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Abstract

The thermal control of loop reactor utilized to run hydrodynamic tests of microbical corrosion, where full control of the
temperature is crucial, is presented. Since the accuracy of the temperature is critical along the pipe trajectory for the
microbial culture, it must be controlled with an accuracy of + 0.5°C, which is achieved by an implemented fuzzy-PID
(Proportional Integral and Derivative) control algorithm, capable to provide the accuracy at the temperature range
required. The system counts with an especially-designed software to program the desired temperature. Several tests
were carried out at different temperatures and water volumes to characterize the rising time and thermal inertia
presented by the system. As a result, the performance and power consumption were notability improved.
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1. Introduction

It is well known that a fluid circulating in a loop reactor for corrosion testing is one of the most difficult systems in
order to model and analyze in terms of its dynamic thermal behavior. In general, for compressible fluids, it is essential
take into account spatial and temporal variation of the physical magnitudes [1]. These are the so-called systems with
distributed parameters, and their analysis by dynamic models is based on complex partial differential equations [2]. The
fundamental relationships that govern these phenomena are summarized in the Navier-Stokes equations. On the other
hand, the changes in the descriptive variables of the fluids originate changes in their temperature [3]. However, there is
a very important subgroup of fluid-dynamics systems that can be described by using models of concentrated parameters
[4]. This means that, in certain regions, the physical magnitudes can be considered no only uniforms but also having
temporal variation [5]. These characteristics allow its dynamic description by ordinary differential equations and such
subset of systems is usually designated as Hydraulic Systems. In these cases, the fluid is in general either water or oil
with low compressibility, higher work pressures and low speeds, even though for important volumes in the flow, a
series of simplified hypotheses that allow them to be treated as hydraulic circuits, can be assumed. On the order hand,
many intelligent systems have been applied to industrial distributions of fluids such as oil, gas or water either for plant
monitoring [6] or faults in critical parameters, as the lost circulation problem while drilling [7].

Accordingly, this work proposes to apply a new intelligent algorithm, by modifying previous models [8] and composed
by both a classic control type PID and a fuzzy controller [9], as a novel way to maintain in optimal conditions of
operation and stability [10] the flow and temperature in an experimental loop reactor for microbial corrosion testing
[11].
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2. Materials and methods

2.1. Experimental setup reactor system

Fig. 1a shows a schematic diagram of the reactor, fabricated from a PVC pipe of 0.0508 m inner diameter, 0.005 m
thickness wall and 7.0 m total length. The loop reactor consists of two cylindrical tanks made of polypropylene and 100
liters of capacity which storage a given volume of water.
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Fig. 1: A) Loop Reactor System Designed and Built for Corrosion Testing.

The microbial culture (of the bacillus stearothermophilus type) and normalized metal samples are introduced into the
containers at desired temperature, expecting that the microbial culture attacks the metal samples [12]. Also, the tube has
some probe insertion ports in order to set strategically the samples. Temperatures in loop reactor were measured by a
RTD platinum sensor (PT100) protected with stainless steel. The temperature sensor is placed in a probe insertion port
as can be observed in the Fig. 1b. The aim of this system is to control the behavior temperature of the fluid along the
tubular zone. The corrosion temperature for the several microbial cultures is ranged from 60 °C to 80° C + 0.5 °C [13].
The closed-loop control strategy contains the fuzzy logic PID algorithm based on a classical control scheme and fuzzy

logic control.
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Fig. 1: B) Schematic Diagram of the Loop Reactor by Using a Fuzzy-PID Control Algorithm.

The heater device is a 16.37 W resistance driven by a power electronic interface. At each running, the heater increases
the temperature directly from room conditions to the set-point. The system was constructed according to an engineering
approach [14] where is usual to analyze the system by mass balance equations, using the volumetric flow instead of
mass flow. Also, static friction and secondary thermal effects can be neglected. It is important to clarify that this point
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of view will be validated considering short variations around their static operation points as was proposed by Trilleros
[15] where the variables in this hydraulic system represent volume, pressure and flow.

2.2. Theoretical background

The first considered phenomenon is the hydraulic resistance. This phenomenon produces a fall in the pressure pipe due
the loss of energy (internal friction in the fluid and from the fluid to the walls of the pipe interacting with it). In general,
the pressure in the fall is related to the caudal just as:

f (AP,Q)=0 (D)
In this case, the linear relation is:

AP —QR =0 )
Where:

AP =differential pressure between two po ints
Q =flow
R = resis tance is opposed by the conduit

Other essential phenomenon that appears in the hydraulic systems is the storage of potential energy in a fluid. This
energy can be the potential energy of the gravitational field, as it has been described [16]. Since we work with
volumetric flow, we assume the fluid as incompressible and the elasticity should be attributed to the walls. Both cases
of storage potential energy (gravitational or elastic) represent the so-called hydraulic capacitor which basically links the
pressure and volume of fluid by mean a constitutive relation, given as

f(PV)=0 3)
For the linear case:
V —CP =0 4

WhereC is the so-called capacity. In both linear and nonlinear cases, we must add another fundamental constitutive
relation that dynamically links the caudal with the accumulated volume as:

dv

Y (5)

In a tank of constant area A we know that the pressure in the bottom tank due to water column is given by

P = pgh = 29y ®)
A
As a result:
c- A (7)
P9

If the cross section of a tank is not constant, the function that relates the pressure and the volume is nonlinear, because
the relation between vV and P is nonlinear too.

