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abstract 

After introducing some basic notions of chemical engineering, the use of models is reviewed, in 

particular the method of dimensional analysis and its presuppositions, giving special attention to 

geometric models for heterogeneous multiphase systems. Cartwright  has argued that theoretical 

(fundamental) laws apply to models, but phenomenological  laws would be literally true of the world. 

In contrast chemical engineering science shows that so called phenomenological laws apply to models 

only. At best the phenomenological models apply to their material realisations in highly regimented 

laboratory conditions. The latter only have a vague resemblance to the material world in real life unit 

operations, let alone in unregimented parts of the natural world. A model is rarely if ever a model of 

(part of) the world, but always a model description of a system (model) already described in some other 

way or constructed for the particular purpose of fitting the model.  

 

 

keywords 

Chemical engineering, unit operations, transport phenomena, dimensional analysis, principle of 

similitude, Π-theorem{ XE  ∀Π−τηεορεµ∀ }, dimensionless numbers, models, ceteris paribus 

conditions, boundary conditions, Prandtl’s boundary layer model, shape factors, porespace. 



 2 

Chemical Engineering Science 

     Jaap van Brakel (K.U. Leuven) 

 

introduction 

This article is limited to saying what chemical engineering is and how it distinguishes itself from 

chemistry and from other engineering disciplines, as well as making some tentative suggestions of 

themes specific to chemical engineering that might be relevant to philosophical discussions, in 

particular the ubiquity of different types of models used, giving special attention to the method of 

dimensional analysis. As yet there have been very few (if any) publications which could be categorised 

under the heading “philosophy of chemical engineering (science).” There is literature in the philosophy 

of technology concerning engineering (in particular concerning “design”). This is left aside here in so 

far as it focuses on engineering in general, although occasionally chemical engineering may figure in 

this literature as a case study.1 Moreover, definitions of technological science such as “designing, 

making, and using of technical artefacts and systems” don’t suit chemical engineering very well.2  

For the purpose of this article, chemistry is considered to be the science of the transformation of 

substances, including transformations that do not involve chemical reactions (such as distillation or 

grinding).3 Then chemical engineering science is the discipline concerned with the mechanical, 

physical, physicochemical, and chemical aspects of all (industrial) processes in which substances are 

transformed.4 Processes in chemical plants are not only dependent on chemical events, but also (and 

often predominantly) determined by "transport phenomena" (momentum, heat, and mass transfer). 

Knowledge of combined mass, heat, and momentum transfer is crucial to chemical engineering.5  For a 

chemical reaction to proceed, there has to be energy and mass transfer, usually supported by forced 

flow of gases and liquids (momentum transfer). Further, there is virtually no production of chemicals 

without some pre-processing of raw materials and, crucially, “down-stream processing” to separate and 

purify reaction products. In general, the energy expended in operations before and after a (bio)chemical 

reactor is greater than the expenditure of the reactor itself.  

Although one can distinguish different phases in the history of chemical engineering,6 in this article 

it is  assumed that the focus or “essence” of chemical engineering has been the same over the past 

century, viz. “unit operations and transport phenomena” (see next section). Perhaps the most important 

change in recent decades is the “revolutionary” advancement of design methods for chemical plants, 

possible because of increasing computational power (Johnson 2006). There can be no doubt that the 
                                                             

1 For example in Boon (2006). Again another perspective is to address the similarity between chemistry and 
technology directly, because synthetic chemistry is small-scale technology; see Schummer (1997). 
2 See The Blackwell Companion to the Philosophy of Technology (Olsen, Pedersen, and Hendricks 2009, p. 70). 
3 An old-fashioned oil refinery, which merely separates crude oil into different fractions (using distillation), is 
considered chemical engineering, although no chemical reactions are taking place. 
4 Compare the German terminology: “mechanische + physische + chemische Verfahrenstechnik” (Bucholz 1979). 
5 Subtle distinctions can be made between industrial chemistry, chemical technology, process engineering, material 
science and related terminology. In this article chemical engineering is assumed to be involved in all of them, as 
well as in food technology, biochemical, mining, and agricultural engineering, among other disciplines. 
6 See Freshwater (1997), Furter (1982). 
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enormous increase in computational power has brought about important changes in more sophisticated 

monitoring and computing of process flows. If one can computationally manage more complicated 

systems, multiphase reactions in heterogeneous systems will become more popular. For the same 

reason (computational power), there is now chemical engineering science for solids handling, only 

raised above the level of rules of thumb in the past few decades. Changes will also be brought about by 

development of new types of products (e.g. biotechnology, soft materials) or changes in cultural 

