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ABSTRACT

The purpose of this investigation was to develop 
a mathematical model describing the dynamic behavior of 
a continuous stirred tank reactor and to confirm the 
validity of the model by comparing the results predicted 
by the simulated process with experimental data. The 
response of the process model when it was placed under 
control action was compared with the experimental reactor 
under the same conditions for proportional, reset, and 
combined proportional-reset control settings.

As a preliminary experiment, a sulfuric acid- 
water system was chosen for study, and the temperature of 
the reaction mixture was selected as the variable to be 
controlled. A laboratory scale reactor was constructed 
and temperature response data was obtained for step 
changes in inlet water flow rate, inlet water temperature, 
and inlet cooling water flow rate. The process was 
simulated on the analog computer and the open loop response 
of the model compared with that of the experimental 
reactor. The maximum deviation between the temperatures 
predicted by the model and the experimental process was 
5 percent and the average deviation for the transient 
period was less than 1 percent.
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ix
The performance of a proportional-reset controller 

was simulated on the analog computer and incorporated 
into the process model. Runs were made using the computer 
model with control action placed on the flow rate of 
water being added to the reactor and on the cooling water 
.flow rate. The inlet water flow rates varied from 0 
ml/min. to 510 ml/min., and the cooling water flow rate 
varied from 0 ml/min. to 1000 ml/min. The set point 
temperature ranged from 80 to 120°F and the controller 
settings varried from 0.1 to 100 for the proportional 
band and from 0 to 1 for the reset rate. The results 
showed that effective control could be achieved only by 
placing control action on the cooling water flow rate.

The results of this study showed that for complex 
reaction systems and for processes which exhibit non­
linear behavior, an analog simulation would provide more 
significant information with less effort than other 
methods presently being used.



INTRODUCTION

When designing a new chemical process, particu­
larly the control system, problems arise which cannot 
be solved using information based on previous experience (3), 
Some of the more important problems are:

1. Control of the process to obtain the desired 
results.

2. Maintaining stability of the system.
3. The determination of optimum start-up condi­

tions.
In most situations, the solutions to these problems 
are not available until the process is in operation, 
and then only after much time and money have been expended 
getting the plant on stream.

The purpose of this research was to explore some 
of the various methods which are available that can make 
the designing of a control system, particularly for a 
continuous stirred tank reactor, more of a routine opera­
tion rather than a trial and error problem. There are 
several techniques which are currently in use. Most of 
these are extremely difficult to perform. In a paper 
by Foss (2) a good summary of the various techniques 
involved in control system analysis is given.

1
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In this paper, Foss deals with the stability 
of a continuous stirred tank reactor which is producing 
a product by a first order chemical reaction. A schema­
tic diagram of the reactor in question is shown in 
Figure 1. To begin with, the basic differential equa­
tions describing the dynamic behavior of the system 
under study are derived. The equations describing the 
particular reactor in question follow.

= q(X0 - X) + VX(Ae-E//RT) (l)

VPC #  = qCpP(T0 - T) - UA(T - Tc ) + VX(AH)Ae'EA/RT (2)

pwhere: A = Area of cooling coll, cm
E = Energy of activation, cal/g-mol 

AH = Heat of reaction, cal/g mol
P = Density of reaction mixture, gm/ml
p = Pre-exponentralfactor 
q = Flow rate of reactant, ml/min 
R = gas constant, °C/cal/g mol 
T = Temperature' of reactor, °0 

Tq = Temperature of reactant stream, °C 
To = Mean cooling water temperature, °C 
t = Time, minutes



Figure 1. Continuous Stirred Tank Reactor
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U = Overall heat transfer coefficient, 
cal 

mln. °C cm2
V = Reactor volume, cmu
X = Concentration of reactant In mixture, 

g mol/ml
XQ = Concentration of reactant In Incoming 

stream, g mol/ml.
These equations are then transformed into the Laplace 
domain and put into transfer function form. To obtain 
transfer functions from the differential equations, 
the perturbation method is carried out. This involves 
examining the dynamic behavior of the system in rela­
tion to small (infinitesimal) fluctuations about a 
steady state value. Because only very small deviations 
are considered, the non-linear effects may be neglected 
and the equations linearized. An example of this 
method will be given in a future section. One of the 
transfer functions derived by Foss, showing the effect 
of a change in the reactant flow rate on the concentra­
tion in the reactor is shown below.



c  V Ae-E/RT
q /S= UA/qCp

r , I _ L ,  A„-=,/RT

Poss then states that the usual stability criteria 
such as the Nyqulst, Bode, and root locus methods can be 
applied to this and other similar transfer functions.
He also states that these transfer functions are valid 
only for the particular steady state values about which 
they are linearized. He then states that little or no 
experimental work has been performed to verify these and 
other process models, and that there is much work to be 
done in this field.

