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CHAPTER 1 

INTRODUCTION 

Chemical process control has been dominated by linear control theory 

and technology over the last few decades. However, the use of linear system 

techniques is quite limiting, since a significant portion of the chemical processes 

are inherently nonlinear. Recent advances in computer software and hardware 

have paved way for the development of advanced nonlinear control methods and 

algorithms. Though linear systems have the advantage of computational 

simplicity, in many instances it may not be prudent to use them, especially for 

severely nonlinear processes. This has led to rapid development of nonlinear 

control methods during the last ten years. 

To some extent, every process is nonlinear. Some nonlinear effects are 

mild and can be handled fairly well by conventional linear control methods. 

However, some nonlinearities can be extremely severe and controlling such 

processes would entail the usage of information inherent in process itself Thus 

sprang the concept of nonlinear process model based control, which despite its 

lack of simplicity, is positively seen as emerging technology, offering more 

efficient control (by having quicker settling times) than the conventional 

approaches. 

Exothermic reactions and pH processes are two good examples of 

extremely nonlinear processes. This is because the process gain changes very 



drastically over a short operating region. Also noted for notorious nonlinearities 

are high purity distillation columns and various bioprocesses. 

One way of evading a nonlinear problem is to suitably modify the process 

so that the nonlinear effects can be reduced or perhaps even be eliminated. 

This has been shown to be true for flow control where an equal percentage valve 

characteristic sufficiently linearize the process. There have also been instances 

wherein a complex process with nonlinear elements and constraints have been 

effectively controlled using a PID controller with a variable gain. But, there still 

remains a class of problems for which linear control technology is ineffective and 

the only recourse is a nonlinear algorithm. 

pH control is without doubt one of the most difficult control problems 

today. It has been well-documented that the pH process is extremely nonlinear 

and conventional PID or even advanced linear control techniques have not been 

able to satisfactorily solve this problem. However, pH control is industrially very 

important with wide ranging applications like wastewater neutralization, ore 

floatation, cooling tower water treatment, boiler feed water treatment, beverage 

manufacturing, acid pickling and etching, metal treating and finishing, pulp and 

paper manufacturing, chemical scrubbing and several others. Of these, 

industrial wastewater control is the most important, demanding and difficult 

problem. Lately with more stringent governmental regulations and their stricter 

enforcement, a lot of time, money and research effort have been invested into 



this problem. Wastewater effluent discharge from a chemical plant is typically 

required to be in the pH range 6.0 to 9.0. 

Wastewater pH control is replete with difficulties. Firstly, the pH response 

to the addition of reagent (titration curve) is a highly nonlinear classic "S" shaped 

curve and the process gain changes drastically as we move along it. Secondly, 

the wastewater composition is constantly changing, typically being an 

unpredictable mixture of the substances with widely differing properties. Owing 

to this, an advanced prediction of the titration curve is not possible. Finally, in 

the neutralization and equivalence regions, the process is usually very sensitive 

to small changes and disturbances. 

Many researchers have studied pH process control. McAvoy et al. [1] 

modeled a pH process with the equations for material balance and equilibrium 

relation, and Gupta and Coughanowr [2] successfully applied PID control with 

the controller gain updated on-line using an identification reactor. Gustafson and 

Waller [3] brought the concept of reaction invariant to incorporate the 

nonlinearity and designed an adaptive pH control system. Parrish and Brosilow 

[4] suggested a nonlinear inferential control methodology. Sung et al. [5] 

proposed a method that uses a modified version of Gupta and Coughanowr's 

identification tank and also uses Wright and Kravis's [6] control strategy. Hence 

there has been significant progress in developing model-based controllers. 

However, each of the above mentioned strategies involve a traditional large 

mixing volume, which could prove very expensive. 



Choi and Rhinehart [7, 8] came up with a model describing the pH 

system. An acidic wastewater stream was modeled as a single fictitious acid 

which is described by two parameters: 

1. acid concentration and 

2. acid dissociation constant 

This model was obtained from only two data points (pH-ratio pairs) and 

could not always effectively describe the salient features of the process. 

Collaboration between Riggs and Rhinehart resulted in the conception of the 

dual-base injection scheme. This concept of dual injection has been patented by 

Riggs and Rhinehart (U.S. Patent #4,940,551, July 1990). This idea was 

explored by Williams [9, 10] who used the third point to predict the intermediate 

behavior. The other two parameters (acid concentration and acid dissociation 

constant) were now predicted using a least squares parameterization technique. 

Mahuli [11, 12]), who took over the project from Williams, described the acidic 

wastewater stream by two models: 

1. Monoprotic Acid Plus Common-ion Salt (MACS), 

2. Monoprotic Acid Dihydroxyl Base (MADB). 

MACS model was used to handle streams with an inlet pH greater than 

3.5. The common-ion salt helped In better description of buffered mixtures. 

MADB model, on the other hand was used to handle streams with an inlet pH 

less than 3.5. This model helped describe buffering in the basic region. 

However, Mahuli's parameterization required solving three nonlinear equations 



simultaneously. Natarajan [13, 14], who took over the project from Mahuli, 

restructured the nonlinear equations into three linear equations. Natarajan also 

incorporated into his model the concept of ubiquitous acid. Desai [15, 16], who 

worked on this project in parallel with Natarajan, developed a heuristic based set 

of control rules for control of acidic wastewater streams. This work is essentially 

an extension of Desai's work. 

This work details an attempt to refine and demonstrate an effective 

solution to the pH control problem. This work on pH control is based on dual 

injection approach, which involves splitting of the reagent stream and its 

sequential addition to the process infiuent in two separate portions. Excellent 

control has been achieved for acidic as well as alkaline systems at neutrality 

(pH=7.0), on a real time system. Also the need for a large mixing volume is 

eliminated. The methods developed can not only be applied to wastewater 

neutralization but also used equally well for other pH control situations. A 

detailed description of the laboratory scale pH control experimental system and 

the experimental procedures involved is given in Chapter 2. 



CHAPTER 2 

EXPERIMENTAL SYSTEM 

2.1 Experimental System For pH Control 

The true test to determine the performance of any new algorithm is its 

successful implementation on a real time experimental system. Computer 

simulation and theoretical grounding are no doubt important; but it is the 

experimental component that leads credibility to the technology. An 

experimental system presents all the ingredients of what is to be expected in 

industrial practice, like noise on the measured variables, drift, transportation lags 

and delays, deadtime. sensor inaccuracies, calibration errors, etc. 

The experimental set up used for this project is a laboratory scale in-line 

control scheme with a dual injection strategy, as shown in Figure 2.1. This unit 

is designed to be compact and portable so that the technology can be tested at 

an industrial site. The experimental system has been divided into separate 

components and each one is described in detail. 

2.1.1 Influent and Reaaent Flow Svstem 

Typically, wastewater from different sections in a chemical plant is 

combined into one stream and sent for further treatment and discharge. The 

tanks T1, T2 and T3 in Figure 2.1 represent the manufacturing plant containing 

different effluent streams (either acid or base) at different concentrations. Each 
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tank is mounted 1.5 meters above the pumps and has a capacity of 30 gallons 

(114 liter) an is connected by a 1/2 Inch (1.27 cm) stainless steel tubing and a 

rotameter. The three tubes, one from each rotameter, then join together in a 

cross to form a single process line which connects pump PI and the three pH 

sensors before finally emptying into waste drum. Tank T4, which is also 30 

gallon (114 liter) capacity, supplies the reagent necessary to affect 

neutralization. The reagent tank is connected to another 1/2 inch (1.27 cm) 

stainless steel tubing that connects to pump P3 and joins the main process line 

after the first pH probe. There is a tubing connection between the reagent line 

and the process line with a two-port three-way manual valve at the center. To 

allow either the reagent or wastewater splitting, there is another 1/2 inch tubing 

emerging from this valve which passes trough pump P2 and empties into main 

process line just after the second pH probe. The three-way valve can direct flow 

through this tubing from either the reagent line or the process line. 

2.1.1.1 Metering Pumps 

There are three positive displacement pumps labeled PI, P2 and P3 on 

Figure 2.1. These pumps are manufactured by Micropump Corporation (Model 

211/56C). The pump motor is a 1/3 h.p. (249 W), 3450 rpm permanent magnet 

motor, manufactured by Pacific Scientific (Model SRF 3616-4574-7-56BC). 

These pumps can deliver a continuous non-pulsating flow with a maximum 

capacity of 5.5 lit/min. It may be pointed out that very high flow rates or very low 
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flow rates are not delivered controllably by the pumps. For best results, it is 

desirable to operate the pumps in an intermediate flow range, something to 

between 1 lit/min. to 4.5 lit/min. 

It was decided to adopt the following nomenclature for the metering 

pumps. Pump PI, which pumps the contrived plant effluent stream (the stream 

whose pH needs to be controlled) from tanks T1, T2 and T3, is called the 

influent pump. Pumps P2 and P3, which pump the reagent from tank T4, 

injecting it sequentially into the process line, are called the reagent pumps. It is 

to be noted that pump P2 can also be used to pump the influent by simply 

altering the knob position of the three-way valve. But, in our experiments we 

have not looked at the merits and demerits of influent splitting. Hence, it was 

decided to call pump P3 as the major reagent pump since it almost always 

delivers more than the half of the total reagent flow. Likewise pump P2 is called 

the minor reagent pump. 

Henceforth pumps P2 and P3 will be referred to as minor and major 

reagent pumps, respectively. 

2.1.1.2 Pump Speed Controllers 

These are three 250D series variable speed DC controllers labeled as 

D1, D2 and D3 on Figure 2.1. They output a power voltage to the motor and 

thereby adjust flow from pumps PI, P2 and P3, respectively. These controllers 

are manufactured by Dart Controls Incorporation (Model No: 253D-200E). D1 



has the '•-5A" option arrangement, while D2 and D3 have the "-7A" option 

arrangement for receiving a 4-20 mA current signal. The "-7A" option has 

additional features, in the sense it can be used in the auto as well as manual 

modes while "-5A" has the auto option only. There is no difference between the 

two options as far as our purpose is concerned since we only use auto mode. 

D1 just happens to retain the earlier version. The reader may wish to consult the 

Dart Controls 250D series variable speed control instruction manual for further 

information. 

The D/A converter board sends a 4-20 mA signal to each speed 

controller. Based on this current signal, the controller linearly adjusts the 

armature voltage this regulations the pump speed and hence the flow rate. The 

relationship between the input current signal from the D/A board and the flow 

rate delivered by the pump is more or less linear. Hence the pump calibration 

equation, which is a plot of the current in mA against the flow rate in lit/min., is a 

straight line. 

2.1.1.3 In-Line Mixers 

There are two static mixers in the process line, one each after every 

reagent injection point They are labeled as Ml and M2 on Figure 2.1. After a 

reagent injection, the two streams have to be thoroughly mixed before the next 

pH reading is sampled, as this information is vital to the model and needs to be 

extremely accurate. Improper mixing will result in an inaccurate pH reading and 
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would cause the model to envision a titration curve which is different from that of 

the actual process. This could lead to incorrect control action. Hence, the 

system has to be designed in such a way that enough residence time is provided 

for proper mixing and reaction completion. Acid-base neutralization reactions 

are almost instantaneous and hence reaction residence time may not be an 

issue. The mixing component has to be very carefully attended to. This is 

accomplished my Kenics static mixer manufactured by Chemineer Incorporated 

(Model 1-KME-PVC-4). 