(including economic) boundary conditions. For example, today there is more concern about the 

environment than half a century ago; this will bring about changes such as more emphasis on fed-batch 

reactions in reaction engineering or more emphasis on crystallization and selective adsorption in 

separation methods, whereas extraction, although highly efficient, is marginalised because of its 

unavoidable large environmental intrusion. However, qualitative changes, really novel developments, 

will only occur if there is innovation in, for example, understanding, description, and design of the 

different ways substances can be brought into contact or are separated. That is to say, changes in the 

knowledge that is used (not produced) in design and process control software; for example the 

introduction of spouted bed reactors or the large-scale application of membrane separation technology. 

Further, the steady increase of so called ab initio design in chemical engineering may suggest that 

what could not be done, twenty, fifty or one hundred years ago, can now be done. This is true, but the 

reason it is true has perhaps more to do with making chemical plants (chemical substances processed, 

equipment used) more similar to the model situations that can be dealt with in these ab initio 

approaches (see conclusion). Overstating the case somewhat, one might say that modern chemical 

industry works primarily because the chemical processes are carried out in idealised circumstances, 

circumstances for which the initial and boundary conditions are manageable in such a way that the 

increasing power of computational methods can be exploited. 

unit operations and transport phenomena 

The modelling via “unit operations” has often been mentioned as the defining characteristic of 

chemical engineering, although the abstract notion of dividing a process into separate(d) units has of 

course much wider application. Each unit is associated with a limited set of fundamental equations, 

their approximations, and typical boundary conditions under which they have to be applied.  Usually 

only one transformation is taking place in one unit (a particular chemical reaction, a particular 

separation), although for modelling purposes the unit may be divided further in a number of stages.  

Examples of chemical operations are oxidation and polymerisation. Physicochemical operations 

like distillation, extraction, crystallisation, selective adsorption are used to separate “pure(r)” 

substances  from mixtures. Mechanical operations such as filtration and centrifugation are used to 

separate a heterogeneous multicomponent system into two phases. Mechanical operations are also used 

in solids handling such as mixing and grinding. Chemical engineering involves all three types of unit 

operations. Although the core of a chemical process is a chemical reaction, hence a chemical reactor, 

without exception reaction products have to be purified in down-stream processing units. An example 

is depicted in Fig. 1 for the production of  β-galoctosidase from E. coli, showing a range of unit 

operations in series, following the biochemical reactor. 
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Fig. 1. Flow sheet for the production of β-galoctosidase from E. coli. Fermentation and enzyme release (F), 

followed by a number of purification stages including centrifugation (C), precipitation (P), extraction (ET), 

ultrafiltration (UF), and chromatography (GC and AC). The numbers refer to the volumetric flow rate (above the 

lines) and enzyme yield (below the lines). 

 

We might say that it is the unit operations that bring chemical substances into existence. As 

Bachelard [see article Bachelard], one of the first philosophers who explicitly addressed the role of 

technology in science remarked: “the true chemical substances are the products of technique [unit 

operations] rather than bodies found in reality” (1968 [1940], 45). 

 
Fig. 2 Mass transfer models for a batch ideal tank contactor (a), a continuous-co-current-flow multi-stage 

fluidised-bed contactor (b), and a packed column contactor (c); the last two modelled by a series of stirred tanks.  

 

Models of a particular unit operation typically divide the system into a number of stages (in space 

and/or in time). For each stage there is a distinct phenomenological model which suggests the basic 

equations and/or their approximations and/or their initial and boundary conditions to be used. An 

example of a unit operation modelled in terms of a number of stages is given in Fig. 2. In a multi-stage 

fluidised bed (a solid particulate phase suspended by a supporting fluid) a liquid or gas phase is brought 

into contact with a solid phase. If a chemical reaction is taking place between the two phases, the 
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fluidised bed can be modelled in terms of a number of ideally mixed reactors in series. The same 

process can be carried out in a packed column contactor, in which case the stages only exist in the 

modelling procedure (not materially present in the unit operation as in the multi-stage fluidised bed).  

