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Experimental determination and
mathematical modelling of
residence time distributions by
using pieces of urban art

Tapio Salmi, Pasi Tolvanen*, Kari Eränen and Johan Wärnå

Laboratory of Industrial Chemistry and Reaction Engineering (TKR), Johan Gadolin Process Chemistry
Centre (PCC), Åbo Akademi University, Turku-Åbo, Finland

Residence time distribution (RTD) has a very high impact on the performance of

a chemical reactor. The development of new reactor and catalyst structures has

increased the importance of deep knowledge in theories of RTDs and good

experimental practice in measuring RTDs in real systems. Therefore, RTD

studies are included in chemical engineering education all over the world.

This work demonstrates how RTDs can be measured by using urban pieces of

art. Impulse experiments with an inert tracer (NaCl) were conducted in a

marvelous modern artwork, ‘Flow of time’ in Turku/Åbo. The results were

successfully interpreted with the classical laminar flow model. The

application of the methodology in historical university cities is suggested.
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1 Introduction

One of the pioneers of modern chemical reaction engineering, professor P.V. Danckwerts

from Cambridge gave a systematic overview of residence time distributions (RTDs) in a

classical article published in 1953 (Danckwerts 1953). The frequency and distribution

functions E(t) and F(t) arising from impulse and step responses arising from impulse and

step change experiments of inert tracers injected into flow reactors were presented and

discussed in the work. The basic RTD functions have the mutual relation dF/dt = E(t), i.e. the

frequency function can be obtained by differentiation of the distribution function and vice

versa, the distribution function is obtained by integrating the frequency function. For the very

well-known two ideal flow patterns, complete backmixing and plug flow the frequency

functions are exponential function, E(t) = e−t/τ/τ and Dirac’s δ-function, respectively. After the

pioneering work of Danckwerts (1953), a lot of effort has been focused on theoretical

considerations of various flow patterns and models such as laminar flow and dispersion

models. A wave model for non-ideal flow has been proposed by the group of Westerterp

(Benneker et al., 1997) as an alternative for axial dispersion model. The RTD functions are

standardmaterial in textbooks devoted to chemical reaction engineering, e.g., Levenspiel 1990,

Froment et al., 2010, Hill and Root 2014, Baerns et al., 1992, Villermaux 1985, Salmi et al.,

2019). In recent times, themethods of computational fluid dynamics (CFD) have been applied
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to describe flow patterns in chemical reactors, but they require very

sophisticated and heavy calculations, particularly, when the flow

model is coupled to a kinetic model and models for heat and mass

transfer (Baldyga and Bourne 1999).

The recent development of new reactor and catalyst structures,

such as monoliths, solid foams, microreactors and 3D-printed

structures has caused a renaissance of this subfield of chemical

reaction engineering, because it is absolutely necessary to know the

flow pattern and RTD for each new reactor and catalyst structure, in

order to progress successfully with rational modelling of reaction

kinetics, transport phenomena and flow pattern (Stankiewicz and

Moulijn 2000; Hessel et al., 2004; Mastroianni et al., 2022; Shumilov

et al., 2022). Besides the classical experiments with pulse and step

wise added inert tracers, modern tomographic methods are of great

help in research and development of new reactor systems. Because of

the enormous impact of RTD on the reactor performance, the

theory of RTDs and experimental determination of the flow patterns

are central elements in chemical engineering education. For

undergraduate students, laboratory-scale experiments are

designed to illustrate the flow patterns in simple continuous

reactors, such as tubular reactors, stirred tanks, reactor cascades

and vessels equipped with static mixers.

However, to extend the pedagogic approach, experiments in

large scale are highly desirable. The purchase and operation of

large-scale apparatus is expensive, particularly if the device is in

use just under a very short time during the academic year. A

remedy is to utilize the facilities which available in the proximity

of the university campus. Numerous European universities are

located in downtown areas rich in cultural monuments. Pieces of

art can be used for RTD studies as displayed in Figure 1. The

equipment is placed in Bilbao, the metropole of Basque country.

Similar sources of inspiration can be found all over the world.

In this work, we went out from the Laboratory of Industrial

Chemistry and Reaction Engineering Åbo Akademi, into the

downtown of the historical city Turku/Åbo in Southwestern

Finland and carry out RTD measurements by using an urban

piece of modern art. The experimental results were interpreted

with laminar flow model.

2 Experimental apparatus and
procedure

Turku/Åbo, the oldest city of Finland has a lot of artwork in

the downtown area, not only sculptures but also fountains. A very

special piece of art placed on the Old City Hall Square (N 60°

27.063 E 022° 16.502) is very suitable for RTD studies: the

sculpture ‘Flow of time’ created by the famous Finnish

sculptor, academician Kain Tapper (1930–2004). Water is

continuously flowing in an open rectangular channel of corten

steel, as illustrated in Figure 2. The properties of the experimental

device are listed in Table 1. Now the question arises, which RTD

FIGURE 1
Potential experimental device for RTD studies in Bilbao.
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model is the best one to describe the flow pattern of this popular

urban artwork?