This investigation was based primarily on the 
paper just described. It was proposed to extend research 
similar to the above to include experimental verifica­
tion. It was necessary first ,to pick a suitable 
reaction system for study and to design and build an 
apparatus for gathering data, second to propose a model



for the process# and third, to compare the predicted 
results with the experimental data and determine what 
information could be obtained from the model.

It was desired to find a system for study which 
was simple enough so that the model would not be extremely 
complicated# and still provide meaningful data. An ideal 
reaction system for the purposes outlined above should 
meet the following specifications:

1. The reactants should be easy to obtain and 
inexpensive enough so that relatively large 
quantities could be used in the study,

2. Non-corrosive and non-toxic reactants should 
be used if possible.

3, The reaction should lend itself to continuous 
analysis.

4, The reaction kinetics should be fully under­
stood.



SELECTION OF EXPERIMENTAL PROCESS AND SYSTEM PARAMETERS

The search for a reaction for use in this study 
began with the process of searching for a first order 
chemical reaction, one whose behavior is described by 
the following equation.

HF = "k0 W
where: C = Concentration of a reactant, g moles/ml.

K = Reaction rate constant, sec"'* 
t = Time, sec.

Hougen and Watson (4) reported that the decomposition of 
hydrogen peroxide in a dilute sodium hydroxide solution 
could be classified as a first order reaction. This 
particular reaction was investigated to determine if it 
could be used as a reaction system for study. A simple 
analytical procedure for determining the percentage of 
hydrogen peroxide in aqueous solution was available.
This method involved the addition of a sample of the 
reaction mixture to a volume of sulfuric acid, followed 
by titration with a standardized potassium permanganate 
solution (6). The reaction was run under the conditions
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specified by Hougen and Matson and found to approximate 
first order behavior. However, the reaction rate con­
stant was found to be sensitive to changes in hydroxide 
concentration. When concentrations other than the 
specified were tried, the reaction rate was found to 
decrease. Maximum rate was obtained when the reaction 
was run in 0.04 molar sodium hydroxide, which was the 
original concentration. This suggests that the reaction 

' is not truly first order but merely approximates first 
order characteristics at the specified conditions. The 
experimental data is shown in Table 3 in the appendix.
In order to use this reaction in the continuous reactor, 
a method would have had to be found to keep the hydroxide 
concentration constant. This would have induced unde­
sirable complications into the system. Therefore, it 
was decided to eliminate the possibility of using the 
peroxide in the continuous reactor. Also it was found 
that there was no method available of continuously 
monitoring the concentration of peroxide in the reaction 
mixture. Further investigation revealed that there was 
no immediately obvious first order reaction which met 
the specifications outlined above.

At this time it was decided that the real 
problem was not that a complex, higher order reaction



could not be dealt with in the process model, but that 
direct continuous analysis of concentration required far 
more elaborate equipment than was available. To con­
vert the existing Honeywell controller to accept a type 
of input other than an emf signal from a thermocouple 
was beyond the scope of this investigation. At this 
time it was decided that a "simulated’1 chemical reaction 
would be simpler to carry out and would serve the intended 
purposes just as well as a conventional commercial 
reaction. The advantage of the "simulated” reaction 
was that the need for elaborate analytical equipment 

ywaŝ  eliminated. A description of the process studied 
in this investigation follows.

When concentrated, commercial grade sulfuric 
acid is added to a more dilute solution of acid and 
water, a known quantity of heat is evolved. The amount 
of heat which is evolved (the heat of solution) is 
determined by the concentration of acid in the reactor 
before and after mixing. In a continuous reactor this 
corresponded to the relative flow rates of acid and 
water and to the initial concentration of acid. It was 
possible to obtain an analytical expression to relate 
these variables to the rate of heat evolution.