The Kenics mixer, which provides in-line continuous mixing, has no 

moving parts, requires no external power and no maintenance. The unit 

comprises a number of alternated short elements of right and left handed 

helices. It provides two simultaneous mixing actions, namely, flow division and 

radial mixing thus resulting in near plug flow characteristics. More details are 

available from the manual on Kenics static mixers published by Chemineer, Inc. 

2.1.1.4 Water Filters 

There are two candle filters: one on the process line and the other on the 

reagent line just before the pumps. They are labeled as F1 and F2 on Figure 

2.1. The filters remove undissolved particles from the streams to prevent 

clogging or fouling of the downstream equipment Periodic cleaning or 

replacement of filter candles is essential for assurance of a continuous non-

pulsating flow from the pumps. 

11 



2.1.2 PH Sensing and Transmission 

The device that accomplishes the pH sensing/transmission consists of 

two parts which are: 

1. pH sensor which measures the pH of the stream; 

2. pH transducer which displays the measured pH and also relays the 

information to the computer. 

The three pH probes are labeled as pHI, pH2 an pH3 on Figure 2.1 and 

their corresponding transducers will be designated as pHITI, pHIT2 and pHIT3. 

The three pH sensors (Model FU25) and the three pH transducers (Model EXA 

pH400) are manufactured by Yokogowa Corporation. 

All pH measurement systems are based on the principle of an 

electrochemical cell in which two electrodes are placed in a charge conducting 

solution called the electrolyte. An electric potential develops between the 

electrodes. To measure pH, one electrode is constructed from a specially 

formulated glass membrane that responds to hydrogen ions by an exchange of 

mobile hydrogen ions within the membrane structure. 

The pH transducer receives the mV signal developed by the pH sensor 

and converts this signal into pH units for display. It further transmits the 

measured pH information to the computer work station in the form of a 4-20 mA 

signal. The output signal which is equivalent to 0-14 pH units. For further 

12 



Information on the pH sensors and transducers and their calibration, the reader 

is advised to consult their respective manual published by Signet Scientific. 

2.1.3 Data Accuisition Hardware 

Analyses of the measured information and control decisions are made at 

the local work-station which is a Packard Bell PB286 12 MHz personal computer. 

The computer can accept and send only digital signals. The measured variables 

from the transducers (1-5V) and the inputs to the speed controllers (4-20 mA) 

need to be among the signals. Thus for computer interfacing and control, all the 

analog input signals have to be converted into their digital equivalents and the 

digital output signals converted into their analog forms. 

The former is accomplished by the analog-to digital (A/D) converter 

board, while the latter is accomplished by the analog converter (D/A) board. The 

circuitry for the data acquisition hardware is shown on Figure 2.2. 

2.1.3.1 A/D Conversion 

The A/D converter board called DASH-8 is manufactured by Metrabyte 

Corporation. It is a 8-channel 12-bit high speed converter, with an A/D 

conversion time of approximately 25-35 microseconds. DASH-8 requires eight 

consecutive address locations in the I/O space and this address is set by the 

Base Address D.I.P. switch to be on a 8-Bit boundary anywhere in the P.O. 

decoded I/O space. Some I/O addresses are reserved for internal functioning 

13 



and other peripheral devices. So, to provide flexibility in avoiding conflict with 

these devices, DASH-8's address locations have to be set by a Base Address. 

The Base Address for the DASH-8 board used in our experiment has been set to 

&H300 or 300 hex (decimal number 768). This address is not shared by any 

other peripheral The DASH-8 board will now occupy the address locations 

&H300-&H307. Thus there are 8 analog input channels on DASH-8. The 

channels are single ended, i.e., they share a common (low level) ground. 

The full-scale input of each channel in -5V to +5V corresponding to a 

digital number between -2047 to +2047. The output from the pH transducer, 

which is an analog signal of 4-20 mA corresponding to 1-14 pH units, has to be 

converted into a voltage signal for acceptance by the A/D board. Since the 

maximum current is 20 mA and the maximum input range is 5V, a 2500 shunt 

resistor is added in the loop. This converts the 4-20 mA signal into a 1-5 V 

signal, to be input to the A/D board. It is to be noted that the transmitter outputs 

are non-isolated signals, and the A/D channels share a common ground. Hence 

using a resistor alone is not sufficient to make the signals isolated. Therefore, a 

signal conditioner is inserted into this loop to change the non-isolated current 

signal into an isolated voltage difference. The A/D converter board converts this 

1-5V analog input into a digital number between 0-2047 decimal range, 

corresponding to 0-14 pH units. The function of the A/D board is controller by 

I/O driver routine DAS8.BIN, provided by the manufacturer Metrabyte 

Corporation. The A/D conversion software is explained in Appendix A. For 

14 
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more details on A/D conversion, the reader is advised to read DASH-8 manual 

provided by the Metrabyte Corporation. 

2.1.3.2 D/A Conversion 

The control action from the computer is a digital; signal In the range 0-

4095 decimal, which has to be converted into an analog 4-20 mA current signal. 

This is done by the D/A converter board called DAC-02, also manufactured by 

the Metrabyte Corporation. The DAC-02 is a 2 channel board, i.e., it can accept 

only two digital signals. It is double buffered 12 bit converter. The data supplied 

to the D/A board is 12 bits, which is broken into 2 consecutive bytes. The first 

byte called the low byte is the least significant byte, comprising the four least 

significant bits of data. The second byte called the high byte is the most 

significant one and contains the most significant 8 bits of data. The least 

significant byte is written first and is stored in an intermediate register in the D/A. 

When the most significant byte is written, its data is added to the stored least 

significant data. This process is called double buffering. 

The DAC-02 board also requires 8 consecutive addresses in the 1/0 

address space. The I/O address locations are again set by the Base Address 

switch such that the addresses do not conflict with those of other peripheral 

boards. One signal conversion and transmission set requires four address 

locations. The four address locations are used for reference input, bipolar 

output, unipolar output and 4-20 mA output. Hence only two signal conversions 

16 



can take place on one D/A board which means that only two speed controllers 

can be operated from one D/A board. Since there are three pumps and three 

speed controllers, two separate D/A boards have been used. 

The Base Address for the first DAC-02 board had been set to &H330 

(decimal 816). The DAC-02 board will now occupy the address locations 

&H330-&H337 in the I/O space. The address locations &H330 and &H331 are 

used for the major reagent pump P3 and its speed controller D3, while the 

locations &H332 and &H333 are used for the influent pump PI and its 

con-esponding speed controller D1. The Base Address for the second DAC-02 

board had been set to &H370 (decimal 880). The address locations &H372 and 

&H373 are used for the minor reagent pump P2 and its corresponding speed 

controller D2. D/A conversion software is explained in Appendix A. The reader 

is advised to consult the DAC-02 manual published by Metrabyte Corporation, 

for further details. 

2.1.4 Preparation of Experimental Solutions 

Neutralization and control of acidic as well as alkaline streams have been 

demonstrated. Hence both acidic and basic solutions were used as effluent as 

well as reagents. Acid wastewater characteristics were simulated and tested by 

preparing solutions of sulfuric acid, oxalic acid, acetic acid, acetic acid buffered 

with sodium acetate, phosphoric acid, hydrochloric acid and other. Basic 

wastewater characteristics were simulated and tested on prepared solutions of 
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sodium hydroxide, ammonium hydroxide, ammonium hydroxide buffered with 

ammonium chloride, sodium carbonate and others. The acid reagent used for 

neutralizing basic solutions was sulfuric acid (strong acid) and the alkaline 

reagent used for neutralizing acidic solutions was sodium hydroxide (strong 

base). All solutions were prepared in the concentration range 0.01-0.03 N, 

which is an approximate concentration range for many industrial waste streams. 

However, the results can be easily extrapolated to higher or lower 

concentrations. Most of these chemicals are hazardous, and the person 

performing the experiment should be aware of the MSDS cautions and proper 

handling procedures. 

The acidic solutions were prepared in Lubbock city tap water which 

contained dissolved salts, such as bicarbonates and sulfates of several metal 

ions. The pH of Lubbock water is about 8.2. This implies that the acid solution 

prepared in Lubbock water will not be a pure acid solution but a complex 

mixture of the acid, unknown slats and free bases. Since industrial wastewater 

is also such a multicomponent unknown mixture, our prepared acidic solutions 

would represent an appropriate simulation of the same. 

The alkaline solutions were prepared in deionized water rather than 

Lubbock city water due to the propensity of the bases to induce precipitation in 

Lubbock water. Such precipitation is detrimental to our experimental set-up, 

because it can clog up the tubes, valves, filters and even degrade the 

performance of the gear pumps. During the design of an industrial system, this 

18 



fact has to be borne in mind and a proper selection of equipment, especially 

filters, must be made. Hence this special preparation of alkaline solutions must 

be viewed only as a limitation of our experimental system to handle the 

precipitation and not as a drawback in our control technology. 

2.1.4.1 Calculation Procedure for Solution Preparations 

This section lists some formulae and methods useful for calculation 

procedures, during the preparation of the experimental solutions. This 

procedure is adopted from Natarajan [7]. 

Many acids and bases are available on the form of their highly 

concentrated solutions in conventional glass bottles. The label on the bottle 

usually lists all relevant information like density, specific gravity, normality, 

weight percent, purity, etc. To prepare a dilute solution in the tank, one needs to 

know the volume of the concentrated liquid contained in the bottle, that has to be 

added. A formula such as the one given can be used. 

d.XVXx 
N = —̂  '- (2 1) 

EXV ^ ^ 

where, N : Required normality of the dilute solution, 

D,: Density of the concentrated solution in gm/ml, 

V,: Volume of the concentrated solution in ml, 

X : Weight fraction of the component, 

E : Equivalent weight of the component in gm/gm equivalents, 
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V: Volume of the prepared dilute solution in liters. 

Suppose it is required to calculate the volume of 98% concentrated 

sulfuric acid needed to prepare 60 liters of 0.02N sulfuric acid solution. Then 

Equation(2.1) yields: 

0.02X49X60^3^^^ 
' 1836^0.98 

The calculations need not be very accurate since the model does not 

know the influent concentration anyway and estimates it on-line as an adjustable 

parameter. This method is very useful when the normality of the concentrated 

solution is not specified on the bottle label. 

If the normality of the concentrated solution is also known, then a simple 

rule can be used, which is: 

^ A = 7} (2.2) 
^ A 

where, NA: Normality of the dilute solution, 

NB: Normality of the concentrated solution, 

VA: Volume of the dilute solution in ml, 

VB: Volume of the concentrated solution in ml. 
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The volume of concentrated ammonium hydroxide solution (normality 

14.8) required to prepare 50 liters of 0.02N dilute solution of the same is given 

by Equation (2.2): 

^ 0.02jrS0000 ._ _ . . 
Vg = = 61.51 ml. 

" 14.8 

Some reagents and usually all salts are available in the form of pellets or 

powders. In that case we need to know the weight of the sample required to 

prepare a dilute solution. 