As noted in the introduction, every chemical reaction requires heat and mass transfer, whereas apart 

from molecular transport mechanisms, heat or mass can be transported by a fluid (movement involving 

momentum transfer). The same transport phenomena govern the units in which no chemical reaction is 

taking place. Hence, although for the design of a chemical reactor, one needs chemical knowledge (in 

particular chemical kinetics and chemical thermodynamics), what is shared by any part of chemical 

engineering science is that the science of transport phenomena is the fundamental discipline, providing 

the differential equations that describe heat, mass, and momentum transfer at a fundamental level.7  

A further crucial point to notice is that chemical engineering is not a matter of “applying” chemistry 

(and physics), because the geometry of the artefact in which the chemicals react, are transported, 

mixed, separated, makes the question how to take into account the initial and boundary conditions that 

are required to solve the theoretical equations, often the most important question. Hence chemical 

engineers need/use science, but if the science is available, it doesn’t yet follow that it is of any use. 

Models will be needed to model the boundary conditions, in particular transport phenomena near phase 

boundaries and models for complex geometries, such as flow through (or diffusion in) a fixed or 

fluidised bed of irregular particles. An example of the latter will be given below. One of the most well-

known examples of the former is Prandtl’s boundary layer model for fluid flow. Prandtl looked for 

spatial regions which show distinct behaviour suggesting distinct models and approximations of the 

theoretical equations for the respective areas. That is to say he proposed phenomenological models for 

different flow regions in one and the same apparently homogeneous phase (viz. laminar flow near the 

wall and turbulent flow in the bulk of fluid flow along a wall). This example has been used by 

Morrison (2000: 55-60) as one of her case studies in supporting her argument that it is autonomous 

models, not abstract theory that represent and explain. There are very few unit operations the design of 

which doesn’t involve the (implicit) use of a boundary layer model and Morrison’s arguments apply 

straightforwardly to the role of models in chemical engineering, although she doesn’t mention the latter 

by name. 

similarity{ XE  "similarity" } considerations and dimensionless{ XE  "dimensionless" } 

numbers{ XE  "dimensionless numbers" } 

In many cases, as in other engineering disciplines, the behaviour of unit operations studied in chemical 

engineering{ XE  "chemical engineering" } science can be predicted by test procedures using a 

conveniently sized scale model{ XE  "model" }. The interpretation of data from such scale-model{ XE  

"scale-model" } tests and application to full-sized equipment depends upon similarity considerations. 

Similarity (models) have been studied all over the place (fluid mechanics, astrophysics, meteorology, 

cognitive science, genetics, aeronautical engineering, and so on). What makes chemical engineering 
                                                             

7 Nowadays it is sometimes argued that each chemical reactor is unique and a “systematic” classification of 
chemical unit operations makes little sense. However, a classification based on the nature of the way different 
phases/substances are brought into contact with one another tends to dominate; hence there are packed, fluidised, 
and spouted bed reactors, bubble column reactors, batch stirred tank reactors, etcetera. 
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special is that in connection with “unit operations and transport phenomena” a whole range of 

similarity considerations may play a role in one and the same process or unit operation, as the 

following list of definitions shows.  Geometric similarity{ XE  "similarity" } exists when all 

counterpart length dimensions{ XE  "dimensions" } of the device bear a constant ratio. Kinematic 

similarity{ XE  "similarity" } exists in a geometrically similar system of different size if all velocities of 

fluids at counterpart positions bear a constant ratio. Geometric similarity must exist for kinematic 

similarity to apply, otherwise counterpart positions would not exist. Dynamic similarity{ XE  

"similarity" } exists in two geometrically similar systems if all forces at counterpart positions bear a 

constant ratio.  

Further, thermal similarity{ XE  "similarity" } exists if differences of temperature{ XE  

"temperature" } between particular points in one system bear a fixed ratio to difference of temperature 

between the corresponding points in the other system. Because of the temperature dependence of 

substance{ XE  "substance" } properties like density or viscosity, to achieve thermal similarity{ XE  

"similarity" } is more difficult than to achieve kinematic similarity. Comparison across different 

substances is only possible if the physical characteristics of the two substances have a similar 

temperature dependence. Chemical similarity{ XE  "similarity" } exists if the concentration of a 

reactant at any point in one system is in a fixed ratio to the concentration of this reactant at the 

corresponding points in the other system.8 In general thermal and chemical similarity require dynamic 

similarity. 

dimensional analysis in chemical engineering{ XE  "dimensional analysis" } 

Using dimensional analysis, systems or devices can be reasoned about without explicit knowledge of 

the regularities (phenomenological laws) that govern them, requiring only knowledge of the relevant 

variables and their dimensional representation.9 Although dimensional analysis is now used much less 

in chemical engineering{ XE  "chemical engineering" } than a few decades ago,10 it is of interest 

because it involves a large number of reticulated models{ XE  "models" } or ceteris paribus{ XE  