10
When developing an appropriate model for pre­

dicting the heat effects associated with the addition 
of a stream of water and a stream of acid to a reactor 
containing a mixture of acid and water, four separate 
effects were considered. First, heat was evolved when 
acid was added, second a smaller amount of heat was 
evolved when water was added to the mixture, third and 
fourth, sensible heat was contained in the acid and 
water streams, respectively. This investigation was 
primarily limited to solutions which contain more water 
than acid. In view of this, the heat effect of adding 
water to an acid-water mixture was neglected in the 
development of the model. From enthalpy concentration 
data (5) the curve of figure 2 was drawn. As can be 
seen, this curve, representing the heat effect associated 
with the addition of one mole of sulfuric acid to a 
solution of any given concentration, can be approximated 
by a straight line. Equation 5 represents this approxi­
mation.

-(AH) = -20,000 + 19,400Za (5)

where: AH = Heat of solution, cal/g mole.
= Mass fraction sulfuric acid.



Figure 2 Heat of solution for sulfuric 
acid-water solutions versus mass 
fraction sulfuric acid.
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This linear approximation failed for acid concentrations 
below about 10 percent. In this dilute range, a con­
stant AH is used. It was later determined that the 
linear model was, in fact, sufficient for most dilute 
solutions, producing only a small error.

With the acid-water system, it was possible to 
maintain a desired temperature of the reaction mixture 
by adjusting the following variables.

,1. Flow rate of acid.
2. Flow rate of water,
3. Water temperature.
4. Acid temperature.
5. Heat removal rate from the reactor.
How then did this simulated reaction measure up 

to the specifications set previously for an ideal 
reaction system?

1. The reactants were cheap and easy to obtain.
2. Sulfuric acid was toxic and corrosive.
3. Continuous measurement of the conditions 

in the reactor was possible because It 
was only necessary to measure the tempera­
ture of the reaction mixture.

4. The reaction kinetics were fully under­
stood.



The first and particularly the third points made above 
justify the use of the acld-water system. The fact 
that sulfuric acid was toxic and corrosive presented 
no particular problem since the system was designed 
to resist the acid and extreme care was observed in 
the operation of the system.

A schematic diagram of the reactor to be 
modeled is shown in figure 3. The differential equa­
tions for the system and a sample transfer function 
derived by the perturbation method are presented below,

VdC.
~at~ " PAQA " (QA + QF )CA

§  - V a V toa - T> + W tof - T>
Q P

- UA(T - T ) + (BCa + D) -|-A

2where: A = Area of cooling coll, cm
CA = Concentration of acid, g/ml 
0^ = Heat capacity of reaction mixture, 

cal/gram-0C
C . » Heat capacity of sulfuric acid,pa

cal/gram-0C
C n == Heat capacity of water, cal/gram-°C pF



Figure 3. Schematic diagram of the 
experimental reactor.
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Ma = Molecular weight of sulfuric acid, 

grams/mole 
P = Density of reaction mixture, 

grams/ml
?A = Density of sulfuric acid, grams/ml 
Pp = Density of water, grams/ml 
Qa = Plow rate of acid, ml/min 
Qp ='Flow rate of water, ml/min 
T = Temperature of reaction mixture, °C 

Tc = Mean cooling water temperature, °C 
TqA = Temperature of acid, °C 
TQp = Temperature of water, °C 

t = Time, minutes
U « Overall heat transfer coefficient of

calcooling colls, -------  ?
min C cm

V = Volume of reactor, cm
To obtain the transfer function, these equations are
linearized about a steady state value (designated by a
subscript ss). By expanding in a Taylor series and
dropping all high order terms, we can obtain

VdC.
-air - p (cA' V  V (8)



Taking the Laplace transform for a variable

SCA* = ^ 0 - 5 /  - V  (12)

By similar treatment of equation 7> and substitution
-  *of equation 12 for , the following transfer function

F
- *  _ *showing the effect on T of a small change in Q- was

obtained.
V p F ToFgao PFCPFToFsQoss QaPaB

t r  - (13)

9F S + 9osA) (S + »A8aPACpA + QFssPFCpF)

Due to the complexity of the transfer functions 
developed above, the application of the standard stability 
criterion proves to be an arduous task even for this 
relatively simple process. Using the basic differential



equations which describe the system# it was advantageous 
to simulate the system on an analog computer. From the 
analog simulation, the following information can be 
Obtained.