Also, those constitutive relations link both the presence of dissipation phenomenon and energy storage in the fluids. In
that sense, the hydraulic circuits have found structural relations that are completely analog to Kirchhoff’s laws. In this
case, much of the thermodynamic behaviour involves processes related to the heat concept and energy conservation.
Based on a classical approach, without considering irreversible process, we distinguish three types of elemental
phenomena: generation, storage and heat transfer. The main variables are temperature, heat amount and flow of heat
transfer. In general, the temperature is spatially distributed and the models of thermal systems habitually result in
distributed parameters systems and are presented by partial differential equations.
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A similar reduced distributed parameters model of a loop reactor has been developed [17] by making some reasonable
assumptions. The model consists of six partial differential equations and the corresponding boundary condition. For the
i th section of the circulation loop reactor, the model equation can be represented as:

2
M _gifr, Do 9T 7a x, (8)
ot 0z oz
ox. O°T.
0=g,| %, ,—,—+,T, 9
o [x,. 2 Tl | ©
Where

i =1,L,J the subscripts I,L andJ denote the inner tube of the exchanger, the reactor loop and the wall of the heat
exchanger respectively; f and g are nonlinear functions; T,x,z and t denote temperature, concentration, axial
coordinate and time, respectively. Ta =room temperature .

Extensive dynamic simulations show that the model can to describe the steady state and the dynamic behavior of the
loop reactor. We have made simplifications that are customary in engineering problems in order to eliminate the space
as an absolute variable [18]. The simplifications consist on dividing the space in several regions and to consider that
each one has a uniform temperature.

By considering exclusively energy storage, it results in a heat balance of a loop reactor during a thermodynamic
process. In this way, we have always a fundamental structural relation as follows:

Qnet _Qgenerated _Qreoeived +Qdelivered =0 (10)

Besides the constitutive relations associated to the transport phenomena and heat storage, we can find the structural
relations of the system. We have mentioned one that is an expression of heat balance that defines the quantity of storage
heat. In general, we work with its analog version, expressed as flow balance:

Pret ~ Pyenerated ~ Phiow —in + Dyetiver + Phiow —out = 0 (11)

Fig. 2 shows a simplified low-order model that includes these parameters.
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Fig. 2: Simplified Concentrated Parameters Low-Order Model for the Loop Reactor.
So, we can write the following structural relation
Dot — Pin _(ogen t Dt T Por = 0 (12)

Which is included in the corresponding constitutive relations, related to the mass transport phenomena, the conduction
of heat to the environment and the heat generation through the heater resistor.
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2.3. Fuzzy-PID control algorithm

Fuzzy-PID control can be considered as a dynamical expert system where expert knowledge about the system is
encoded in a Fuzzy Rule-Base (FRB), which works in order to optimize the response of a classical PID control
algorithm. The associated Fuzzy Inference Engine (FIE) is the tool for performing the fuzzy inferences [19].
Information from the system leads to fuzzy-decision-making via the firing of rules in the FRB through the application
of fuzzy set-theoretical calculations. The decisions of the fuzzy expert systems are converted to control actions by mean
the temperature actuator. The design flexibility involves a large number of choices for the various models of the fuzzy
logic and related set-theoretical operators, inference schemes, and defuzzification maps. The general combinatorial
complexity of all these fuzzy substructures precludes the possibility of the existence of only a single, or a standardized
fuzzy controller format (such as it is available in linear PID controllers). The particular choice of these design
parameters, based on heuristics, is clearly stated below.

In general, we design a fuzzy inference system based on the past known behavior of a target system. The fuzzy system
is then expected to be able to reproduce the behavior of the target system. We consider how to construct a fuzzy
inference system for a specific application by using modified triangular membership [20]. The standard method for
constructing a fuzzy inference system [21] is a process called fuzzy modeling, it is as follows:

The rule structure of a fuzzy inference system makes it easy to incorporate human expertise about the target system
directly into the modeling process. Namely, fuzzy modeling takes the advantage of “domain knowledge” that might not
be easily or directly employed in other modeling approaches. When the input-output data of the target system is
available, conventional system identification techniques can be used for fuzzy modeling. In other words, the use of
numerical data also plays an important role in fuzzy modeling, just as in other mathematical modeling methods.
Conceptually, fuzzy modeling can be pursued in two stages [22], which are not totally disjoint to each other. The first
stage is the identification of the surface structure, which include the following tasks:

1)  Select relevant input and output variables.