"ceteris paribus" } assumptions from the most “fundamental” to the most “applied” kinds. Moreover, 

though the number of models for which numerical solutions of the governing equations under the 

prevailing boundary conditions can be given has increased substantially, this doesn’t mean that 

dimensionless numbers are disappearing from chemical engineering science and practice. In fact, new 

dimensionless numbers are still being added.11  

The method of dimensional analysis{ XE  "dimensional analysis" } has its origin in the principle of 

similitude already referred to by Newton{ XE  "Newton" }. Fourier{ XE  "Fourier" } was the first to 

apply the geometrical concept of dimension to physical quantities. Maxwell{ XE  "Maxwell" } 

                                                             
8 A precise formulation of chemical similarity would require considering the order of the chemical reaction{ XE  
"chemical reaction" }(s) involved. 
9 This section and the next is a slightly revised version of van Brakel (2000: § 7.2), where more references to the 
original literature can be found. 
10 For a comprehensive inventory of dimensional analysis applications in chemical engineering see Dobre and 
Sanchez Marcano (2007). For applications in other disciplines see Palacios (1964) and Sedov (1959). 
11 Nowadays one may find proposals for dimensionless number correlations which are valid for just one type of 
equipment (i.e. a particular design for a particular unit operation). 
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expressed the requirement of dimensional homogeneity more precisely. Lord Rayleigh{ XE  

"Rayleigh" } made extensive use of the method of dimensional analysis.{ XE  "dimensional analysis" } 

Between 1890 and 1920 the “method of dimension” or the “procedure of dimensional analysis{ XE  

"dimensional analysis" }“ was further developed. In its final form it can be summarised as follows 

(Bridgman 1922). Using previous experience decide on the general nature of the problem, including a 

judgement on which systems may be considered as similar in the relevant sense (see previous section). 

Then: 

! Enumerate all dimensional variables{ XE  "dimensional variables" } that enter the 

“fundamental” equations assumed to describe the phenomena (whether these equations are 

known or not, whether the boundary conditions to solve them can be specified or not). 

! Enumerate all dimensional “constants”{ XE  "dimensional ‘constants’" } (i.e. physical 

constants such as density or the acceleration of gravity) that occur in these equations (but not 

universal constants{ XE  "universal constants" } like the Planck{ XE  "Planck" } constant or 

the velocity of light). 

! Select the most suitable fundamental magnitudes{ XE  "fundamental magnitudes" } or units 

(such as [Length] and [Time]). 

! Write the dimensions{ XE  "dimensions" } of all variables in terms of fundamental units{ XE  

"fundamental units" }; the number of fundamental units should be chosen to be as large as 

possible without introducing more dimensional “constants”{ XE  "dimensional ‘constants’" }. 

! Re-arrange all dimensional variables{ XE  "dimensional variables" } and “constants” into 

dimensionless{ XE  "dimensionless" } groups{ XE  "dimensionless groups" } and choose 

dimensionless groups, Π1, Π2, Π3, ..., such that variables that one is particularly interested in 

stand conspicuously by themselves. 

Then the Π-theorem{ XE  ∀Π−τηεορεµ∀ } states that the number of dimensionless{ XE  

"dimensionless" } groups{ XE  "dimensionless groups" } resulting from analysis will be equal to the 

number of relevant variables minus the number of dimensions{ XE  "dimensions" }  (corresponding to 

the number of fundamental units{ XE  "fundamental units" }).12 If two systems are similar in the 

relevant sense (i.e. in terms of the mechanisms described by the variables occurring in the Π’s), then 

corresponding Π’s must be the same in each case. In its most general form this can be written as: Φ 

(Π1, Π2, Π3, ...) = 0; where Π1, Π2, Π3, ... represent the dimensionless{ XE  "dimensionless" } groups{ 

XE  "dimensionless groups" } of variables; hence called Π-theorem{ XE  ∀Π−τηεορεµ∀ }. 

Dimensional analysis does not indicate extraneous, omitted, or redundant variables (though it may offer 

some hints as to errors in reasoning). It only works if based on thorough familiarity with the relevant 

parameters. There are of the order of one hundred such numbers, some of which have very general 

application, some of which have a (very) narrow application. 