1. The limits within which the process can 
be controlled.

2. The variables that should be controlled.
3. The type of control action which should 

be used.
4. Suitable controller settings.
5= The optimum start-up conditions.
In this particular system there were five 

variables which could be controlled to give the set 
point temperature; these were acid flow rate, water 
flow rate, acid temperature, water, temperature, and 
coolant flow rate. With the analog simulation it was 
a simple matter to adjust these parameters and note 
their effect on the reactor temperature. By using a 
circuit which simulated the action of a controller, 
the effect of controlling the different variables was 
explored and the correct variable to be controlled : 
chosen. The optimum controller settings could then 
be determined by inspection or, if necessary, by 
methods such as the Zigler-Niehols. The analog program



used in this investigation is shown in figures 4, 5 
and 60 Table 1 shows what the significant potentlo 
meters represent*



Figure 4. Controller section of analog 
computer circuit.
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Figure 5- Material balance section of 
analog computer diagram.
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Figure 6„ Energy balance section of 
analog computer diagram.
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Table 1. Important Potentiometer Assignments

Potentiometer Parameter Represented
Q04 lOQp, water flow rate, ml/mln,
P06 RR/60 , scaled reset rate
Q07 PB/100, proportional band
P07 1/10K̂ , steady state reset gain
P25 T , set point, °P
Q32 2Top/l00, water temperature, F
Q33 2ToA/100, acid temperature
P40 2T/100, initial reactor temperature, °F.
Q63 0„5/Qc, cooling water flow rate, ml/min,
Q65 2Tc^n/100, inlet cooling water temperature, °F
Q67 UA/10, cooling coil resistance cal/cm2-°G-min0
Q73 10Q̂ , acid flow rate, ml/min»
Q74 10C^o, Initial reactor concentration, fraction



DESCRIPTION OF EQUIPMENT

In order to test the above equations on a physical 
system# it was necessary to construct a laboratory scale 
continuous stirred tank reactor. It was desirable to 
design and build the reactor to be as multi-purpose as 
possible so that the apparatus could be used for study­
ing other reaction systems as well.

Certain Information must be gathered before 
designing a process for carrying out a chemical reaction.t 
The important factors to be considered are t

1. Corrosion problems
'2.0 Heat effects associated with the reaction
3. Flow rates
4. Retention time In the reactor
5. Variables to be controlled
6. Selection of the measured variable.
A system for general use should be able to 

handle as many combinations of the above situations 
as is possible. . From the above list# the properties 
of a truly useful multi-purpose continuous stirred 
.tank reactor can be outlined.
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1« The reactor and associated accessories 
should be constructed of materials which 
are as chemically inert as possible,

2, Provisions should be made for supplying 
heat to and removing heat from the reactor,

3, It should be possible to supply reactants 
at any reasonable flow rates and these 
flow rates should be accurately measured,

4, It should be possible to change the volume 
of the reactor by controlling the level of 
the reaction mixture,

5„ It should be possible to control the rate
of heat removal or addition, and to control 
the flow rate of at least one reactant,

6, Measuring equipment, or at least space for 
measuring equipment, must be provided which 
can record continuously temperature, elec­
trical conductivity, pH, etc. These 
instruments should also produce an output 
signal which could be fed to a controller.

The reactor which was used in this research was 
designed and built with the above qualities in mind, 
Figure 7 is a schematic flow diagram of the experimental 
reactor. The reactor itself was made from a 2-liter



Figure To Schematic flow diagram of 
experimental apparatus.
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polyethylene beaker„ An overflow pipe was Inserted 
near the top to keep the volume of the reaction mixture 
constant. The effective reactor volume was exactly 
2000 milliliters. A length of polyethylene tubing was 
connected to this outlet and directed the product of 
the reactor to the drain, or to a tank if It was desired 
to retain the product. To insure proper mixing of the 
reactants, a Lightnin Model,P laboratory scale mixer 
was used. The mixer was clamped to an overhead support. 
A propeller shaft of 316 stainless steel extended down­
ward from the power unit to within about 1/2 inch of 
the bottom of the reactor. A 1-inch diameter propeller 
.was attached to the bottom of the shaft with a set 
screw.