The basic definition of normality can used as: 
W 

N = (2.3) 
ExV ^ ^ 

where, N: Normality of the dilute solution, 

W: Weight of the sample In gm, 

E : Equivalent weight of the component in gm/gm equivalents, 

V: Volume of the dilute solution in liters. 

For instance, the quantity of sodium hydroxide pellets requires to make a 

0.02N 50 liter solution is calculated from Equation (2.3) 

W = 0.02 X 40 X 50 = 40 gms. 

An important fact has to be borne in mind while performing calculations 

for the preparation of phosphoric acid solution. Phosphoric acid is a triprotic 
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acid with two of its dissociations below pH 7. The third dissociation occurs close 

to pH 12. Although, the equivalent weight of phosphoric acid is defined as its 

molecular weight divided by three, which is the number of replaceable hydrogen 

Ions, only two hydrogen Ions have been replaced up to neutrality. Hence, the 

volume of 85% concentrated phosphoric acid required to prepare 40 liters of 

0.025N phosphoric acid solution is given from Equation (2.1) as: 

98 
0.025JC40X— 

V, = ^ = 33.9ml. 
0.85x17 

2.1.5 Experimental Procedure 

The general procedure and format to all the experimental runs is 

described here. Most of the control runs are for a period of about 20-25 minutes 

limited be the 30 gallon (the tank volume) batch of the reagent. For most of the 

experiments, the controller is tested for two disturbances within a run. The 

acidic and basic solutions prepared have concentration in the range 0.015N to 

0.025N. The concentration of salts used are in the range 0.01 M to 0.02M. This 

is typical of industrial wastewater found in practice. The reagent used to 

neutralize acidic streams is NaOH and that used to neutralize basic streams is 

H2SO4. The reagent concentration used in all experiments is 0.02N. Typically in 

industries a more concentrated form of reagent is used. In order to save on the 

reagent purchase, storage and pumping costs a higher concentration of reagent 
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is used. Since our reagent pumps are limited to the same speed range as our 

wastewater pump, we had to use dilute reagent to allow neutralization. Since 

the concentration of the influents range from 0.015N to 0.025N, the total reagent 

flow rates (manipulated variable) will range from about 2 lit/min to 4.5 lit/min. 

Keeping in mind that one reagent pump delivers about 70% of the total reagent 

flow and the other pump the remainder 30%, the flow rates will be well within the 

controllable range of the metering pumps. 

The steps during an experimental control run are in general as follows: 

1. Open the reagent tank valve. Run the major reagent pump until a continuous 

non-pulsating flow is obtained at the end of the line. Stop the major pump 

and run the minor reagent pump until a continuous non-pulsating flow is 

obtained at the end of the line. This will ensure that the air bubbles are 

removed and the reagent line is flushed and filled with reagent only and not 

water or any other liquid. 

2. Open the valves on the influent tanks. Start the influent pump and run the 

two different test solutions through the process line, one at a time. This 

should be done until a continuous non-pulsating flow is seen at the end of 

the line, so that air bubbles are expelled. The process line should be flushed 

with each test solution until all three pH readings are roughly the same, i.e., 

at steady state. This would ensure that all parts of the process line are 

flushed and filled with the solutions to be used and not water or any other 

liquid. The solution to be subjected to the controller auto start-up routine 
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should be the last to flush the process line. All this is necessary to facilitate 

an easy automatic controller start-up. 

3. Load the controller program on the QuickBasic environment along with the 

library routine DAS8 as QB/L DAS8 CONTROLPROGRAM.BAS and mn it 

from the menu. This program can also be run directly from the DOS prompt, 

if an execution file has already been created. 

4. Simulate disturbances by opening and closing tank valves. Care should be 

taken to open the other valve before closing the desired valve. This is done 

to prevent cavitation in the pump, which could be caused due to lack of 

liquid. 

5. After completion of the experiment, flush the process line with Lubbock city 

tap water and keep the pH sensors immeresed. 

The following experimental procedure is used for giving ramp upsets to 

our system. Two influent solutions differing in type and concentration are 

prepared and stores In two different influent tanks. Our set-up now has a 

separate pump to transfer liquid from one tank to the other continuously. So, a 

ramp upset is simulated by continuously transferring liquid from one tank to the 

other at a constant rate such that the type and concentration of the original liquid 

changes slowly and continuously. 
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2.2 Experimental Svstem For Flow and Temperature Control 

2.2.1 Experimental Set UP 

The heat exchanger and fluid flow system is designed for a wide variety of 

experimental investigations to evaluate the fundamental principles of heat and 

momentum transfer (heat exchange, hot/cold mixing, fluid flow losses, orifice 

calibration, valve characteristic), to investigate the control relevant issues 

associated with nonlinearity, calibration, sizing, deadtime and various control 

strategies and to evaluate and develop novel control strategies for flow, 

temperature and pressure control. 

Figure 2.3 shows a schematic flow diagram of the facility. The system is 

equipped to operate in one of many options and has tapping from the building 

cold water header at a pressure of 70 psia, hot water header at a pressure of 70 

psia and steam header with steam supply saturated at 60 psia. The tapping 

from cold water and hot water headers are 1' nominal diameter BWG 16 tubes 

and form the steam header is 1.5" nominal diameter BWG 16 copper tubes. All 

the lines from the header are fitted with control valves to regulate the respective 

flow rates. The lime from the hot water header is fitted with a 1" control valve of 

nominal CV of 2.5 (FCV-1), the line from the cold water header is fitted with two 

r control valves of CVs of 2.5 (FCV-2) and 9 (FCV-3) and the line from the 

steam header is fitted with two 1.5" control valves of CVs of 50 (FCV-5) and 2.5 

(FCV-6). The by-pass line around the heat exchanger is also fitted with a 1" 
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control valve of CV of 2.5 (FCV-4). All the control valves are provided with flow 

by-pass lines. 

The system is also equipped with a shell and tube heat exchanger with a 

shell side outer diameter of 5" (thickness = 0.35") and 8 admiralty BWG 18 U-

tubes of 0.625" nominal diameter. The length of the exchanger is 3 ft. and has a 

single pass on the shell side and four passes (of four parallel tube paths each) 

on the tube side. 

All the lines carrying hot water are insulated with 3/4" fiber wool to 

minimize the heat losses to the atmosphere and are color coded with green for 

cold water, pink for hot water and yellow for steam. The system is designed such 

that the tube side fluid can be either hot water, cold water or a mixture of hot and 

cold water. The shell side fluid can be either hot water or steam. The system Is 

also equipped with a steam trap and a double pipe heat exchanger for after-

cooling of the condensate to minimize the possibility of scaling. The system is 

also fitted with a fluid by-pass around the heat exchanger as an optional 

temperature control mechanism. 

The line from the cold water header Is also fitted with a centrifugal pump 

for higher pressure heads and higher water velocities. In addition to the control 

valves, the system is also fitted with 1" globe valves which are to be opened and 

closed manually. Tubing is soldered with 1" nominal diameter elbow joints and 

straight pipes are joined with 1" nominal diameter unions. 
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2.2.2 Instrumentation 

The system is equipped with standard industrial instrument-action at 

strategic locations for unit operations and control studies. The system is fitted 

with five 1" Foxboro Integral flow orifice assemblles.(IFOA) for the measurement 

of flow rates. These are included on the hot water (FT-1), cold water (FT-2) and 

steam (FT-5) lines, one on the heat exchanger by-pass (FT-3) and one on the 

heat exchanger outlet (FT-4) before the drain. The system is also fitted with to 

rotameters: one on the cold water lines (FI-1) with a range of 0 to 10 GPM and 

another on the hot water line (FI-2) with a range of 0 to 10 GPM. 

There are six thermocouples assemblies used to measure the 

temperatures of supply hot water (TT-1), cold water (TT-2), steam condensate 

(TT-8), shell side heat exchanger inlet (TT-7) when steam is flowing (or outlet 

when hot water is flowing), the downstream tube side heat exchanger (TT-5), 

and the far down stream tube -side exit (TT-9). These thermocouples are type 

'T made of copper/constantan for operating in a range of -200 to 400C and are 

encased with 1/8" stainless steel thermowells and inserted 2" into the process 

fluids. 

The system is also equipped with three resistance temperature detector 

(RTD) assemblies to measure the temperature of mixture of the hot and cold 

water (TT-3) (when operating under this option), temperature of the steam 

upstream of the steam flow orifice (TT-6), and the temperature of the heat 

exchanger tube side outlet (TT-4). The detectors are platinum wire types, 
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encased in 1/8" stainless steel wells and inserted about 2" into the process 

fluids. 

All sensors are directly coupled to passive 4-20 mA transmitters, except 

for the thermocouple which outputs a milli-volt signal. 

The system is equipped with a Camile 2000 data acquisition and control 

system and two Moore Mycro-352E single-loop controllers (SLDC) for recording 

the data made available from the sensors controlling the required variables. 

Mycro-352E SLDC is a completely self contained, microprocessor based, 

industrial controller with important features of being configurable for all 

application, analog display of process, set point and valve, highly accurate 

digital display, flashing alarm display, more than 70 selectable function blocks 

available, direct thermocouple input option with linearization, built in 

configuration controls, on programming language required and basic 

configuration such as PID stored in read only memory. 
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CHAPTER 3 

THE DYNAMIC SIMULATOR 

A dynamic process simulator was written to mimic the a typical industrial 

set-up as shown in Figure 3.1. The dynamic simulator is based on the same 

assumptions, restrictions, electrochemistry and mixing dynamics as proposed by 

Choi et al. [17]. The assumptions are listed below. 

• The process of mixing is isothermal. 

• The salts dissociate completely. 

• The ionic reactions are instantaneous as compared to other dynamic effects. 

• There is no precipitation of salts Involved. 

• Dissolved gases are not important. 

• We can neglect the third step dissociation of triprotic acids and trihydroxy 

bases. 

• Process influent stream can consist of four acids, four bases, eight common 

ion salts and water. 

• The activity coefficients of all components are unity. 

• There are no dead zones in the mixers. 

• The mixers are assumed to be perfect, i.e., CSTR's. 

The purpose of the simulator is to mimic the process and indicate the pH 

of the stream at various locations. In order to calculate the pH of the stream one 
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should know the total number of H+ ions present in the stream. The source of 

these H+ ions are the acids (strong and weak) and bases (strong and weak) 

present in the influent stream and the reagent. 

As mentioned the process model has been developed by Choi et al. [17] 

which involved doing a mass balance and developing a series of equilibrium 

statements of the multicomponent system. However, these equilibrium reactions 

are in the form of nonlinear equations and solving them simultaneously can be a 

computational problem. It Is observed that most of the nonlinearity is caused by 

the hydrogen and hydroxyl ion concentrations. Hence a "shooting" method is 

used to overcome the difficulty. By assuming the hydrogen ion concentration 

(i.e., assuming the pH) we know the hydroxyl concentration too (from the water 

equilibrium reaction). Now the equilibrium equations become linear and can be 

solved using a linear equation solver LINPAC obtained from Riggs [18]. Using 

the results obtained from LINPAC one can calculate the hydrogen ion 

concentration. The initial guess value and the calculated values of the hydrogen 

ion concentration are then compared. The bisection method is used for doing 

the pH search which continues until the gap between the guessed and 

calculated hydrogen ion concentration reduces to less than 0.0001 pH units. 

