the same continuum 

phase due to initial imbalance from 

equilibrium.  

 

(2) Multiphase Mass transfer of material 

between two compartment continuums of 

differing phase nature (Compressible-

Incompressible). 
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Figure 46 - Model 1-2-1-i flowrates connecting compartments in series 

 

Model 1-2-1-ii is given in Figure 47, of the same structure as model 1-2-1-i but 

with a feed of compressible material as opposed to incompressible material. 

 

Figure 47 - Model 1-2-1-ii 

From Figure 48 we see the immediate impact of compressible material upon 

the pressure of a compartment. 
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Figure 49 - Flowrates of convective transports (model 1-2-1-ii), showing 
decreasing rate for initiated flows with increasing compartment 
number. 

At approximately 460 seconds, the flowrates of model 1-2-1-ii are switched off 

as all compartments reach a pressure equal to the source surroundings 

(101kPa), as indicated in Figure 49; and as expected.  

The sub-plot of Figure 49 illustrates the gradual switch of flows from on to off, 

through the smoothing of the sigmoid activation function.  

Model 1-2-2-i (Figure 50) is equivalent in structure to model 1-2-1-i, with an 

additional surrounding at the end of the series acting as a material sink.  

 

Figure 50 - Model 1-2-2-i 

The pressure of each compartment in the series over the simulation time is 

given in Figure 51. The shape of both model 1-2-1-i and 1-2-2-i pressure plots 

(Figure 45 and Figure 51) are comparably the same prior to equilibrium. At 

equilibrium the shape deviates as the compartments of model 1-2-2-i remain 
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at a positive pressure gradient, within decreasing magnitude down the flow 

path of compartments in the series. Whereas the compartments of 1-2-1-i 

coalesce to the same pressure value. This is because the model 1-2-2-i is 

open and thus flow of material persists through the system at equilibrium. The 

equilibrium is reached faster in model 1-2-2-i due to the source surrounding 

being of 3x the pressure and thus 3x the flowrate feeding to the compartment 

series. 

 

Figure 51 - Model 1-2-2-i compartment and source pressures; shows a 
stepwise increase in pressure then a fixed difference between 
compartments to propagate material through the series from the 
source to sink (303kPa & 101kPa respectively). 

Similar behavioural changes observed between the models 1-2-1-i & 1-2-2-i 

are observed between the models 1-2-1-ii & 1-2-2-ii; illustration of Model 1-2-

2-ii is given in Figure 52.  

 

Figure 52 - Model 1-2-2-ii 






















































































































































