In general and often in practice there are so many Π’s influencing a phenomenon that it is 

impossible to satisfy all the requirements of similarity{ XE  "similarity" } at the same time. Hence 

choosing a limited number of Π’s involves choosing a ceteris paribus{ XE  "ceteris paribus" } model{ 

                                                             
12 At various times generalisations of the ∏-theorem have been published; a recent example is Sonin (2004). 
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XE  "model" }. In practice dimensionless number are often chosen such that it is a short formulation of 

a model or approximation concerning the relative importance of two types of transport mechanisms or 

it has the more limited purpose of giving a crucial parameter a dimensionless form. The first 

dimensionless{ XE  "dimensionless" } number{ XE  "dimensionless numbers" } to gain widespread 

acceptance among physicists and engineers was the Reynolds{ XE  "Reynolds" } number (in the 

1880s); Re = ρdv/η, the ratio of inertia and viscous forces, with ρ fluid density, η fluid viscosity,  v 

fluid velocity, and d characteristic length parameter. Although the method of dimensional analysis was 

first developed in the context of physics, where its mathematics were developed most fully in 

mechanics (Sedov 1959), it came to its most complex stage in chemical engineering, where usually all 

three transport phenomena are taking place together and in particular the analogy or similarity between 

heat and mass transfer is exploited (see below). 

A dimensionless number equation is a substitution of the Π-theorem{ XE  ∀Π−τηεορεµ∀ } for the 

case at hand. Here is an example, for mass transfer to or from a fluid moving around a spherical object: 

 

€ 

kd
D

= 0.6 ρvd
η

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

0.5
η
ρD
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

0.33

 [1]  

  

The values of some of the parameters in these equations, such as the diffusion coefficient D and the 

characteristic length parameter d, will depend on specific models and definitions (see below). Using the 

definitions of the Sherwood number, Sh = kd/D, the ratio of total and molecular mass transfer (with k 

the mass transfer coefficient), and the Schmidt number,  Sc = η/ρD, the { XE  "Schmidt" } ratio of 

momentum and molecular mass transfer, the equation can be written as:  

Sh = 0.6 Re0.5Sc0.33 [2] 

 

a rare occasion where parameters in equations are written with two letters.  

The constants in the equation have to be evaluated from experimental data. Usually they do not 

represent anything at all; they are merely curve fitting parameters.13 The coefficients may also be 

“borrowed” using similarity{ XE  "similarity" } considerations.14 For example the above equation for 

mass transfer{ XE  "mass transfer" } uses the constants as determined for heat transfer: 

Nu = 0.6 Re0.5Pr0.33 [3] 

with the Nusselt{ XE  "Nusselt" } number Nu = hd/λ, the ratio of total and molecular heat transfer  and 

the Prandtl number, Pr = ηC/λ, { XE  "Prandtl" }the ratio of momentum and molecular heat transfer.15 

Note that the Reynolds{ XE  "Reynolds" } number occurs in both equations; the heat transfer 

coefficients h and λ in the Nusselt number correspond to the mass transfer{ XE  "mass transfer" } 

coefficients k and D in the Sherwood{ XE  "Sherwood" } number.  
                                                             

13 Formally, after dimensional analysis{ XE  "dimensional analysis" }, the remaining exponents may be constant or 
variable, real or imaginary, positive or negative and may be functions of any of the dimensonless numbers. 
14 Because momentum transfer is vectorial, there can only be an analogy between all three transport phenomena{ 
XE  "transport phenomena" } if momentum transfer can be considered unidimensional (e.g. for momentum transfer 
in cylindrical tubes or along a flat plate). 
15  λ is the heat conductivity, h the heat transfer coefficient, and C the heat capacity. 
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fundamental presuppositions of dimensional analysis{ XE  "dimensional analysis" } 

Many assumptions underlie the method of dimensional analysis{ XE  "dimensional analysis" } and the 

use of dimensionless{ XE  "dimensionless" } numbers{ XE  "dimensionless numbers" }. The most 

general assumptions are of course not specific to chemical engineering, but relate to any science or 

engineering discipline which uses measurement. First, it is assumed that each quantity possesses a 

dimension proper to itself, which can be identified with classes of scales that are connected via linear 

transformations. It is commonly said that dimensions{ XE  "dimensions" } are always expressible as a 

product of powers and that the indices are always small integers or simple fractions, though it is less 

clear why this is so.  