This method was found to be computationally more efficient (convergence was 

achieved faster) than solving nonlinear equations simultaneously. 

The dynamic simulator originally written by Desai [15] (which was based 

on work of Choi) had its shortcomings. His simulator was equipped to handle 
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only one kind of influent stream, i.e., either the influent stream could be acidic or 

it could be basic. Now the dynamic process simulator has the provision of 

having acidic as well as basic Influent stream. Another major drawback of the 

previous simulator was that if a particular kind of acid or base was in the influent 

stream then that particular kind of acid or based could not be in the reagent 

This was a major drawback as there are industries having strong acid or base as 

influent as well as reagent Hence a proper simulation of the industrial process 

would not have been possible. There were also some minor changes done to 

Improve the computational efficiency. 

3.1 Seouence of Steps in the Simulator 

Currently the sequence of events in the dynamic process simulator are as 

follows. 

1. The compositions of the influent stream and the reagent streams and the flow 

rate of the Influent stream are read. An example of the influent stream 

composition and the reagent stream composition is given in Appendix B. 

2. Drifts are added to influent composition and the influent flow rate. 

3. Using the method described above the influent pH is calculated. 

4. Sensor lag and noise are added to this pH to obtain the measured pH, i.e., 

pHI. 
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5. After the first reagent injection, the concentration of the reagent and the 

Influent species are delayed in order to provide an ideal plug flow transport 

delay to the second pH sensor. 

6. Mass balance equations are solved based on these delayed concentrations 

to determine the new concentrations in the first mixing zone. 

7. Use the new concentrations to detemnine the pH of the process stream (with 

some reagent) using the method described above. 

8. Sensor lag and noise are added to the calculated pH to obtain the measured 

pH, i.e., pH2. 

9. After the second injection, the concentration of the species in the process 

stream are delayed in order to provide the ideal plug flow transport delay to 

the third pH sensor. 

10. Mass balance equations are solved based on these delayed concentrations 

to determine the new concentrations in the second mixing zone. 

11. Use the new concentrations to determine the pH of the process stream (now 

with all the reagent) using the method described above. 

12. Sensor lag and noise are added to the calculated pH to obtain the measured 

pH, I.e., pH3. 

The noise that is added is Gaussian (normal) distributed with a zero mean 

and a standard deviation of 2.5% of pH value. The drifts added to the 

concentrations and the flow rates are first-order ARMA(1,1). 
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Thus the result of the above steps is the availability of all the pH values 

for the controller to take the necessary action in order to maintain the controlled 

variable at the set point. 

A graphics program was written in FORTRAN to observe the on-line 

results of the simulator and the controller. This program plotted the current 

values of all the three pH's on a x-y plot Hence a user can see the trend of the 

past values of all the three pH's. This program was demonstrated in the Process 

Control Consortium meeting held at Texas Tech University In November, 1995. 
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CHAPTER 4 

CONTROLLER DEVELOPMENT 

Developing a controller model, which represents the translation of the 

physical Information in to a mathematical form, is one of the most crucial things 

for a nonlinear model based control strategy. 

It is very difficult to develop an exact model that replicates the process. 

However, a good model can be developed which should encompass all the 

essential features of the process so that there is very little mismatch between the 

model and the process. Another objective, to be kept in mind while developing 

the controller model, is to keep the model as simple as possible. The use of 

unnecessary complex nonlinear equations that might lead to problems of 

stability, convergence or require excessive computing time, should be avoided at 

all costs. Thus developing a model is not an easy job since one has to be 

cognizant of all the requirements and the endeavor to balance the opposing 

issues as efficiently as possible. 

A heuristic model was developed to mathematically represent the pH 

process. The controller rules are grounded in an understanding of the titration 

curve, the steady-state relationship of process response to reagent addition, the 

manipulated variable. A typical acid influent titration curve is shown in Figure 

4.1. The figure shows the mixture pH (ordinate) with the ratio of the reagent flow 

rate to the influent flow rate (abscissa), for a dual injection system. pHI 

36 



represents the pH of the influent process stream, pH2 represents the 

intermediate pH (i.e., after the first reagent injection) and pH3 represents the 

final pH of the process stream (after the second reagent injection). R1 

represents the ratio of the first injection fiow rate to the influent flow rate while 

R2 represents the ratio of total reagent flow rate to the influent flow rate. 

A titration curve for a single acid-single base system can be analytically 

generated, provided the dissociation constants and the concentrations are 

known. However, for a mixture of acids and bases, this task of generating the 

titration curve, though possible is very tedious and requires a lot of computer 

time. Thus, it is almost impractical to analytically model the titration curve. If a 

model Is able to mimic the essential features of the process like gain at neutrality 

(assuming pH = 7.0 is the set point) and the inherent nonlinearity, then that 

model would be more than sufficient 

4.1 Development of the Heuristic Model 

The control rules represent how a knowledgeable operator might respond 

to the process response, and are characterized by four different regions based 

on the values of pHI, pH2 and pH3. In the following discussion the pH set point 

is represented by pHSP. 
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4.1.1 Region 0: No Control Reouired 

This region implies that the inlet pH (pHI) is so close to the set point that 

control action Is unnecessary. If there is an influent stream with (pHSP -

1)<pH1<(pHSP + 1) the controller does not take any action: The reagent flows 

are set to zero. If no reagent is added the pH3 should eventually follow pHI and 

should have a value between (pHSP -1) and (pHSP + 1). 

4.1.2 Reoionl: Sianificantlv Insufficient Reaaent 

This region implies that pH3 is far away from the set point, very close to 

pHI and the process measurements provide no information of the titration curve. 

In such circumstances it is better to keep adding more reagent without trying to 

model the process. The region range used in the experimental/simulator runs 

was 0<pH3<(pHSP -1) for acid influent and (pHSP + 1)< pH3 <14 for the caustic 

influent. If R2 is increased by 10 percent primitively, this control law would be , 

R2n,^ = R2oid+0.1 R2,«„ (4.1) 

or RZr^ = R2oid + AR2 (42) 

where, AR2 = 0.1 R2max 

and R2m«( is the ratio of the maximum possible reagent flow rate to the influent 

flow rate. 

However, there are some problems associated with this approach. In 

order to see the complete influence of a reagent flow rate change, the controller 
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must have to wait for the transport delay and the sensor response time to 

elapse. But the control law must be implemented at each sampling, hence we 

reduce AR2 by the number of samplings in the open loop transient. Thus the 

control law becomes 

R2n^ = R2ow + AR2 (4.3) 

where , AR2 = a (0.1) R2max 

where 'a' is the reciprocal of the number of samplings in an open loop transient, 

'a' can be evaluated as given below. 

Let. 

T = sampling period, 

Ftotai = total flow rate (reagent flow rate + process water flow 

rate), 

V = Pipe volume from flrst injection to pH3, 

X = sensor lag time 

e = transport delay time ( = V/Ftotal) 

Thus the number of samplings passed before the control action is 

completely expressed will be, 

# of samplings = (3x + 0) / T. 

Hence 'a' can be written as, 

a = T/(3T + e). 

Care should be taken about the units of all the variables. 
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Another approach that can be taken in making changes in the reagent 

flow rate is to make a step change in the reagent flow rate and hold till the ideal 

plug flow delay is overcome. However, this approach was adopted since it is 

simpler and continuous. 

4.1.3 Reaion 2: About the rioht amount of reaaent 

In this region, pH3 is close to the set point, and there is sufficient process 

data to characterize the local titration curve slope. 

Slope S2 is calculated between points 2 and 3 of Figure 4.1: 

S2 = (pH3 - pH2)/(R2 - R1) (4.4) 

In Figure 4.1, the pH3 value is not yet equal to 7 (which is the set point). 

Thus slope S2 is used to project pH3 up to pHSP. This results in the new 

desired steady-state value of R2. 

S2 = (pHSP - pH3) / {R2^- R2ow) (4.5) 

Hence 

R2new = R2oid + (error / S2) (where error = pHSP-pH3) (4.6) 

Here the change in R2 can be written as follows. 

AR2 = (error / S2) 

Again since this control action is duplicated at every sampling, this effect 

has to be reduced by number of samplings per open loop transient as we had 

done in Region 1. The new control law becomes 

R2n^ = R2oid + AR2 (4.7) 
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where, AR2 = a (error / S2) 

Till now the non linear nature of fitration curve has not been used. S2 

was linearly extrapolated to get the new value of R2. This is where slope SI 

plays a vital role. 

Slope SI is calculated between points 1 and 2 of Figure 4.1: 

SI =(pH2-pH1)/R1 (4.8) 

If S2/S1»1, then there may be a strong component in the influent and 

hence the changes should be made very cautiously (i.e., very small changes be 

made). If S2/S1 = 1, then there may be some buffering action and changes in 

R2 can be made without much worry. If S2/S1 « 1 , then there may be some 

intermediate dissociation, a plateau and again the changes should be made very 

cautiously (i.e., very small changes be made). The above arguments call for a 

factor (P) that incorporates this non linearity. Thus the control law becomes, 

R2„^ = R2ow + AR2 (4.9) 

where , AR2 = a p (error/S2). 

A plot of p versus the S2/S1 ratio is shown in Figure 4.2. The abscissa of 

the plot Is the rafio of the slopes (S2/S1) while the ordinate is the value of p. For 

very small values of S2/S1 the value of p is kept constant at a low value. When 

this ratio is near unity the value of p is increased and as this ratio starts 

increasing (i.e., becoming greater than unity), the value of p Is decreased and 

later on maintained at some constant low value. These values are purely 
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heuristic and there may be need to fine tune this parameter according to the 

system. 

4.1.4 Reaion 3: Sianificantlv Excessive Reaaent 

This region implies that there is a significant excess of reagent such that 

pH2 has crossed over the set point (so would pH3) as shown in Figure 4.3. In 

this eventuality total reagent amount can be reduced from R2 to R1 without 

making pH3 cross the set point However, this reduction has to be done at each 

sampling hence we incorporate 'a'. The control law in this region will become, 

R2n«<. = R2ow + AR2 (4.10) 

where, 

AR2 = -a(R2oid-R1). 

As soon as pH2 crosses the pH set point we go into Region 2 and the 

Region 2 control law is implemented. 

From the control laws of each region (Equations (3.3), (3.9), and (3.10)) 

we can write the basic control law as 

R2n^ = R2oid + AR2 (4.11) 

where the definition of AR2 changes with each region. 
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4.1.5 Reaion 1.2 and 3: Common Rules 

4.1.5.1 Persistent Offset 

A common modification that can be made to each of the above control 

laws is to increase the aggressiveness of the controller if the final pH (i.e., pH3) 

persists on one side of the pH set point. This persistence could arise because 

of the nature of the titration curve or when there is a ramp change disturbance. 