To permit the addition or removal of heat from 
the reactor, a coil was installed. The coil was made 
from a 20-foot length of 316 stainless steel thin wall 
tubing by bending It around a section of 6-inch pipe.
The coll has an outside area of 1200 square centimeters. 
Stainless steel bulkhead fittings connected the ends of 
the coil through the reactor wall to polyethylene tubing 
which carried the heat transfer medium. Provisions 
were made to use either tap water or water from a con­
stant -temperature bath in the coil. The constant



temperature bath which was contained in the apparatus 
was a Blue M "Magni-Whirl" unit which was fitted with 
both a heater and a small refrigeration unit9 The 
bath will maintain approximately 2.5 gallons of water _ 
at temperatures from 0 to 100 degrees centigrade. A 
submersible pump was mounted in the bath to circulate 
the water to the coil.

It was possible to supply two reactants to the
> . system. A pair of five gallon polyethylene carboys

were located at the bottom of the apparatus to contain 
the reactants. Reactants were pumped from these car­
boys to constant head tanks mounted on an overhead 
support about seven feet above floor level. These 
tanks overflowed through 1/2-inch stainless steel tubing 
back to the carboys. The pumps were Eastern Electric 
Model D-ll centrifugals driven by General Electric 1/8 
horse power motors. From the bottom of the constant 
head tanks the reactants were directed to the reactor. 
The stream on the left passed from the constant head 
tank through a Brooks Sho Rate 150 rotameter, and a 
Taylor Lin-E-Aire Model Number 400vm4220 automatic con­
trol valve. The valve permits water flow rates of from 
0 to 510 milliliters per minute. The stream on the 
right passed through a similar rotameter and a Whitey



Micro-regulating manual valve„ All piping of the react­
ant feed system was of 316 stainless steel tubing and 
Swagelok fittings,, with the exception of the line from 
the bottom of the carboys to the pumps. These lines 
were of polyethylene tubing which is flexible and allows 
the carboys to be moved for filling.

Since it was decided that the temperature of 
the reaction mixture was to be the measured variable, 
a Minneapolis Honeywell Model Humber is2pl3ps-175-llpl 
proportional-reset controller was installed on the 
apparatus. This device used a copper-constantan thermo­
couple for a sensing element and had proportional and 
reset control modes available over a range of -150 to 
+200 degrees Fahrenheit. The reactor temperature was 
recorded on a disc chart Incorporated in the instrument. 
For use in future research, a Honeywell Cam operated 
set point controller was also installed. Both units 
are'supplied with 20 psi instrument air which was regu­
lated and dried by a Taylor regulator and separator.
The controller produced an air signal which operated 
the Taylor control valve mentioned above. The valve 
used was an air to close model. Either type of valve 
could have been used with the controller because it 
was possible to reverse the action of the controller



by moving a link within the mechanism,. The control 
action of this controller left much to be desired0 
Proportional band settings range only from 1 to 10 
and there is no calibration on the reset control. The 
operating manual states that the reset screw should be 
turned until the system shows no offset. For future 
research a controller similar to a Speedomax H is 
recommended. All of the above equipment was mounted 
on a frame of welded 1-1/2 inch steel angle iron as can 
be seen in Figure 8. All electrical equipment was 
operated from a central switch panel located on the 
left front of the apparatus. The front of the top of 
the main frame box was covered with a hardboard table 
which could be used for writing or as space for addi­
tional measuring equipment. For this research, a Dyna- 
graph, type RS millivolt recorder was used to obtain 
accurate temperature time curves. The entire apparatus 
was mounted on casters to facilitate moving.



Figure 80 Equipment layout of experimental 
apparatus„
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PROCEDURE

Several pre-planned experimental runs were made 
using the experimental apparatus. The first set con­
sisted of measuring the response to step changes in 
water flow rate, cooling water flow rate, and acid flow 
rate. The temperature in the reactor was the measured 
variable. Reactor temperature was measured by an iron- 
eonstantan thermocouple inserted in a length of 1/4-Inch 
stainless steel tubing. The temperatureGtime curve 
was recorded on the Dynagraph with the sensitivity con­
trol set so that a temperature change of 3.33 degrees 
Fahrenheit caused a pen movement of 1 centimeter. The 
chart speed was set at 1 millimeter per second.