A second assumption underlying dimensional analysis{ XE  "dimensional analysis" } is the choice 

of fundamental units{ XE  "fundamental units" } (dimensions{ XE  "dimensions" }). There is no solid 

justification for this choice – any number from 1 to 9 has been proposed. Sometimes it is required that 

there is an operationally defined procedure of physical addition or concatenation for primary 

magnitudes. If the latter condition does not apply, the status as primary quantity remains disputed, 

temperature{ XE  "temperature" } being the prime example. Further, there does not seem to be a 

necessary connection between the units of derived and fundamental magnitudes{ XE  "fundamental 

magnitudes" } and the distinction between the two is not absolute; for example, density could be made 

a primary magnitude. Finally, the number of fundamental units used in dimensional analysis is not 

necessarily the same as the minimum number of primary magnitudes to define all other physical 

magnitudes.16 

The Π-theorem{ XE  ∀Π−τηεορεµ∀ } implies that one gets the most information out of 

dimensional analysis{ XE  "dimensional analysis" } if one lists the smallest number of parameters 

significant for the problem at hand combined with the largest number of acceptable fundamentals. 

Hence there have been proposals for legitimate means to increase the number of fundamentals, for 

example using vectorial quantities (for example Lx, Ly, and Lz for length{ XE  "dimensions" }).17 For 

similar reasons it can sometimes be useful to regard the number of atoms as having dimensions 

different from a pure number. Dimensionless quantities like angle are not, strictly speaking, 

dimensionless; they are just quantities measured on scales that are defined in ways which make them 

independent of the scale system. 18  

ceteris paribus assumptions{ XE  "dimensional analysis" } 

In addition to the general presuppositions underlying dimensional analysis and similarity 

considerations, as when the (approximate) analogy of heat, mass, and momentum transfer is exploited, 

assumptions and further models enter at many places. Models that come under the broad class of 
                                                             

16 In physics attempts have been made to remove all dimensions{ XE  "dimensions" } so that only relations 
between numbers remain. But even if such a program would succeed, it would have little to say about the actual 
universe because somebody located somewhere has to apply the theory under initial and boundary conditions that 
cannot be reduced to pure numbers (unless everything is reduced to pure numbers). 
17 In the philosophy of science this has been discussed by Ellis (1966:145-151). 
18 A special case of dimensionless number is “number of entities”, which can be regarded as a base unit in any 
system of units (according to the SI system it has unit 1). Note that number-of-entities and, for example, molecular 
weight and angle have the same base unit and the same base dimension, but they are quantities of a different kind. 
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idealisations or approximations are similar to such models in more theoretical contexts, except perhaps 

that in the engineering context one is required to be explicitly aware of many assumptions underlying 

the (more) theoretical equations. That is to say, the ceteris paribus character of theoretical equations is 

more apparent. For example, remaining in the domain of transport phenomena, here are some of the 

ceteris paribus{ XE  "ceteris paribus" } conditions involved in deriving the Hagen{ XE  "Hagen" }-

Poiseuille{ XE  "Poiseuille" } equation (for flow in a cylindrical pipe) from the Navier-Stokes 

equations. The flow is laminar{ XE  "laminar" } (i.e. the Reynolds{ XE  "Reynolds" } number is less 

than about 2100). The density is constant (incompressible flow). The flow is independent of time 

(steady state). The fluid is Newtonian{ XE  "Newtonian" }; i.e. simple fluids, not queer materials like 

greases or slurries.  The fluid behaves as a continuum; this assumption is valid except if the molecular 

free path is comparable to or greater than the tube diameter. There is no slip at the wall (no tangential 

motion of the fluid relative to the wall); for pure fluids this will be true if the previous assumption is 

met. The wall is impermeable (no motion perpendicular to the wall) and smooth. If surface roughness 

is taken into account, a plethora of proposals of how to model{ XE  "model" } it pops up. If the section 

of pipe of interest includes the entrance region a correction must be applied. Temperature differences 

between fluid and pipe wall may have an effect on the shear stresses. If any of these conditions is not 

met, less theoretical approaches will be required and/or dimensionless numbers other than the Reynolds 

number will enter the stage. In closed conduits at very high velocities or with rapidly varying pressures, 

the pressure drop (usually represented by a dimensionless number) depends on the Mach{ XE  "Mach" 

} or Cauchy{ XE  "Cauchy" } number (adding the acoustic velocity as a variable). In open channels 

gravity waves “introduce” the Froude{ XE  "Froude" } number. At very low velocities in shallow open 

troughs the Weber{ XE  "Weber" } number might play up.19 Finally, the behaviour of a system which is 

actually unstable cannot be completely predicted as its behaviour depends on random disturbances--

chemical engineers have always known about chaos theory. 