Hence a new factor y is introduced to account for this extra aggressiveness. The 

value of Y is determined based on number of samplings for which an offset 

persists on one side of the pH set point We define a variable COUNT which 

increments by 1 (if the offset persists on one side of the set point) for every open 

loop transient Algebraically, when COUNT Is incremented at each control 

interval, this can be represented as 

COUNT = COUNT + a (4.12) 

We define the functionality of y with COUNT in Figure 4.4. The abscissa 

represents the COUNT while the ordinate represents the value of y. This plot 

represents a situation where the offset is persisting and hence the value of y 

keeps on increasing. 

Hence the above control laws become 

R2n«w = R2oid+y AR2. (4.13) 
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4.1.5.2 Rapid Change in pH3 

On the suggestion from one of the consortium members (Todd Stanier, 

Johnson Yokogawa Corporation), the rate of change of pH3 was used, based on 

heurisfic rules, to temper the manipulated variable action. This feature proved 

beneficial for certain situations (when the disturbance rate was slow) but for very 

rapid and continuous disturbances this feature did not add much benefit. 

This approach is based on the derivative of pH3. If the change in pH3 Is 

occurring rapidly and this change is towards the pHSP, then we need to make 

changes in the reagent flow rate very caufiously. Hence the controller gain is 

reduced. If the converse is happening, i.e., if the change in pH3 value is rapid 

and is moving away from the set point then the controller gain is increased so 

that the change in reagent flow rate is more. 

4.1.5.3 Sott Control Near the Set Point 

When pH3 is close to the set point then it is better to have soft control, so 

that the reagent flow does not change much. This is achieved by having the 

controller gain change linearly with the absolute error value. 

The controller can treat acid as well as basic wastewater streams, without 

taking the controller off line. Since the experimental set up is not equipped to 

switch the influent stream from acid to base the controller performance studies 

were done on the simulator. A typical industrial set up for this controller is 

shown in Figure 3.1. 
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4.1.5.4 Split Calculation 

A subroutine is written to calculate the split, which determines the 

individual reagent flow rates, i.e., first and second injection fiow rates. The way 

this auto split roufine has been implemented, is that the split ratio is changed 

until pH2 lies within 30%-70% of the range (pH3 - pHI). At every sampling the 

split is changed, either increased or decreased, in order to have pH2 in the 

desired range. 

The split ratio is not allowed to go beyond 0.85 or fall below 0.5. 

Operafing at a split greater than 85% implies that the minor reagent will be 

delivering a low flow rate, i.e., less than 15% of the total flow. The pump may 

not be able to do this controllably, i.e., such a low flow rate cannot be expected 

to be continuous and non-pulsating. Operafing at a split less than 50% is 

necessary, only v̂ ên we have a system with an extremely flat gain at the set 

point Such a system rarely exists and hence no purpose is served by allowing 

the split value to fall below 50%. It may be pointed out that all the numerical 

values menfioned above are heuristically chosen and are subjective. 

4.2 An Automated On-Line Monitor of Goodness of pH Control 

In order to evaluate the controller performance an automated on-line 

method was adopted (goodness of control monitor) which has been developed 

by Rhinehart [19] and extended by Saini [20]. This on-line monitor indicates 
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whether a controller Is performing as desired and will trigger an alarm when the 

controller is not performing safisfactorily. This method is simple, robust, 

cx>mputafionally efficient and easy to Implement. 

The goodness of control monitor is a statistical technique based on an 

analysis of variance concept from noisy signals. The variance of a noisy signal 

is calculated using two different approaches, each using a different deviation. 

The first deviafion, d1, is the difference between the set point and the process 

measurement The second, d2, is the difference between successive process 

measurements. See Figure 4.5. 

If the true process variable is at the set point but the measurement is 

subject to random, independent , symmetric fiuctuation (which herein we term 

"ideal noise") then the set point is the fime averaged value of the measurement 

and process variance can be esfimated as: 

di,i = deviation of the process variable from set point. 

d2.i = deviation between successive process measurements. 

S'=-j^^tid>.y (4.14) 

If N is very large, then the process variance can also be estimated by the 

following method developed by Cao and Rhinehart [21]: 

S'=--^Y(d^?' (4.15) 

' 2JSr-lV 

If the process is at set point and is subjected only to ideal noise then the 

expected values of S^^ and $2^ are identical, and the ratio 
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r = - ^ (4.16) 

will be nearly unity, regardless of the noise amplitude. Alternately, if the process 

is not at set point, then di.i will be large with respect to d2.i and r will be larger 

than unity. Hence the value of r indicates whether the controlled variable is at 

set point or not. 

Equations (4.14) and (4.15) require storage, updating and manipulating 

the past N data. To reduce the computational burden the straight forward 

averaging of dî  and d2̂  can be replaced by a first-order filtering operation which 

requires storage of only past one data. 

S u / = ̂ d i / + (1-X)Su/ (4.17) 

S 2 / / = Md2/ + (1->.)S2// (4.18) 

Then r would be calculated as (i.e.. Equation (4.16) becomes) 

r - ^^f'* 
'i ~ 

^ 2/ .i 

The filtered variance estimates (Si and S2) are updated at each sampling 

by the latest noise-infiuenced values of di and d2. Consequently, even when 

process conditions do not change, the filtered variance estimates vary somewhat 

from sample to sample. Therefore, r will have a distribution of values about 

unity, even if the process is at set point. 

In most real processes, even when control is good, the time series of 

deviations from the set point, {di}, are not independent They are 
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autocorrelated. Consequentiy, S2f̂  will tend to be smaller than Sir̂  and n will 

tend to be greater than unity. There are many reasons for autocorrelation in a 

controlled variable. One is the persistence of control action in a high-order 

process. The autocorrelation does increase the value of n. 

There is an upper and a lower triggering value of r for triggering the 

alarm. These triggering values are obtained after we plot the cumulative 

distribution plot of the r statistic for a "good" period of time where the controlled 

variable is at the set point This period is identified by the user (operator or an 

engineer). 

The following are the steps to be followed to implement the on-line 

goodness of control monitor: 

1. Collect data from a process window, where the process is not affected by any 

large drifts and disturbances. 

2. Plot the Cumulative Distribution Function of the r statistic to find the upper 

and lower triggering limits. For our studies 90% and the 50% values of the r-

statistic were used as the upper and lower triggering values, respectively. 

3. Decide the threshold for the consecutive bad runs (a bad run is defined as 

the sampling where the controlled variable is not at set point) of the process. 

This decision is based on the seUling time of after a disturbance. Typically 

the threshold of bad runs is set at (1.5 X Settling Time) / (Sampling time 

interval). 
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4. Decide the threshold value for triggering an alarm using S 1/ statistic. This 

value was heuristically detennined based on the distribution of S ^} for the 

good period. 

5. Fix a clamping value on S y^ ,̂ by making it equal to thrice the product of 

upper triggering limit of the r statistic value and S 2/./ ̂  

It must be pointed out that this goodness of control monitor approach is 

only for noisy processes. If noise amplitude is zero, then tiie alarm will always 

be triggered on because the variance due to deviation between two consecutive 

data points, S2f̂ , will be zero and hence the value of r-statistic will always be 

very high. However, if the process does not have noise then we do not require 

to calculate the value of S2f̂ . In that case all we have to do is calculate the value 

of Sif̂ , to determine whether the process is at set point If a noisy process 

becomes non-noisy then it is likely to be an instrument failure. 

This automated on-line goodness of controller performance monitor was 

implemented in the experimental system and the simulator. 
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

The simulator, details of which has been explained in Chapter 3, was 

used to test various controller strategies for different situations. In order to test 

the efficiency of the controller, the simulator has to be accurate. This particular 

simulator was benched marked against solutions witii known pH values [22]. 

The simulator was found to be accurate. Further, \he original simulator 

(developed by Choi etal. [8]) was tested for a much wider set of data. 

5.1 PH Control 

5.1.1 Ooen-Loop Results 

Figure 5.1 shows the open-loop response of the dynamic simulator to 

changes in the influent stream concentration. At the start of the simulation, it is 

assumed that all of the pipe is fllled with water (pH = 7). At about 50 secx)nds, 

the acidic influent (0.001 of strong acid and 0.0005 of monoprotic weak base 

with dissociation constant of 5.38X10"*) enters the system, with a flow rate of 

about 300 lit/min, and we can see the pHI drop down to about 3.0. We can see 

a first-order response in pHI since the sensor has its own sensor lag. Due to 

transport delay between pH2 and pHI, we can see that the second sensor 

responds slightiy later than the first one. The same is valid for the third sensor. 
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After some time all the three sensors settle to about the same pH value. 

The three pH values are not identical due to random noise on pH and drifts in 

the cxjncentrations. 

At about 300 secx)nds, there was a disturbance given (a ramp change 

over a span of 50 seconds) in the influent stream, changing the nature of the 

stream from acidic to basic. Here too we can see that the final sensor is the last 

to respond and all the sensors eventually settle to the same pH value. Another 

disturbance was given (a slower ramp change over a span of 100 seconds) In 

the influent stream at 600 seconds, changing the influent stream from basic to 

acidic, with the same cxsmposition as before. We again observe a similar trend 

in the response of the pH sensors. 

At about 850 seconds, 1.8 lit/min of reagent (2.7 mol/lit) was added to the 

system. Due to two injection points (Figure 3.1) the reagent is split into 80% 

going into first injection point and the remaining 20% goes into the second 

injection point We can see that pHI remains unaffected by this reagent 

addition. However, pH2 and pH3 start increasing after their respective transport 

delays. We observe that pH3 initially settles to a value of about 3.2 and then 

after some time increases and settles to a value of about 10.4. The reason 

being tiiat initially the influent stream at second injection point is only acidic (i.e., 

without any reagent added to it). After the transport delay between the first 

injection point and the second injection point is overcome, the influent stream at 

the second injection point has some reagent added to it (80% from the first 
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injection point). Hence pH3 starts increasing. However, the final pH (pH3) Isn't 

7.0 (as desired) since the reagent flow was fixed. 

5.1.2 Closed-Loop Results 

In closed-loop the reagent flow rate is being manipulated by the controller 

(I.e., the reagent flow rate is the manipulated variable). Closed-loop responses 

for various situations have been studied and discussed below. 

The disturbances in the following discussions have been in the influent 

compositions. A step change is considered to be a good test for studying 

controller performance. However, a perfect step change is only an ideality. Our 

experiences from Diamond Shamrock, Cargill Fertilizers and our experimental 

system have shown that typically changes encountered are ramp changes. In 

order to achieve a step change there should hardly be any back-mixing between 

the two types of influents. In our experimental system we have to open valves 

which can not be done instantaneously. Due to filters upstream of the pumps, 

there is considerable back-mixing in the system. Hence, all of the studies 

discussed below have been done on ramp changes in the infiuent 

concentrations. 

By changing the concentration we can change the nature of the titration 

curve. These type of changes are known as type-plus-concentration changes. 

By changing the concentration we can change the nature of influent stream from 

a strong acidic to a buffered basic system or vice versa. 
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The reagent used for acidic neutralization is 2.0 mol/lit of NaOH and for 

basic neutralization is 2.7 mol/lit of HCI. The concentration of the acidic and 

basic influent streams are given at the start of each discussions. Please refer to 

Appendix B for information regarding the nomenclature of components. 

5.1.2.1 Influent Change : Strong Acid To A Buffered Base (Simulated run) 

The composition of the influent sti-eam for acidic and the basic stream for 

this simulated run is given below. 