All variables were measured and recorded at the 
beginning and end of each run. These variables included 
flow rates of water and acid, the temperatures of the 
water and acid, the cooling water flow rate and tem­
perature, the initial temperature in the reactor, and 
the initial concentration of acid in the reactor. The 
concentration was determined from the steady state 
value of the water to acid ratio in the previous run.
If the reactor concentration was unknown, the contents
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were siphoned out and the reactor filled with a mixture 
of known concentration. With the reactor at steady- 
state conditions, step changes were made and the results 
recorded.

After the responses to the step inputs were 
determined, it was necessary to measure the heat trans­
fer coefficient of the cooling coil, and the rate of 
heat loss from the surface of the reactor. The heat 
transfer coefficient was determined in the following 
manner. One carboy was filled with hot water, and the 
pump started to provide a continuous stream to the 
reactor. The cooling water rate was set and measured. 
When the temperature in the reactor reached steady 
state, the inlet and outlet temperature of the cooling 
water was measured. The cooling water rate was then 
changed, the system allowed to come to a new steady 
state, and the new temperatures measured. This process 
was repeated for a number of cooling water rates. From 
this data, using standard heat transfer equations, the 
heat transfer coefficients were calculated.

The rate of heat loss from the reactor was 
determined by filling the reactor with hot water, and, 
with no feed or cooling water turned on, recording the 
temperature-time curve on the Bynagraph. From this



curve the heat losses were determined. Several sections 
of the curve were chosen and the slopes of these sec­
tions were measured to determine the rate of heat loss, 
fhe average temperature of the reactor was determined 
by taking the value of the temperature at the centers
of the chosen portions of the curve for each time incre-

■ *»mento Using the rate of heat loss and the average 
temperature difference between the reactor and the 
surroundings, the heat transfer coefficient was evalu­
ated. . This coefficient was found to be independent of 
temperature.

The.baSieidifferential equations describing 
the system were then time and magnitude scaled, and 
the process, control elements, and controller elements 
were simulated on the analog computer. After placing 
this program on the computer and adjusting the necessary 
potentiometers to represent the physical constants of 
the system, several runs were made simulating the 
operation of the experimental reactor. The same step 
changes were made on the simulated reactor as were 
made on the experimental reactor. These responses were 
plotted and compared to the results obtained from the 
experimental reactor. After the open loop responses 
of the computer simulation and the experimental reaetof



were compared* a circuit which simulates the action 
of a proportional-reset controller was added to the 
analog programd "fhe control action was first placed 
on the water flow rate and second on the cooling water 
flow rate. Runs were made at various controller 
settings and set points to determine their effects 
on the control of the reactor. The controller which 
was included in the experimental apparatus was not 
fitted with a device for determining the numerical 
value of the reset rate, It was therefore impossible 
to compare the effects of changing the reset rate on 
the simulated controller with experimental data. In 
view of this* computer runs were made with the reset 
action removed. Corresponding runs were made on the 
experimental apparatus with various Settings of pro­
portional band. These results were then compared with 
the runs made using the computer model.



EXPERIMENTAL RESULTS

As was stated previously, the first objective 
of this research was to compare the response of the 
simulation to step changes with data taken from the 
experimental apparatus for the same step changes. - 
Table 2 shows what step changes were made and the 
initial and final conditions. Figures 9 to 11 show 
a comparison between the temperature response predicted 
by the computer and the actual data taken from the 
experimental apparatus. Figure 9 shows the response 
to a change in water flow rate, figure 10 shows the 
response to a change In acid rate, and figure 11 gives 
the response to a change In cooling water rate. Refer 
to Table 2 for the conditions before and after the 
step changes were made. The solid lines on the figures 
show the predicted results and the points represent 
experimental data, ■ *.