Apart from the models that come along with the ceteris paribus conditions of the more theoretical 

phenomenological equations, models will be tied to the definitions of the parameters occurring in the 

dimensionless numbers. For example, the coefficient for molecular diffusion{ XE  "molecular 

diffusion" } is not only dependent on the temperature{ XE  "temperature" }, but, depending how it is 

defined, depends on the bulk density and the concentration of the components (which again can be 

defined in various ways). Substance{ XE  "substance" } properties will get specific definitions 

depending on the particulars of the “lay-out” of the unit operation; different definitions of averages or 

locations (“in the bulk”, “at the film temperature”), Similarly for defining the velocity (“average”, 

“bulk”, “film”, “at infinity”, “approach velocity”), and so on. Each of these specifications exemplify 

the ubiquity of models{ XE  "models" } and ceteris paribus{ XE  "ceteris paribus" } conditions. 

geometric models of heterogeneous multiphase systems 

A class apart (if only because of its size) are the models used to model the geometric boundary 

conditions. The coefficients and exponents in Eqs. (1) - (3) apply to specific idealised geometries only. 

                                                             
19 See for definitions of dimensionless numbers mentioned in this paragraph Table 7-2 in van Brakel (2000: 174). 
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Eq. (2) was obtained for a simple geometry: a spherical droplet surrounded by an “infinitely” extended 

flowing fluid (with specified flow regime); hence d is the diameter of the droplet. Using other 

characteristic length parameters{ XE  "length parameters" }, the approach can be extended to other 

geometries (e.g. a cylindrical tube or the flow of a falling film). Of course in the real world the bubbles 

in a boiling liquid are not perfect spheres. If the geometry gets more complicated the definition of the 

characteristic length parameter d is further complicated. For example for a packed bed of irregular 

particles, defining a (dimensionless) shape factor, a characteristic particle diameter is obtained, 

although strictly speaking this is nonsense. The geometrical shape that constrains transport phenomena 

in a packed bed is not the shape of the particles, but the shape of the space between the particles. The 

latter is far more complex than the former (cf. Fig. 3). Such shape factors only take on quantitative 

values for idealised geometric models{ XE  "models" }. Further note that shape, although of major 

significance in science (think of the shape of DNA molecules) is a non-quantifiable, i.e. purely 

qualitative parameter (Johansson 2008). In order to quantify shape, models have to be chosen such that 

the subclass of shapes covered by the model can be quantified, for example as spheres or cylinders. 

 

Fig. 3 Porespace segment of a regular hexagonal packing of monosized spheres (photographed from two 

directions). The respective cavities between spheres are connected by triangular “windows” (such as DGH, KGQ, 

QTR, etc.). In one porespace segment there are two tetrahedral cavities, ABC-DEF and NPQ-RST, and one 

octahedral cavity, DEF-GHKLJM-NPQ. 

The further one moves to more “realistic” systems, the more difficult it becomes to make any 

reasonable model of the geometry. For example, models for porous media either rely on a continuum 

theory, assuming what is an exceptionally heterogeneous system to behave as a continuum, or use the 

idea of the “pores” being (unconnected) cylindrical pipes. Perhaps the pipes are tortuous (one more 

dimensionless parameter) or narrowing and widening (one more dimensionless parameter: the 

constrictivity factor), but even then there is something fundamentally wrong with thinking about the 

pore space in terms of cylinders. For a three dimensional continuous pore space the essentially two-

dimensional cylinder model is incoherent, because it doesn’t model the space where two cylinders 

overlap (cf. Fig. 3).20 

                                                             
20 This problem is particularly rampant in capillary liquid transport. A curved surface is theoretically characterised 
by two radii of curvature, but nobody knows how to estimate these except for the most simple geometries, which 
can only be approximately realised in extemely sophisticated laboratory conditions. Because the two radii of 
curvature may be of opposite sign, depending on the specifics of the geometry, assuming an “average” curvature 
(as in cylindrical-pore-models) can lead to fundamentally wrong conclusions concerning the transport mechanism. 
For more details see van Brakel (2000: 163-169). 
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In the past few decades significant advances have been made toward “ab initio{ XE  "ab initio" }“ 

design in chemical engineering{ XE  "chemical engineering" }. Complex sets of phenomenological 

equations can be numerically solved for relatively complex boundary conditions. But the impressive 

(approximate) solutions of the differential equations are still for simple (quantifiable) geometries such 

as spheres, cubes, and cylinders. Sophisticated measurement techniques (such as mercury porosimetry) 

presuppose the same simplistic models. The computer can do much more, but it can only deal with 

admittedly vastly complex, but still highly idealised geometries. 