ACIDIC: BASIC: 

CI (15) = 0.001 CI (3) = 0.0008 

C1(1) =0.0005 C1(11) = 0.01 

RK(1) = 4.3 X 10"̂  RK(7) = 8.2 x IQ-* 

RK(2) = 5.6X10-^' 

Figure 5.2 is the result of a simulated run where the influent changes from 

acidic to basic and later on back to acidic. This is achieved by changing the 

composition of the influent stream. Figure 5.3 shows the corresponding reagent 

flow rate for that run. Up to time 100 seconds the influent is essentially a strong 

acid (the influent stream has little weak acid along with strong acid). From 

a time of 100 seconds to 300 seconds the influent ramps to become a buffered 

base. As pH3 increases from the set point, the reagent flow starts decreasing in 

order to maintain pH3 at set point Then when pHI hits a value of 6, Region 0, 
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the reagent flow goes to zero. When pHI indicates a value greater than 8, then 

acid reagent Injection is started. Even though the titration curve is non-

stationary and changing from acidic to basic, the controller exhibits a good 

performance by keeping pH3 close to set point. 

During the 300 to 500 second time interval, drifts in concentration keep 

changing the titration curve. This is reflected by the reagent flow rate required to 

keep pH3 at set point (see Figure 5.3). 

During the 500 to 700 second Interval the influent ramps from buffered 

base to strong acid. As soon as pH3 starts decreasing, the reagent flow (acidic) 

also starts decreasing to maintain pH3 at set point. Then when the influent 

stream becomes acidic, the base reagent flow starts from the last base flow rate, 

which is stored in the memory, and not from zero. This controller feature that 

recalls the reagent rate, helps in reaching the set point faster, when 

concentrations drift in and out of either basic or acidic nature. However, for 

certain cases, e.g., when the influent stream encounters a sudden surge of 

different type of influent than the last encountered one this feature may not add 

value. We can see that soon after the disturbance ends, pH3 reaches the set 

point. 

Figure 5.2 shows that pH3 was more "noisy" for the strong acid influent as 

compared to basic influent. The reason behind this is the very steep nature of 

the HCI titration curve at neutrality. A small change In reagent flow rate is 

enough to change pH3 drastically. However, for the buffered base pH3 was not 
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that "noisy" because of a relatively flatter titration curve. This reduces the 

variation in pH3. 

5.1.2.2 Influent Change : Strong Acid to Strong Base (Simulated Run) 

The composition of the influent stream for acidic and the basic stream for 

this simulated run is given below. 

ACIDIC: BASIC: 

C1(15) = 0.01 C1(3) = 0.01 

C1(2) = 0.005 C1(17) = 0.005 

C1(17) = 0.005 RK(7) =5.62X10-6 

RK(3) = 4.1X10-8 

RK(7) = 5.62X10-6 

Figure 5.4 shows the result of a simulated run in which the influent stream 

switches from a strong acid to a strong base. This sort of changes can be seen 

in plants using ion-exchanging beds, e.g., water treatment plants. However, a 

stream is never purely strong acid or strong base. Typically there is some weak 

acid or weak base in it. This could be due to absorption of C02 from the 

atmosphere if the influent stream is open. Hence in our studies there is always a 

little weak acid or weak base along with the strong acid or strong base. 

Till 10 seconds the system was pure water (we can see that all the pH's 

are about 7.0). At 10 seconds, a slug of essentially strong acid comes and all 

the three pH drop to 2.1. At 50 seconds, the controller is brought on-line in 
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manual mode. At 60 seconds, the controller was switched to automatic mode. 

We can see that the controller does a good job of bringing pH3 close to set 

point, within 100 seconds after the controller is in effect. Considering this is 

essentially a strong acid influent stream, the control performance is very good. 

At 200 seconds, a ramp change in the influent stream composition is given, 

changing the influent stream from essentially strong acid to essentially a strong 

base. During this transition as soon as pHI crosses 6.0, we can see that pH2 

and pH3 start to drop (tills is because we enter Region 0, i.e., no reagent is 

being injected and hence pH2 and pH3 will follow pHI with respective transport 

delays). As soon as pHI crosses 8.0 we start injecting acid as tiie reagent and 

try to keep pH3 at the set point In this transition not only the composition is 

changing but also the type of the influent is changing. This makes the titi-ation 

curve change rapidly. As soon as the disturbance (ramp change) is stopped (at 

250 seconds) the controller is able to identify the titration curve and accordingly 

takes corrective action and brings pH3 to set point We can see from Figure 5.4 

that the titration curve is very steep due to the fact that pH2 and pH3 drop 

rapidly with a small change in the reagent flow. This is very typical of a strong 

acid or strong base. At 650 seconds, anotiier ramp change is given In the 

Influent stream bringing it back to essentially strong acid. This ramp change 

lasts about 50 seconds. Again tiie controller exhibits a good performance. 
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It can be seen from Figure 5.4 that noise on pH3 is more than noise on 

pH1. The reason behind tills being the high gain at neutrality for strong acids 

and strong bases. 

5.1.2.3 Influent Change : Weak Acid to Strong Base (Simulated Run) 

The composition of the influent stream for acidic and the basic stream for 

this simulated run Is given below. 

ACIDIC : BASIC: 

C1(2) = 0.001 C1(3) = 0.006 

CI (17) = 0.0005 CI (17) = 0.0005 

RK(3) = 1.76 X 10-5 RK(7) = 5.62 X 10-6 

RK(7) = 5.62X10-6 

Figure 5.5 shows tiie result of a simulated run in which the influent stream 

is switched from a weak acid to strong base and tiien back to a weak acid. The 

set of disturbances are essentially same. The controller is brought on-line at 50 

seconds in manual mode and is switched to automatic mode at 60 seconds. We 

can see thai pH3 gradually reaches the set point At 200 seconds, a ramp 

change in the influent concentration and composition is given changing tiie 

influent stream from a weak acid to a strong base. Again we see thai the 

conti'oller exhibits a good performance by bringing pH3 to set point very quickly. 

At 550 seconds, another disturbance in the influent stream is given changing it 

from sti'ong base to a weak acid sti'eam. Except for a brief period of time, during 
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the transition when the titration curve is changing, pH3 is slightly away from the 

set point As soon as the disturbance stops pH3 is brought under control. 

Again from Figure 5.5 we can see the variation in noise levels for the 

strong base (whic^ is very noisy) and weak acid. 

5.1.2.4 Influent Change : Weak Acid to Weak Base (Simulated Run) 

The composition of the influent stream for acidic and the basic stream for 

this simulated run is given below. 

ACIDIC : BASIC: 

CI (2) = 0.001 CI (2) = 0.0005 

C1(17) = 0.0005 CI (17) = 0.01 

RK(3) = 1.76 X 10-5 RK(3) = 1.76 X 10-5 

RK(7) = 5.62 X 10-6 RK(7) = 5.62 X 10-6 

Figure 5.6 shows the result of a simulated run in which the influent stream 

is switched from a weak acid to weak base and then back to a weak acid. At 50 

seconds, the controller was brought on-line in manual mode. We can see that 

the overshoot is slightly high. This is because the pump speed (in manual 

mode) were set higher than the actual speed. However when tiie controller is 

brought in automatic mode the controller does a pretty good job of bringing pH3 

to the set point. At 200 seconds, a disturbance was given in the influent sti-eam 

(a ramp change in the concentration and composition of tiie influent stream). 

We can see tiiat deviation of pH3 from the set point is not large. At 600 seconds, 

68 



•g 
"o 
< 

CO 
CD 

CO 0 ) 
^ . CO 
l O CO 

.is 

< 

CO 
CD 

O C M i - O 0 ) C 0 r ^ C D L 0 ^ C 0 

Hd 

69 



the influent composition and tiieir concentrations were changed (ramp change) 

to make the influent stream acidic (weak acid). It can be seen from Figure 5.6 

that the controller does an effective job in not letting pH3 deviate from the set 

point for long period of time. 

5.1.2.5 Influent Change : Strong Acid to Buffered Acid (Experimental Run) 

Figure 5.7 shows tiie result of an experimental run showing a counter-

Intuitive change in the reagent flow rate. Since tiie experimental set up is 

equipped to handle only acidic effluents tiie above mentioned simulated runs 

could not be done on the experimental set up. Changes from one type of acidic 

influent stream to another acidic influent stream has been done extensively by 

Desai [10]. 

Up to 250 seconds, tiie influent was a strong multiprotic acid (phosphoric) 

which has a very low gain at neutrality. At 250 seconds, tiie influent stream was 

switched to a buffered weak acid (acetic acid + sodium acetate). This resulted in 

an increase in inlet pH. Typically, an increase in pH would imply a less 

concentrated acid whicti would require less reagent (base) flow rate. However, 

as seen from Figure 5.8 tiie reagent flow rate increased signiflcantly. This is 

because tiie weak acid (having higher inlet pH) had a higher concenti-ation tiian 

tiie strong acid (having a lower inlet pH). Either a conventional ratio or a 

feedforward conti'oller would have taken a conti'ary action resulting in a big 

disturbance in pH3. Figure 5.7 shows tiiat the controller does an effective job of 
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keeping pH3 at or close to set point. At 500 seconds, tiie influent stream was 

switched back to sti-ong multiprotic acid (phosphoric). Again tiie controller does 

an effective job of keeping pH3 near the set point. 

From the simulated and experimental results, we can conclude that the 

controller is robust and does exhibit good control action for various situations. 

However, to monitor whether tiie controller is performing as desired a goodness 

of cx5ntrol monitor was also incorporated. 

5.2 On-Line Monitor of Controller Performance 

5.2.1 DH Controller 

An automated on-line monitor of controller performance was incorporated for the 

experimental set up. The theory behind the monitor of controller performance 

has been explained in Chapter 4. 

Figure 5.9 shows the result of an experimental run showing a couple of 

disturbances in the influent stream. At sample number 950, the influent was 

switched from multiprotic strong acid (phosphoric acid) to a buffered weak acid 

(acetic acid + sodium acetate). At sample number 1700, the influent was 

switched back to strong acid (phosphoric acid). This experimental run was used 

to determine the ti"iggering values for the watchdog using the following steps. 
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1. A process window was identified which was, according to the user, not 

affected by drifts or disturbance. This process window was identified to be 

after sample number 1900. 

2. A probability distribution curve and the cumulative distribution curve (Figure 

5.10) were generated using this data. The upper and lower ti-iggering limits 

were identified to be 5.88 and 2.1, respectively. These were tiie 90% and 

50% values, respectively. 

3. The threshold of consecutive bad runs was decided to be 475. Again, this 

was decided by the user based on a typical settiing time. 

4. The threshold value for triggering an alarm using S \} was set to 3. This was 

heuristically chosen based on tiie S \} values for the good period. 

5. The maximum value of S \} was clamped at thrice the product of upper 

ti'iggering limit of tiie r-statistic value and S 2/./ ̂ ^ 

Using these ti'iggering and clamping values the whole experimental run 

was analyzed for "bad" results. Figure 5.9 shows that there never was a 

controller problem. This was done off-line. 