2)  Choose a specific type of inference system.

3)  Determine the number of linguistic terms associated to each input and output variables.

4)  Design a collection of fuzzy if-then rules.

To accomplish the preceding tasks, we rely on our own knowledge such as common sense, simple physical laws and so
on of the target system, information provided by human experts who are familiar to the target system, or simply by trial
and error.

After the first stage of fuzzy modeling, we obtain a rule that can more or less describe the behavior of the target system
by means of linguistic terms. The meaning of these linguistic terms is determined in the second stage: the identification
of deep structure, which determines the Membership Functions (MF) of each linguistic term, the identification of deep
structure includes the following tasks:

1) Choose an appropriate family of parameterized MFs.

2) Interview human experts familiar with the target systems or experimental trials to determine the parameters of
the MFs used in the rule base.

3) Refine the parameters of the MFs using regression and optimization techniques.

Tasks 1 and 2 assume the availability of human experts, whereas task 3 assumes the availability of a desired input-
output data set.

2.4. A typical structure of takagi-sugeno (TS) fuzzy controllers

The typical Takagi-Sugeno (T-S) controllers [23] have two inputs and one output. The input variables are error and rate
change of error of the system output with respect to output setpoint. They are designated as follows:

e (nT)=SP(nT)-y (nT),

r(nT)=e (nT)—e(nT -T), (13)

Where n is a positive integer, T sampling time and SP (nT) setpoint signal of the system output. We denote
e (nT),r(nT)and y (nT) as error, rate of error and system output, respectively. The two input variables are fuzzified
by the same input fuzzy sets. The fuzzy controller employed in this work has the following form of T-S fuzzy rules:

if e(nT)is Ei AND r(nT)isRj THEN Au(nT) =4 ;e(nT)+b;; r(nT)

Where Au (nT) is the contribution of this rule to the change of the fuzzy controller output and a, ,

; and b, ; are design
parameters [24].
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2.5. Fuzzy logic for fine tuning PID control

This novel technique allows adjusting the quickness, slowness and overshooting over the thermal response in a
circulated water system [25]. The set-point in the heating process can be achieved in less time than the classical PID
control. Also, slowness and overshoot can be modified from the thermal response at first stage of the process control by
the PID self-tuning. This action is very difficult because of the existence of distributed parameters such as heat
dissipation along the tube in the loop reactor. So, should be used a manual tuning when the process does not allows
using the self-tuning mode by adjusting the PID via approximation as follows:

To introduce the set point that requires the process. Fix Bp=10% with ti=0 and td=0. Observe the process performance.
If the thermal response oscillates, to increase bP until stabilization.

If the thermal response in the loop reactor is slow, to decrease bP , then to observe the behavior.

Since the system is working only in a proportional mode, it will produce an offset error. When the oscillation is
minimum by increasing bP in one or two points, it determines the integral actionti .

To select a value of ti big enough for getting a behavior almost perfect, it takes around 30 minutes. After that, decrease
slowly ti 5 in 5 min, stops and for 1 min stops and check the offset error that has been corrected, then generate
disturbances in the process by changing the set-point and the adjustment will be corrected if the oscillation damping
goes from 4 to 1.

To put the time td inrange 1/5 to 1/10 of the adjusted time inti .

In Table 1, the manual tune was implemented by adjusting the PID parameters as follows:

Table 1: PID Parameters in Manual-Tuning Mode.

PID Parameters Value
Proportional Band 8%
Integral time 2.8 [min]
Derivate Time 28 [sec]
Cycle Time 60 [sec]

The digital control algorithm does the control of the system by the implementation of classical PID control and
optimization of the fuzzy rules-based together [26]. The optimal performance of the system was obtained by increasing
the response time while decreasing the overshoot in thermal behavior. The linguistic rules, fuzzification and
defuzzification process are summarized in the Table 2.

Table 2: Sumary of Linguistic Rules and the Fuzzy Control Actions.

Fast response Slow response Overshoot
Nothing Nothing Nothing

Some Some Some

Some More Some More Some More

Much More Much More Much More
Much Much More Much Much More Much Much More
3. Results

The fluid in the loop reactor was drinkable water and the microbial culture was introduced there. We ran several
industrial tests in the loop reactor using a water flow rate of approximately 138 I/min to determine the dynamical
thermal behavior by a fuzzy-PID control algorithm [27]. First, were made experimental trials at 60°C and different
volumes of water (60, 70 and 80 liters). Fig. 3 shows the rising time obtained by the optimized fuzzy-PID control
algorithm at 60°C as a function of time. For the trials carried out using 60, 70 and 80 liters of water is observed that the
programmed temperature reaches the set point from 150 to 240 minutes.
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Fig. 3: The Rising Time by Using a Fuzzy-PID Control Algorithm at 60°C with 60, 70 and 80 Liters Water Volumes.