Figure 12 shows the effect of placing pro­
portional and reset control on the flow rate of water. 
These curves were drawn by the computer and show no 
comparison with experimental data. Figures 13 through 
17 show the effect of placing proportional plus reset
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control on the cooling water flow rate at different 
set points and controller settings, These curves are 
not compared with experimental data0 Figure 18 shows 
a plot of U versus cooling water flow rate. Figure 19 
shows a comparison between predicted and experimental 
results using proportional control only Oh the flow 
rate of water. In addition, figures 20 and 21 are phase 
plane plots, constructed by plotting temperature versus 
acid concentration. The first shows the response of 
the model to a step change in acid rate at three differ­
ent cooling water rates. The second shows controlled 
response to a step change in acid rate. The different 
curves show the effect of using different initial condi­
tions. These curves are useful in determining optimum 
start-up conditions, and the limitations of the system 
under specified conditions.

The time constants for the system were calculated 
for representative conditions. The time constant for 
the heat balance equation was about 2.4 minutes and 
the time constant for the material balance differential 
equation was about 3.6 minutes. This indicates that 
the temperature of the reaction mixture shows faster 
response than the concentration of acid, but that both 
systems respond slowly to set-point or load changes.



1. Initial 
Final

2. Initial 
Final

3. Initial 
Final

Table 2J ^Sten Changes
To A TqF QoMoles Qp-Water Qa-Acid Acid Water Cooling

T-Reactor Water Flow Flow Temper- Temper- Water
Tempera- Mole Rate, Rate, ature, ature. Flow Rate,
ture, °F Acid ml/min. ml/rain. °F °F ml/min.

103
122

50
13.3

510
135

30
30

80

80

80

80

180

180

103
119

50
25

510
510

30
60

80

80

80

80

180

180

103
91

50
50

510
510

30
30

80
80

80

80

180

1160

TcCooling 
Water 
Tempera­
ture , °F

80
80

80

80

80

80



Figure 9„ Response to step change in 
water flow rate.
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Figure 10„ Response of system to step 
change in acid flow rate.
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Figure 11. Response to step change in 
cooling water flow rate.
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Figure 12„ Effect of placing proportional 
plus reset control on water 
flow rate at various set points.
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Figure 13. Effect of placing proportional 
plus reset control on cooling 
■water flow rate at various set 
points.
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Figure 14» Effect of placing proportional 
plus reset control on cooling 
water flow rate at different 
set points.
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Figure 15* Effect of placing proportional 
plus reset control on cooling 
water flow rate at different 
proportional band settings.
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Figure 16. Effect of placing proportional 
plus reset control on cooling 
water flow rate at different 
set points.
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Figure 17. Effect of placing proportional 
plus reset control on cooling 
water flow rate at different 
set points.
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Figure 18. Overall heat transfer coefficient 
versus cooling water flow rate.
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Figure 19. Comparison between experimental 
data and predicted resuits, 
proportional control only placed 
on cooling water flow rate.
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Figure 20. Phase plane plot of mass fraction 
acid versus temperature increase 
at three different cooling 
water rates.
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Figure 21. Phase planfe plot of mass fraction 
acid versus temperature increase 
showing effect of varying initial 
conditions.
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DISCUSSION OP RESULTS

Earlier it was stated that the objective of 
this investigation was to test the process model and 
to determine certain information about the process# 
in particular:

1. Control of the process to obtain the 
desired results

2. Maintaining system stability
3. Determination of optimum start-up condi­

tions.
First# it was necessary to determine if the 

model actually predicted the response of the system to 
step changes made on the experimental apparatus.
Figures 9# 10, and 11 show that the model closely 
matched the responses of the actual system with a maxi­
mum error of 5 percent.

To determine whether or not the system could 
be controlled to produce the desired results (reaching 
a set steady state value of the temperature)# the con­
trol action was first placed on the flow rate of water 
entering the reactor. This method worked well at 
moderate temperatures. As can be seen in figure 12#
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if a set point was chosen which was above the capabili­
ties of the system, the valve would close, reducing 
the water rate, allowing the system to heat up. If 
the system did not reach the set point fast enough, 
the reactor would saturate with acid and there would 
be no further effects of adding acid to the system.
The reactor temperature would then approach the tempera­
ture of the incoming cooling water. The maximum tem­
perature which could be held was a function of the 
acid flow rate, and the cooling water rate. Due to 
this effect, it was concluded that controlling the flow 
rate of water to the reactor was not the best method 
of maintaining a set temperature in the reactor.