More experiments were performed using these ti-iggering values. Figure 

5.11 shows an experimental run with the on-line watchdog feature. The infiuent 
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is a sti-ong acid (phosphoric acid). About sample number 600, a set point 

change was given, changing the set point from 7.0 to 7.4. Since the process 

reached and settled at the set point before 475 consecutive samplings after tiie 

set point change was observed, the alarm did not ti-igger. About sample number 

1100, the influent was switched to acetic acid. Simultaneously the acid type of 

the influent stream was continuously being changed by repeatedly switching the 

Influent stream from one tank to anotiier. This continuous disturbance did not 

allow tiie process to settle down to a steady state. As we can see from Figure 

5.11, the alarm triggers after the number of bad runs exceeded tiie threshold 

value. Later on, after the disturbance in influent type is stopped, the process 

seUles to a steady state value (and at the set point). The alarm also stops 

indicating any problem with tiie controller. 

Figure 5.12 shows the result of an experimental run with tiie influent 

stream being a weak acid (acetic acid & sodium acetate). A set point change 

was given and tiie results were observed. The alarm did not trigger, since tiie 

process seUled down to the set point witiiin tiie specified number of bad runs. 

This automated on-line monitor of controller performance feature was also 

installed in other controllers in other experimental set ups. 

5.2.2 Flow Controller 

This flow conti'oller (FCV-2) is used to control tiie flow rate of cold water 

for the experimental set up described in Chapter 2 (Figure 2.3). The metiiod of 
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selecting the trigger values has been explained and hence it is chosen not to 

elaborate again on tiiat aspect. The upper and lower ti-iggering values were 

identified to be 150.0 and 55.0. The threshold value for tiie alarm to triggering 

due to S y? was set to 8.0. The threshold for tiie badruns was 120. Figure 5.13 

shows the cumulative distribution plot for the r-statistic of the flow controller. 

Figure 5.14 shows the result of the experimental run on the flow conti'oller 

with various sort of disturbances being given in the flow rates and controller 

tuning parameters. A couple of set point changes were given to flow controller. 

We can see tiiat the controller does a very effective job in keeping tiie flow rate 

at the set point. A set point change was given in tiie flow rate and we can see 

that due to some constraint (tiie valve opening) tiie process could not achieve 

the desired set point. After 120 badruns the alarm triggered on. On bringing 

back the set point to a feasible value, we see tiie alarm resets and switches off. 

Now we gave a disturbance in the controller by changing the controller tuning 

parameters. The controller gain was increased making the controller very 

aggressive. We can see this resulted in oscillations. We can also see that the 

alarm triggered on. The controller tuning parameters were brought back to 

normal setting to which we can see that the alarm resets and switches off. Now 

the controller was made sluggish by reducing the gain. Again a couple of set 
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point changes were given to tiie flow conti'oller. (These set point changes are 

identical to the set point changes given earlier in the run.) We can see tiiat the 

settling time is much more than it was for the previous case. It can be seen that 

the alarm also triggers on. However, when the controller brought the process to 

the set point then the alarm resets and switches off. 

One interesting point, a good point of this approach. Is that we can see 

from Figure 5.14 is that the noise level of the process changes drastically as tiie 

set point changes. The reason being the process is non-linear. When the flow 

rate was 70.0 then the process gain was much higher as compared to the 

process gain when tiie flow was at 20.0. Hence, a small change in the valve 

opening causes the flow rate to change much more, when tiie flow rate is 70.0, 

than when tiie flow rate is 20.0. Thus tills approach was able to overcome tiie 

changes in the noise level. 

5.2.3 Temperature Controller 

This temperature controller (TC-1) is used to control the temperature of 

tiie outgoing stream of a shell and tube heat exchanger (see Figure 2.3). The 5 

step procedure was adopted to determine various parameters. The upper and 

lower triggering values were 530.0 and 120.0, respectively. The tiireshold value 

for the alarm to ti-igger using was set to 3.0. The threshold for tiie badruns was 

set to 250. 
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Figure 5.15 shows the result of experimental run for a goodness of control 

monitor on temperature conti-oller using the above parameters. The series of 

disturbances given are identical to the disturbances given to the flow controller. 

A couple of set point changes were given and their responses were observed to 

be satisfactory. An unfeasible set point was given and we can observe the 

alarm triggering on. The set point was brought back to a feasible value and we 

see the process does settle down to the set point. The alarm also resets and 

switches off. The ĉ onti-oller was made aggressive by changing the tuning 

parameters due to which the temperature starts oscillating around the set point. 

The (X)ntroller was then made sluggish and similar set point changes were made 

as before. We observe that the settling time was more compared to tiie previous 

case. The alarm also ti-iggers on. When tiie process settles to the set point we 

can see tiiat the alarm triggers off. 

The automated on-line monitor for controller performance was studied 

under various simulated processes also. The results were found to be 

satisfactory. 

5.3 Discussion 

Until now we have seen the simulated and experimental results of pH 

conti'oller using the approach described in Chapter 4. However, during this 

study tiiere were lot of different approaches used than the approach shown in 

Chapter 4. The controller performance was observed for various time delays in 
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the system. These studies were done on tiie simulator. One approach was to 

allocate 100% of the change in the reagent flow to second injection pump and 

then relax back to the desired split. An example that might illustrate the 

statement is given below. 

Example: Assumption: The influent flow rate remains constant 

Let tiie initial reagent flow rate be 2.0 lit/min witii a split of 80%, i.e. 

1.6 lit/min of reagent goes through first injection and the remaining 

0.4 lit/min goes through the second injection point. Now due to a 

change in the inlet type or composition, the demand of the reagent 

Increases to 2.7 lit/min, tiien tiie change in reagent flow is 0.7 

lit/min. This change is fully allocated to the second injection, i.e. 

now the reagent flow rate through the first injection is 1.6 lit/min 

and the flow rate of reagent through tiie second injection is 1.1 

lit/min (0.4 + 0.7). By doing this we change tiie split but the 

emphasis is on contirolling the flnal pH. 

After these flow rates are set then a gradual increment at flrst injection 

and simultaneous gradual backing off at the second injection is done in order to 

achieve a good split. This is achieved by assuming a first order response to 

reach the targeted value (which is based on the original split and new total 

reagent flow rate). 
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The FORTRAN code implementing tills feature is shown below 

(Understanding of the complete FORTRAN code is essential to follow the 

following logic and the variable names.) 

RF1SS = RF*ASPLIT ! This is the steady state target for tiie first 

I injection flow rate 

IF(RF1SS.GT.ARF1MAX) RF1SS = ARF1MAX 

RF2SS=RF-RF1SS ! This is the steady state target for the second 

I injection flow rate 

IF(RF2SS.GT.ARF2MAX) THEN 

RF2SS = ARF2MAX 

RF1SS = RF-RF2SS 

IF(RF1SS.GT.ARF1MAX) RF1SS = ARF1MAX 

END IF 

RF2PEAK = RF2 + (AR2-AR20LD)*EF 

AR20LD = AR2 

I this sets the maximum 

! value for the second 

! injection reagent flow 

I rate. 

87 



IF(RFISS.LT.O.O) RF1SS = 0.0 

IF(RF2SS.LT.0.0) RF2SS = 0.0 

IF(RF2PEAK.LT.0.0) RF2PEAK = 0.0 

RF1 = RF1SS*FFACT0R + RF1*(1-FFACT0R) 

IThe first injection flow rate is gradually brought to the steady state targeted 

lvalue using a first order filter equation witii FFACTOR as the filter factor. 

RF2 = RF2SS*FFACT0R + RF2PEAK*(1-FFACTOR) 

IThe second injection flow rate is gradually brought to the steady state targeted 

lvalue using a first order filter equation witii FFACTOR as the filter factor. 

These values of RF1 and RF2 are used to calculate the pump output 

which is the controller output. 

This approach was beneficial for situations witii large transport delay 

(about 15 seconds or more) between second pH sensor and tiie secx}nd injeĉ tion 

point. However, this approach was not so good for situations with large 

transport delays between first injection point and second pH sensor. Overall this 

approach did hamper the controller performance. Hence this approach was 

removed from the controller logic. 

Many industries encounter frequent changes in the type of tiie influent 

stream, i.e., the influent stream switches from acidic to basic and vice-versa. 

Typically tiiese influent streams have fixed compositions and hence almost 

identical titration curves. Hence, if we know the titi'ation curve data (i.e., tiie 

slopes desired to achieve final pH of 7.0), tiien we can use it to reduce the 
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deviation of tiie final pH. This approach requires setting the slopes of tiie 

titration curve to some base case value (which can be got from laboratory 

titration curves) as soon as we encounter an acidic or basic influent. This 

approach was found to be very good for step changes in the influent stream. 

However, this approach has a drawback. If the cx)mposition of the influent 

stream changes, which results in drastic changes in the titration curve, tiien tiie 

final pH can deviate from the set point drastically. 

One advantage of tills approach is that the reagent fiow is directly based 

on influent flow rate. Hence if the influent flow rate changes tiien the reagent 

flow rate also changes proportionally. We can hardly see any deviation in the 

flnal pH. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

A heuristic model based conti'ol logic, which is akin to fuzzy logic, was 

used to conti'ol tiie pH of an influent sti'eam. The pH conti'oller was tested for a 

variety of disturbances, composition changes as well as type changes. This 

approach has given excellent results, botii on tiie simulator and on tiie 

experimental results performed in our laboratory scale set up. 

The conti-oller was tested for step and ramp changes in tiie influent 

sti-eams. Some changes were made so tiiat tiie gain at neuti-ality changed 

drastically, ranging from a very high gain system (for sti-ong ac^ds/bases) to a 

low gain system (for buffered acids/bases). Some changes were made to 

change the nature of influent, i.e., switching the influent sti'eam from acidic to 

basic stream (tiiese studies were made on simulator) and tiie ti-ansient behavior 

was studied for various time delays between tiie sensors. The conti-oller 

performance was found to be very robust and excellent. The deviation of tiie 

final pH (pH3) was not much during any ti-ansient These deviations also lasted 

for a very short time (the final pH was brought under control within 1 to 1.5 

minutes). The conti'oller also responded excellentiy to some counter-intuitive 

changes in the influent composition. This when compared to a conventional 

ratio of feedforward controller gave a much better response. The conti'oller also 
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exhibited good performance to disturbances in tiie influent flow rate. These sort 

of disturbances are very cx)mmon in industi-ies. 

However, the conti'oller has a drawback, too. Figure 6.1 shows tiie result 

of a simulated run of a purely strong acidic influent (0.001 N of HCI). The Influent 

stream was water until 50 seconds when acid influent stream comes in. The 

controller is in manual mode till 65 seconds when it is switched to automatic 

mode. The set point was 7.0. The reagent was a sti'ong base in pure water (2.0 

mol/lit of NaOH). We can see from Figure 6.1 that the controller was not able to 

control tiie final pH effectively. This was because of tiie very steep titi'ation 

curve at neutrality, i.e., the process gain changes drastically ans rapidly. Before 

the controller is able to react to tiie change in the gain, tiie final pH is on tiie 

otiier side of tiie set point This problem can be corrected by having a little 

amount of buffering in the reagent stream. By adding a buffering agent, we will 

change the nature of the titration curve form a very steep curve to relatively 

flatter titration curve. For tiie simulated run, this was done by adding IM of 

Na2C03 to tiie reagent This provides a little buffering. We can see from Figure 

6.2 tiiat tiie results obtained by having Na2C03 in tiie reagent sti'eam is much 

better in terms of deviation from tiie set point and settling time as compared to 

purely strong base in tiie reagent sti'eam. 
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This controller is yet to be commercially implemented. However, anotiier 

earlier version of tills conti'oller has been implemented in a leading chemical 

refinery in West Texas and in Texas Tech University. 