In passing it may be noted that modelling the real world is almost always impossible, 

acknowledging that chemical engineering science has the advantage of dealing with a “made world”. In 

a chemical engineering context the situation is still relatively simple because where possible one tries 

to design unit operations in such a way that the reality in there is already as idealised as possible. In 

contrast, for really real world systems, even the most simple sort of problems are unsolvable in a 

principled way as shown by such examples as the (alleged) modelling of possible leakage of 

radioactive waste stored in old mines (Shrader-Frechette{ XE  "Shrader-Frechette" } 1997), large-scale 

modelling in environmental science (Haag and Kaupenjohann 2000), or secondary oil recovery 

(burning part of the oil to force the oil out of the porous stone). The intractability of boundary 

conditions in heterogeneous multiphase systems makes thinking of a “general” or “universal” 

modelling theory an illusion.21 

CONCLUSIONS 

Chemical engineering science involves a large number of reticulated models from the most 

fundamental to the most applied kinds: models for heat and mass transfer in boundary layers; models 

for two-phase flow; models interpreting the power of the Reynolds number; phenomenological 

equations for various substances properties; stage models for the overall structural arrangement of 

chemical reactor and other unit operations; models for different ways of bringing different phases into 

contact; and of course numerous geometric models. At a very mundane level compared with 

approximation in theoretical physics (Ostrovsky 2005), the impossibility of formulating geometrical 

models that approximate “reality” in any specifiable sense of “approximate”, shows that boundary 

conditions are not merely an addition to the fundamental equations, but are typically the main problem. 

Fitting the model is a matter{ XE  "matter" } of mutual attunement of both model and “reality”. 

Whether there are any Newtonian{ XE  "Newtonian" } fluids{ XE  "Newtonian fluids" } in the real 

world is an open question, but one can try to tailor a fluid so that it better approaches the “ideal fluid”. 

In the chemical industry there are many cylindrical tubes, which have been made to narrow 

specifications; hence phenomenological equations can be applied under relatively simple boundary 

conditions (except at the beginning and end of the tube). Although the internal geometry of a unit 

operation can be highly complex, approximate “ab initio” calculation may still be a possibility. Even 

then one cannot avoid multiphase heterogeneous systems in almost any unit operation or sophisticated 
                                                             

21 As Haag and Kaupenjohann (2000) elaborate, in environmental science modelers choose “relevant” processes 
and/or parameters without having a priori criteria of relevance nor a posteriori criteria of testing the assumptions. It 
is assumed that taking into account more parameters will make the model more realistic; but why would this be so? 
Typically the parameter function has enough degrees of freedom to fit any set of data. 
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chemical reactor and then the geometry of the phase boundaries quickly becomes intractable, in 

particular if more than two phases are involved.   

Cartwright (1983) has argued that theoretical (fundamental) laws apply to models, which, strictly 

speaking don’t exist in the real world. Models deliberately construct falsifications of “reality” so that 

the theory can deal with them. According to her, at best there are bits of the world that scientific 

models fit, in particular bits of the world inside laboratories, where the idealised boundary conditions 

can be approximated. However, Cartwright seems to leave room for phenomenological  laws, which 

would be true of the world: “we have an immense number of very highly confirmed  phenomenological 

laws … in all areas of physics and engineering that give highly accurate detailed descriptions of what 

happens in realistic situations.”22 In contrast chemical engineering science shows that so called 

phenomenological laws apply to models only, not to “what happens in realistic situations”. To 

paraphrase Cartwright: the phenomenological equations apply to phenomenological models, which 

deliberately construct falsifications of “reality”, hoping that nevertheless the model will allow 

sufficiently adequate predictions of some piece of reality. At best the phenomenological models apply 

to their material realisations in highly regimented laboratory conditions. The latter only have a vague 

resemblance to the material world in real life unit operations, let alone in unregimented parts of the 

natural world. Usually the degree of approximation (if this notion makes sense at all) cannot be 

quantified because, as it were, the phenomenology of the model system is known to be qualitatively 

different from the real-world system.23 

What we have is a world of reticulated models, where no matter which model or description one 

picks out and tries to say what it is that is being modelled, what is being modelled is itself a model of 

something else. A model is rarely if ever a model of (part of) the world, but always a model description 

of a system (model) already described in some other way or constructed for the particular purpose of 

fitting the model.  
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