In this figure we observe that each temperature should be a linear response of a temperature ramp programmed
algorithm. According to the quantity of fluid into the reactor, the temperature is raised linearly. However, we can
consider that the response is nonlinear, since the system arrived smoothly to the programmed temperature. When we
applied exclusively classical PID control, there existed an overshoot of 2.5°C and the response was slow. The overshoot
affects the conditions of the thermal behavior and can damage the microbial culture. When the fuzzy PID control is
applied, we reduce significantly the overshoot 1.3°C, almost 50% by considering this system as a low-order system. So
that we can say that the setting times at the steady state of temperature were 230, 275 and 300 minutes at 60, 70 and 80
liters, respectively. The accuracy temperature in steady state was 60 + 0.2°C.

In the second test were utilized similar volumes (60, 70 and 80 I) at a water temperature of 70°C. The responses are
similar but, in general, increasing their nonlinearity. Fig. 4 shows the rising time at 70°C.
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Fig. 4: The Rising Time by Using Hybrid Control Algorithm at 70°C with 60, 70 and 80 Liters Water VVolumes.

A logarithmic fitting function is shown. It is important to point that the responses are nonlinear too.

The transitory response is similar in three cases, but each one has been different overshoot. We assumed the loop
reactor system as a low-order thermal system in steady state. The overshoot is only 0.9°C in every case. Additionally,
we optimized the responses by applying the based-rule fuzzy PID control algorithm, which decreased significantly the
rising time and overshoot. The steady state temperature was 70 +0.3°C.

Fig. 5 shows the thermal behavior responses at 80°C. In the third test, we utilized similar volumes water and microbial
culture. The rising time of the reactor system is increased when the hydraulic capacitance is bigger than once.
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The thermal inertia should indicate that the behavior system is like a double series-parallel first-order electrical system,
since an intrinsic hydraulic capacitance and a thermal conductive resistance (between the heater and the water together)
forms an analog equivalent RC electric circuit and the pipe wall with environment. When the temperature and water
volumes are higher than in other cases, the time-constant [t] is increased nonlinearity, so that the values for the volumes
60, 70 and 80 liters were 132, 177 and 182 minutes, respectively. The overshoot is 0.4°C and the rising times are
modified by the implementation of the rule-based fuzzy control algorithm. The accuracy in the steady-state temperature
was possible 80+ 0.4°C because of the use of a fuzzy logic control in order to optimize the thermal behavior of a loop

reactor by a single classical PID control.

The numerical fit, for intrinsic thermal inertia of the loop reactor is:

T@)=T,+ (l—e_‘;)AT

(14)

Which corresponds to measured responses in thermal intrinsic inertia (without temperature control) shown in the Fig. 6.
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Fig. 6: The Intrinsic Thermal Inertia of the Loop Reactor for Several Water VVolumes.
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T, =initial temperature
7 =time cons tant of the system
AT =final temperature — initial temperature

Fig. 7 shows the most optimized typical response in steady state at 60+0.2°C and 60 liters, applying hybrid fuzzy PID
control algorithm.
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Fig. 7: Optimized Typical Response by Hybrid Control Fuzzy-PID Algorithm at 60°.

The time response and the overshoot were reduced 4% and 8% respectively. It is important to indicate that the specific
rules, in this case, were:
Fast=much much more, Overshoot=some and Low=nothing. The PID parameters were modified, resulting bP =0001%,

t i =000.2 minutes and t d = 0002 seconds .

4. Conclusions

The temperature simplified control of a circulated flow loop reactor for microbial corrosion testing by a fuzzy-PID
control algorithm was implemented. A fuzzy rule-based control was used in order to optimize the step response by
using the technique called “manual tune by approximation” with a classical PID controller. Experimental tests were
carried out in the loop reactor at several water volumes and several set-points of temperature, and their thermal behavior
were analyzed. Accuracy in the water temperature control was crucial since the microbial culture was very susceptible
to small changes in their habitat temperature. The implementation of an intelligent control allowed to reach the set-point
without overshoot , then decrease the rising time by using fuzzy rules. We were able to improve the performance of the
loop reactor by using this novel soft computing control technique. The results show that the optimal setting of the
fuzzy-PID control algorithm applied in this paper can reduce the energy consumption and increase the performance of
the thermal behavior of a loop reactor for microbial corrosion testing which can generate a good economic benefit to the
industrial applications.
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