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Abstract. A physical analogue of a continuous flow and well stirred chemical reactor was
designed, constructed and operated in our laboratory.
An instantaneous injection of Uranine was used as tracer for measuring its residence time
distribution.
A non-linear functional was used to fit the experimental data. Its parameters were optimised
for maximum likelihood, employing computational techniques developed in our centre.
The problem of using the minimum amount of parameters without lowering the likelihood of
the fitting was appraised. It was done considering the physical meaning of the selected
models. • •
Four models were implemented, using plug flows and well mixed compartments wtfh feed
forward and feedback flow paths.
Other important experimental topics, as well mixing problems of the tracer are discussed in
the paper.
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1, EXPERIMENT DESCRIPTION

Figure 1 shows a sketch of the experimental system.
Water is fed into a free-surface tank and extracted by an exhaust pump. Vigorous mixing is created
by an external recirculation loop. Each test consists in injecting instantaneously a
fluorescent tracer (uranine) in the water inlet. Tracer concentration is monitored continuously by a
fluorometer in the outlet branch.
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Figure 1.
In spite that this experiment was made as an exercise on the use of fluorescent tracers and the
exploitation of resulting concentration histories with the techniques of systemic analysis, the results
could be useful for the design and control of full scale chemical reactors.

2. OPERATING CONDITIONS - RESULTS

Tank volume V] is estimated at 50 litres. Inlet flow rate Q was not measured; exhaust pump

design flow rate is however 61/min. No information is available on flow rate in the recycling loop Qr.

A volume of 100 ml of a 50 ppm uranine solution was used for each test.

A Turner model 10AU fluorometer was used. It measured and stored tracer concentrations
every second. Three tests {pntebal to 3) were made. Unprocessed results are shown on Figure 2.
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Figure 2: Raw results.

The following remarks can be made:
• All concentration histories are similar: after an initial delay, concentration rises very shaiply

with some amount of overshooting. Concentrations then decay following a more or less
perturbed exponential shape.

• Inlet flow rate proved sensitive to variations in water demand in the DNTN water supply
system. This resulted in undesired variations in water level in the tank, that had to be
corrected by manual adjustment of inlet flow rate. Generally, inlet flow rate happened to
decrease with time, hence progressive decrease in the level of water in the tank until some
corrective action was taken. Bumps in pruebalIprueba2 curves (around 1200-1500
seconds) are due to excessive correction of the inlet flow rate. That problem was better
controlled in the case ofprueba3,

• The area of the pruebal curve is obviously lower than the area of the other ones. This is due
to the fact that the tracer solution was prepared several days before the experiment, causing
some degradation of uranine and therefore an initial concentration lower than 50 ppm. This
problem was avoided by preparing fresh solutions for tests pruebal and 3.

• Water outlet was simply a length of pipe dipped inside the tank. It was not located in the
same place in all experiments - hence the differences in the amount of overshooting and, to a
lesser extent, in the initial delay. Reproducibility in the « decaying exponential» part of the
curves is however quite good - at least as long as the flow rate does not have to be adjusted.

A constant background noise of 2-3 ppb was recorded for all experiments. Preliminary data
treatment was limited to subtracting that background from measured concentrations.

3. DATA ANALYSIS

Prior of getting into experimental analysis, in order to validate the data, a mass balanccTest was
performed.

• The variations in flow rate and water level in the tank were neglected since neither were
monitored during the experiments. In other words, only a steady-state analysis was made.

The time-integrated tracer mass balance reads:



where p is the density of water, c(t) the instantaneous tracer mass concentration (i.e.

expressed in tracer mass per unit mass of fluid) and m, the mass of injected tracer. Neglecting the

variation of Q(t) with time, this equation reduces to:

m, m, (2)

p\c{t)dt PA,

where ji0 is the zero-th moment of the tracer curve. Only prueba2 and 3 can be exploited

here; since ml is not precisely known for pruebal. Zero-order moments arc calculated with the

Peak/it software, resulting in a plausible average value of 4.4 i/min (nominal flow rate of the exhaust
pump is 61/min - the difference can reasonably be attributed to pressure drop in the piping).

The system volume can be estimated by means of the first-order moment it|, which is defined as
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First-order moment is known to be equal to the ratio of system volume V to flow rate Q

provided a) the variation of Q and V can be neglected, and b) there is no back mixing at the inlet

and outlet of the system (Villcrmaux, 1993):

•Volume V includes the recycling loop and the outlet piping to the fluoromctcr. Condition b) is
expected to be reasonably fulfilled in these experiments. Condition a) implies that only prueba3 (the
one test that is not too much affected by variations in water level and in flow rate) should be used
here.

"Numerical calculation of jl} gives a value of 722 s. Using the previous value of Q and equation

(4) gives a value of 53 1 for V. This value is once again plausible (recall the previous estimate of 501
for the volume of the tank).

4. DYNAMIC SIMULATION MODELS

Raw experimental data was processed considering models which resemble the physical
characteristics of the devices involved.

For building those models, simple elements were used.



. A "plug flow" - r D—, or a pure delay, whose transfer function is e "'•', where s is the
Laplace variable and Tu is the process delay.

A "perfect mixer"

So, a model like

j , a first order system whose transfer function is
sr +1

with a plug flow and a scries of n perfect mixers may be written after some manipulations as:

1=1

which is the time convolution of n decaying exponential forms delayed To '.

With some knowledge of the physical characteristics of the process under study is possible to
design the proper model and then find the vector parameter a considering some statistical error
minimisation criteria

Pure bypasses, several series of cascaded perfect mixers may be interconnected and feedback
paths may be considered.

As the geometry of the experiment under study induces the idea that some bypass may occur,
the following model will be considered
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Whose transfer function is:
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A parallel connection of two series of cascaded perfect mixers of n and m elements each.
• Once a target model, expressed by its Laplace transfer function is established, and the

experimental data is available, the goal is to calculate the parameters vectors a and b which
minimises a selected error criteria,

Displacing the measured data the pure delay time and considering the linearity of the Laplace
Transform, the Inverse Lapiace Transform of the sum is the sum of the inverses of each branch which
is:

g(t,d) = -a [0]



4.i. Computational Methods
Lcvenbcrg-Marquardt algorithm was used to fit the measured data. This algorithm searches the

solution space alternating smoothly between the step descendant procedure, when (he tcstcd^sct of
parameters is far from the optimum, and a multi variable Taylor development using the hessian matrix
when the solution is close to it.

' The software was written ab initio in our centre and it has been tested successfully in various
application where comparison with the expected results were made.

Experimental results arc shown in Figure 3.
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5. -CONCLUSIONS

Experiments with fluorescent tracers were carried out, and its overcoming results were exploited
with the techniques of systemic analysis.

The comparison between experimental results and physical characteristics of the modelled
reactor allowed us to think that the results could be useful for the design and control of full scale
chemical reactors.
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