A group of young and eager undergraduate students

participating in the course “Non-ideal reactor systems” at

Åbo Akademi University performed impulse experiments by

using “Flow of time”. NaCl was used as inert tracer. An

aqueous NaCl solution was prepared in laboratory and

transferred manually in plastic containers to the immediate

vicinity of the artwork. Three working groups were formed:

tracer injectors at the entrance of the artwork, samplers at the

flow outlet and a mobile monitoring, recording and cleaning

group. The task of the third group was to take photographs

and keep the channel clean, because the experiments were

performed in autumn and some yellow leaves dropped

occasionally down from trees growing close to the channel.

The injector group introduced the tracer solution

instantaneously to the channel inlet, the stopwatch was

switched on and discrete samples were taken in plastic

bottles at the channel outlet. Several samples were taken

and the experiment was repeated three times to ensure that

the impulse response was caught in a representative way,

including the increase, the maximum and the decline of the

tracer concentration. Impulse experiments were chosen

instead of step response experiments, because it was not

suitable to feed continuously a salt (NaCl) into the channel

of the sculpture. The water temperature was measured with an

ancient thermometer found in the laboratory and the

volumetric flow rate in the channel was measured by

collected outlet flow during specific times in bottles with

known volumes. The temperature remained very stable

during the experiment (10°C). The experimental work was

supervised by the main lecturer of the course, the professor in

chemical reaction engineering and two assistant teachers.

After completing the experiment, the young investigators

collected all the sample bottles and marched 500 m to the

laboratory building Axelia. The samples were immediately

analyzed with conductometry and concentration versus time

plots were prepared. Statistical analysis of the l data from the

repeated experiments revealed that the accuracy was within

5% of the experimental data.

3 Interpretation of experimental
results

3.1 RTD functions from tracer experiments

The time-dependent values of the E(t) function are obtained

from the concentrations observed in the impulse experiments as

follows,

E(t) � c(t)
∫
α

0

c(t)dt
(1)

where c(t) is the tracer concentration at time t. Eq. 1 fulfills the

condition that its integral from 0 to ∞ is 1, i.e. all the fluid

elements have the residence time between 0 and ∞. The

experimental F(t) function is the integral of E(t),

FIGURE 2
The experimental device: Flow of time in Turku/Åbo.

TABLE 1 Properties of “Flow of time”.

Construction year 2000

Channel length 70 m

Channel width 0.29 m

Height of water layer in the channel 5 cm
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F(t) �
∫
t

0

c(t)dt

∫
α

0

c(t)dt
(2)

In case of conductometric analysis, the measurement signal (y =

conductivity) is linearly dependent on the concentration,

y(t) � α + βc(t) (3)
where α is in fact the signal value of the solvent, in the absence of

the tracer, α = y0. The concentration is solved from equation Eq. 3,

c(t) � y(t) − y0

β
(4)

After inserting the expression Eq. 4 in equation Eq. 1 we

obtain

E(t) � y(t) − y0

∫
α

0

(y(t) − y0)dt
(5)

The primary conductivity data are displayed in Figure 3. The

integral in the denominator is determined by numerical

integration of the experimental data.

3.2 Laminar flow model

The well-known RTD functions of the simple one-

dimensional laminar flow model are

E(t) � τ2

2t3
, t≥ τ/2 (6)

F(t) � 1 − ( τ
2t
)
2

, t≥ τ/2 (7)

where the mean residence time is τ. The highest liquid velocity is

observed in the centre of the channel leading to the shortest

residence time τ/2, whereas the liquid velocity at the channel wall

is zero.

It is possible to check with simple plots, whether the model

describes the experimental data or not. Furthermore, the mean

liquid residence time in the channel can be estimated from the

data. Two test plots were prepared, a linear one and a

logarithmic one:

E(t) � τ2

2
X (8)

−lnE(t) � −ln τ2

2
+ 3 ln t (9)

where X = 1/t3. The plots–ln E versus ln should be straight lines.

The results of the data analysis are provided in Figure 4. The

figure indicates that within the experimental accuracy, the flow

FIGURE 3
Primary experimental data: impulse response from “Flow of time”.

FIGURE 4
Data analysis: logarithmic plot of impulse response data.

Frontiers in Chemical Engineering frontiersin.org04

Salmi et al. 10.3389/fceng.2022.1054124

https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2022.1054124


pattern can be described by the simple one-dimensional laminar

flow model. However, some deviations from the linear pattern

are visible in Figure 4. Partially they might be caused by

experimental inaccuracy, but also by the fact that the one-

dimensional laminar flow in circular channels is a simplistic

approximation of the flow in the open rectangular channel. For

the illustration purposes, for the undergraduate students this

approach can in any case be regarded as sufficient.

4 Conclusion

The importance of very precise investigations of residence

time distributions in flow reactors was emphasized, especially

because several new types of chemical reactors and catalyst

structures have been prepared in recent years. Experimental

determination and theoretical interpretation of residence

time distributions are central elements in chemical

reaction engineering and education. Utilization of urban

pieces of art as training sites for the determination and

analysis of residence time distributions was proposed and

successfully applied on the artwork ‘Flow of time’ in the

historical downtown of Turku/Åbo. Impulse experiments

obtained with sodium chloride as an inert tracer were

carried out and they were interpreted with the laminar

flow model. The methodology can be applied in any urban

environment were pieces of modern or classical art are

available.
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Notation

c concentration

E frequency function

F distribution function

t time

X linear variable

y measurement signal, conductivity

α parameter in signal model

β parameter in signal model

τ mean residence time
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