For all controlled runs, the concentration of 
acid in the reactor was not considered to be important; 
only the temperature of the reaction mixture was of 
interest.

The control action was then placed on the cooling 
water flow rate. Assuming that during the operation 
of the process, the acid and water streams are flowing 
at reasonable values (about half of maximum), figures 
13 through 17 show that the process can be controlled 
within a sizeable range. The lower limit is approxi­
mately the temperature of the cooling water.



53
The upper limit of the control range is deter­

mined by the relative amounts of the acid and water 
being added to the reactor. With control action on 
the cooling water, there is a possibility of having 
offset if the set point is higher than the maximum 
obtainable temperature of the system. However, there 
would be far less offset in the high temperature por­
tion of the range than with ; the control action placed 
on the water flow rate. '

The next point in question was the determina­
tion of suitable controller settings. The process is
inherently stable, having both upper and lower limits 
on the temperature. By examination of figures 13 to 
17, it can be determined that a low proportional band 
setting (less than 10.0) makes the process come to the 
set point quickly, and that some reset action (reset 
rate about 1 repeat per minute) is necessary to 
eliminate offset. Since the process time constants 
were found to be large with respect to the control
element time constants, the process should be fairly
easy to control.

The third point to be considered was the deter­
mination of optimum start-up conditions. The phase 
plane plot shown in figure 21 indicates that the system
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will come to the set point quickly from any initial 
temperature and concentration with the control action 
placed on the cooling water flow rate. Therefore, the 
start-up conditions for this system are not critical.
In more complicated reaction systems, however, phase 
plane plots indicate that if certain initial conditions 
of temperature and concentration are used, the process 
will not reach the set point (l). By constructing 
phase plane plots from an analog simulation, these 
undesirable initial conditions could be detected and 
avoided.
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CONCLUSIONS

In order to maintain a fixed temperature by 
mixing sulfuric acid and water, it was concluded that 
the best results will be obtained by placing control 
action on the cooling water flow rate rather than on 
the flow rate of entering water.

It can be concluded also that the controller 
settings were not critical, and that suitable values 
were a proportional band setting of about 10 and a reset 
rate of approximately 1 repeat per minute. It was 
found that the start-up conditions were not critical.
The system would come to the set point from any initial 
temperature and concentration.

It was found that the desired information con­
cerning the control properties of the system could be 
determined best, even for a system as simple as the 
acid-water system, by an analog simulation.

55



RECOMMENDATIONS

This investigation provides the groundwork for 
much future research. The experimental apparatus con­
structed for this investigation was designed for use 
with a number of different reaction systems. The 
acid-water system was used only as a first approximation 
to a typical chemical reaction system. The techniques 
outlined in the previous section could easily be 
extended to investigate the effects of placing control 
action on different variables associated with a first 
or second order reaction system, with similar goals in 
mind. A representative first or second order system 
should be found and equipment located which would 
analyze continuously the concentration of some reaction 
component. With this equipment, an Investigation could 
be carried out with concentration Instead of tempera­
ture as the measured variable.

The proportional-reset controller used in this 
research should be replaced by a type which is more 
suitable for experimental work. A Speedomax H would 
be well suited for this purpose. The reaction vessel 
should be replaced by a larger unit fitted with a level 
controller to control the volume of the reaction mixture.
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Table 3. Kinetic Data for Hydrogen Peroxide 

Decomposition in Sodium Hydroxide_____

I. Temperature = 140F, NaOH concentration = 0.03 
g moles/liter.
Time, Minutes C/Co

0 1.0
25 0.885 1
110 0.420 k = 0.0053 minutes”

II. Temperature - 140F, NaOH concentration = 0.04 
g moles/liter.
Time, Minutes C/Co

0 1.0
40 0.614
70 0.396
80 0.340
105 0 234 k - 0.0064 minutes-1

III. Temperature = 140F, NaOH concentration = 0.05 
g moles/liter.
Time, Minutes c/c0

0 1.0
72 0.508
84 0.480
122 0.411
130 0.380 k = 0.002 minutes"1
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