The development of a dynamic simulator was very beneficial. This 

simulator mimics the actual process. Hence before going for any commercial 

installation we can experiment with various control sti'ategies accx>rding to the 

needs of the industry. For example, if typical time delays between two sensors 

is high, tiien we can probably incorporate tiie strategy to fully allocate the 

ĉ hange in tiie reagent flow rate to tiie second injection. The controller can be 

fine tuned by simulating tiie actual industi'ial process. The dynamic simulator 

plays a very important role in saving on field time. 

The automated on-line monitor of control performance was tested for 

various situations. This approach was tested on actual experimental set-ups. 

This approach gave good results in indicating problems in a conti'ol loop by 

triggering tiie alarm on. This approach is very simple to understand and easy to 

implement However, tills approach also has a problem. It was observed tiiat 

when the conti'olled variable was oscillating due to too aggressive conti'ol action, 

the goodness of conti'oller monitor was unable to indicate an alarm. A tack on 

rule has been incorporated to overcome this flaw in tiie approach. Still a 

theoretically sound approach need to be incorporated in tills approach to 

overcome the abovementioned flaw. 
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6.2 Recommendations 

In tills study tiie changes in tiie influent from acidic to basic and vice-

versa were studied on a simulator. However, having an experimental set-up to 

go with in will help a lot. For tills some modifications might be needed in tiie 

hardware and software. Additional A/D and D/A cards will have to be provided 

to facilitate transfer of data for the new pumps (the base reagent pumps). The 

experimental system will also have to be changed to incorporate tiie new inlet 

pipes for tiie base reagent. 

Another modification could be use of neural networks in conjunction witii 

this heuristic-model based conti'ol strategy to determine the reagent fiow rates. 

Neural networks cx)uld be used along with the knowledge of the titi'ation curve 

(which we get from the heuristic-model) to determine tiie reagent fiow rate. 

Having tiiree injection points instead of two (which is tiie case for the 

present one) could be beneficial in getting a better knowledge of the titration 

curve enabling us to determine a more accurate reagent flow rate. However, tiie 

benefits of tills method should be weighed against the maintenance of a new pH 

probe and a new pump. 

A modification that can be done to tiie software is truncating tiie conti'oller 

outputs to an accuracy of only 1 decimal point. As of now all of tiie 8 significant 

digits are been send to the simulator. However, in practice a pump doesn't have 

that much accuracy or precision. Hence if tills tiuncation is done a more 

practical response from the conti'oller can be obtained. 
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During all tiie experimental and simulation runs we were studying the 

effect of various parameters on the controller performance. The value of p was 

found to be cx)nstant except for a very brief period of time (during start-up). 

Hence, this parameter evaluation looks to be redundant and can be substituted 

with a cx)nstant value. 
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APPENDIX A 

HARDWARE FOR THE EXPERIMENTAL SET UP 

Al. A/D Conversion 

The functions of tiie A/D converter board are conti-olled by a machine 

language I/O driver routine DAS8.BIN. The driver can selelct multipleexer 

channels, set scan limits, perform software commanded A/D conversions, 

interrupt driven conversions and scans, set and read timer counter, measure 

frequency and period etc. thus performing a variety of functions. To run the 

controller program from Quick Basic menu, it has to be loaded together with tiie 

Das8 routine as: QB/L DAS8 CONTROLPROGRAM.BAS. For our applications 

tiiree functions are to be used : 

1. Initialize the DASH-8 and tiie inout Base Address. 

2. Set up multiplexer channel low and high scan limits. 

3. Perform a single A/D conversion, return data and increment multiplexer 

address. 

The software code fot tiie A/D conversion is as follows: 

C Mode 0 is the initialization mode by which you acquaint the routine with the 

1/0 location or Base Address. The initialization need be done only once at the 

beginning of tiie program. Any errors will be indicated by a non-zero value of 

tiie error fiag (FLAG%). 
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MD% = 0 

BASADR% = &H300 

FLAG% = 0 

CALL DAS8 (MD%. VARPTR(BASADR%), FLAG%) 

IF (FLAG% <> 0) THEN 

PRINT "ERROR IN INITIALIZATION" 

END IF 

C Mode 1 is for setting multiplexer channel scan limits. The channels are 

numbered 0 through 7. We require only tiiree out of tiie eight channels. LT%(0) 

sets the lower limit and LT%(1) sets tiie upper limit. Non-zero value of FLAG%, 

indicates an error. 

MD% = 1 

FLAG% = 0 

LT%(0) = 0 

LT%(1) = 2 

CALL DAS8 (MD%, VARPTR(LT%(0)), FLAG%) 

IF (FLAG% <> 0) THEN 

PRINT -ERROR IN SETTING SCAN LIMITS-

END IF 
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C Mode 4 performs the actual A/D conversion and increments tiie multiplexer 

address. The digital numbers 0-2047 are stored in A%(l), corresponding to 0-14 

pH units. Error is again indicated by non zero error flag. 

LL% = 0 

UL% = 2 

MD% = 4 

FLAG% = 0 

FOR I = LL% TO UL% STEP 1 

CALL DAS8 (MD%. VARPTR(A%(I)), FLAG%) 

IF (A%(l) < 0) THEN 

A%(l) = 0 

END IF 

NEXT I 

C The digital numbers have to be converted into normal pH units for the 

conti'oller to understand them. This is done by a calibrated linear relationship 

between the pH displayed on the transmitter and its equivalent digital number. 

PH(1) = A1 *A%(1) + B(1) 

PH(2) = A2 * A%(2) + B(2) 

PH(3) = A3 * A%(3) + B(3) 
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A2. D/A Conversion 

There are two D/A converter boardds (DAC-02). The first DAC-02 board, 

whose Base Addresshas been set to &H330, sends signals to the influent pump 

(PI) and the major reagent pump(P3). The Base Address for Wie second D/A 

board has been set to &H370. and it sends a signal to tiie minor reagent pump 

(P2). Only a simple manufacturer provided code is required to run the D/A 

boards. Given below is the program, code for tiie influent pump PI. 

C The linear calibrration equation converts flow rate into analog current 

CURRENT = A * FLOWRATE + B 

C Make sure tiie signal doesn't fo out of bounds. 

IF (CURRENT < 0) THEN 

CURRENT = 0 

ELSE 

IF (CURRENT > 20) THEN 

CURRENT = 20 

END IF 

C Generate the digital input 

D = 204.75 * CURRENT 
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C Generate the high byte and low byte. 

DH% = INT(D/16) 

DL% = D-16*DH% 

DL% = 16*DL% 

C Perform the D/A conversion and tiie output tiie signals. 

OUT&H332, DL% 

OUT&H333, DH% 

It may be reiterated that tiie address locations &H330 and &H331 are 

used for tiie major reagent pump, &H332 and &H333 are used for the influent 

pump and &H372 and &H373 are used for tiie minor reagent pump. 
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APPENDIX B 

INPUT DATA FILES 

This appendix shows the exact format of tiie input files for tiie simulator. 

B1. File: DATA1.INP 

The data in this file is in tiie following order: 

Influent Flow Rate (lit/min). Total simulation time (sec). Integration time step 

(sec), Time when disturbance 1 starts (sec). Time when disturbance 1 ends 

(sec), Time when disturbance 2 starts (sec). Time when disturbance 2 ends 

(sec). Time when disturbance 3 starts (sec), Time when disturbance 3 ends 

(sec). 

For example: 

300. ,950.0,0.05,1.0,550. ,750.0,200.0,250.0,1625.0,1675.0 

B2. File :DATA2.IMP 

This file contains data for all the initial concentrations of various 

components in tiie infiuent sti'eam. They are as follows : 

0.0001 concentration of diprotic weak acid (DWA) (CI(1)) 
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0.00050 

0.0001 

0.002 

0.001 

0.01 

0.0001 

0.001 

0.001 

0.001 

0.0001 

0.001 

0.001 

0.003 

0.01 

0.0001 

0.0050 

0.001 

concentration of monoprotic weak acid (MWA) 

concentration of monovalent strong base (MSB) 

(CI (2)) 

(CI (3)) 

concentration of common ion salt of 1st step of DWA (CI (4)) 

concentration of common ion salt of 2nd step of DWA (CI (5)) 

concenti'ation of common ion salt of MWA (CI (6)) 

concenti'ation of common ion salt (CIS) of 1st step of 

Diprotic strong acid (DSA) (CI (7)) 

concentration of CIS of 2nd step of DSA (CI (8)) 

concentration of CIS of 1st step of Divalent 

weak base (DWB) (CI (9)) 

concentration of CIS of 2nd step of DWB (CI (10)) 

concentration of CIS of Monovalent Weak Base 

(MWB) (CI (11)) 

concenti'ation of CIS of 1st step of Divalent 

Strong Base (DSB) (CI (12)) 

concentration of CIS of 2nd step of DSB (CI (13)) 

concentration of DSA (CI (14)) 

concentration of Monoprotic Strong Acid (MSA) (01 (15)) 

concentration of DWB (CI (16)) 

concentration of MWB (C1(17)) 

concentration of DSB (CI(18)) 

106 



B3. File: DATA3.IMP 

This file contains data for tiie dissociation constants for the components 

in tiie influent stream. The data is in the following order: 

4.3E-7 1 St dissociation constant for DWA RK(1) 

5.6E-11 2nd dissociation constant for DWA RK(2) 

3.2E-7 dissociation constant for MWA RK(3) 

4.6E-7 2nd dissociation constant for DSA RK(4) 

3.8E-8 1 St dissociation constant for DWB RK(5) 

6.3E-10 2nd dissociation constant for DWB RK(6) 

1.76E-5 dissociation constant for MWB RK(7) 

7.9E-08 2nd dissociation constant for DSB RK(8) 

B4. File:DATA5.INP 

This file contains data for concentrations of various components in 

reagent stream. The data is in the following order: 

2.0 , 0.0 cone, of MSA in (acid reagent, base reagent) CAR(1 ),CBR(1) 

0.0 . 0.0 cone, of DSA in (acid reagent. base reagent) CAR(2),CBR(2) 

0.0 , 2.0 cone. Of MSB in (acid reagent. base reagent) CAR(3),CBR(3) 

0.0 , 0.0 cone. Of DSB in (acid reagent, base reagent) CAR(4),CBR(4) 
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B5. File :DATA6.IMP 

This file contains data for dissociation constants of tiie components in 

reagent sti'eam. The data is in the following order: 

0.0 , 0.0 2nd dissociation constant for DSA in (acid reagent, base reagent) 

ARK(1), BRK(1) 

0.0 , 0.0 2nd dissociation constant for DSB in (acid reagent, base reagent) 

ARK(2), BRK(2) 
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