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In this paper, the experimental study has been carried out on CSTR in the presence of 

process faults which can possibly occur due to sudden and unexpected change in certain 

process parameters. The faults like change in flow rate and the change in agitator speed 

have been injected into the system individually. As a result, there is a change in the output 

of CSTR i.e. titration end point. For analysing the injected faults, the Euclidean distance 

classifier has been employed. Through the Euclidean distance classifier, the nature and 

magnitude of faults can be visualized. Moreover, while varying the speed of agitators, it 

has been observed that fault becomes prominent at high speed of each of the agitators. This 

correlates with the Euclidean distance results in which it is observed that in case the speed 

of agitators is high, the Euclidean distance is of a high value. This distance has been 

calculated for the various single faults, in which only a single parameter has been varied at 

a time. The findings of this research can be helpful for guiding the process operator 

regarding the severity of the faults. 
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1. INTRODUCTION

Present day control systems are increasingly becoming 

more complex and algorithms developed to achieve the control 

are getting more sophisticated. This has led to a growth in the 

demand for fault tolerance, which can be achieved through the 

fault detection, isolation and accommodation [1]. The 

industrial chemical processes, at present, have incorporated 

improved automation systems for improved stability. The 

recent years have witnessed the increased complexity of the 

chemical process plants. This has made mandatory the use of 

umpteen sensors. The sensors coupled with many logging 

devices are being used for measuring process signals. This has 

been done for making easier the task of decision making, for 

the purpose of monitoring [2-4]. A fault can be observed as a 

type of malfunction, encountered in a dynamic system which 

eventually results in an unacceptable abnormality in the 

performance of the system [1]. Fault diagnosis facilitates the 

precise estimation of the faulty operating conditions that are 

captured in real time. It can hence avoid (if not completely 

eradicate) the fault occurrence, which leads to departing of 

process path from nominal conditions. Faults are capable 

enough to impair the system performance, lead to degrading 

of the quality of product and this can lead to subsequent losses 

[5]. The system that incorporates the competency of detection, 

isolation, identification or classification of faults is known as 

a fault diagnosis system. The basic purpose behind diagnosing 

the faults is to generate the anomalies amid the nominal and 

faulty conditions. These anomalies arise out of the fault 

diagnosis procedure and are characterized as residuals [6]. The 

major difficulty observed in framing these models is the 

difficulties involved in obtaining accurate mathematical 

models [7]. For ensuring the process safety and reliability, 

there is a need of an early detection and isolation system [8]. 

The fault diagnosis approaches applicable to chemical 

processes can be largely classified into two categories: Model-

free techniques (that are based on data-driven techniques like 

statistical analysis, expert systems, fuzzy logic and neural 

networks) [9, 10] and model-based techniques that employ the 

observer-based methods [10-15]. 

During the ongoing operation in the chemical process, there 

are several faults that make the system safety-critical and 

lower the productivity. The occurrence of faults reduces the 

process efficiency of process (in terms of poor quality of 

finished product), at times posing hazard to the personnel, 

causing environmental pollution and damage to equipment, in 

certain cases. The faults that are critical in a chemical process 

are: - 

1. Actuator faults- These faults manifest in the form of

disruption in electrical power supply, 

mal-operation of valves and pumps. 

2. Process faults- These faults occur in the form of

sudden and unexpected change in some of the process 

parameters, use of impure materials giving rise to unwanted 

reactions. These faults are injected into the system, in the 

present article. 

3. Sensor faults- These faults include sudden activation

of wrong sensors indicating false alarms. 

Owing to the above, fault diagnosis as well as fault detection 

have become issues of crucial importance in the field. [16] 
In this paper, the experimental study has been carried out on 

CSTR in the presence of process faults which can possibly 

occur due to sudden and unexpected change in certain process 

parameters. The faults like change in flow rate and the change 

in agitator speed have been injected into the system 

individually. Due to these faults, change in the output of CSTR 

i.e. titration end point, has been analysed.
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2. EXPERIMENTAL SETUP  
 

The process that has been under consideration is a Cascade 

CSTR which is as shown in Figure 1. The figure represents 

continuous stirring, which has been done in order to mix the 

two liquids having a variable flow rate. The most preferred 

mode is the Continuous operation, which has been employed 

for many chemical processes. The reactant streams are fed in 

a continuous manner into the vessels and product streams are 

withdrawn from each of the vessels. The cascade CSTR 

engages the mixing of the reactants ethyl acetate and sodium 

hydroxide using phenolthalin as indicator, which has been 

contained in the tanks shown in Figure 1 below. The solution 

of ethyl acetate and sodium hydroxide has been first prepared 

and thereafter poured in the tanks 1 and 2 respectively. Soon 

thereafter, both these solutions get mixed and then the 

resultant solution flows into the first vessel (labelled as 5 in 

the diagram), as shown in Figure 1. This solution further 

passes on to the next subsequent vessel (labelled as 6) and 

resultant solution comes out of the last and final vessel 

(corresponding to label 7 in the diagram). After obtaining each 

successive observation, the volumes in both the tanks keep 

diminishing. 

 

 
 

Figure 1. Experimental Set-up for CSTR 

 

 
Figure 2. Schematic Representation of Laboratory CSTR 

 

The above diagram shows the various linkages between the 

three agitators 1, 2 and 3 corresponding to the diagram of 

Figure 1. The reactants used in this experiment are ethyl-

acetate and sodium-hydroxide respectively. The reactant of 

Tank A that contains ethyl-acetate which has a concentration 

of CA falls into the agitator 1, having a volume V1. This 

reactant mixes with the reactant from Tank B i.e. sodium 

hydroxide and then the resultant concentration passes out of 

vessel 1 as C1. This solution, when passing through agitator 2, 

after continuous stirring, comes out from vessel 2 at a reduced 

concentration C2. On similar lines, the solution then transfers 

to vessel 3 and after being stirred continuously, again comes 

out with a reduced concentration C3. The fact that the 

concentration of the solution keeps decreasing, can be verified 

from the values given in the Table 2. 

 

2.1 Governing equations for volume flow  

 

The reaction kinetics of the reactants involves the 

saponification of ethyl-acetate, under the effect of alkaline 

conditions as per the Eq. (1) is: 

 

 
(1) 

 

There is no conservation in case of chemical components. 

In case a reaction takes place inside the system, for individual 

components the number of moles shall increase for reaction 

product. In case, the individual component happens to be a 

reactant, the number of moles shall decrease. Hence, as per the 

continuity equation: - 

 

[
𝐹𝑙𝑜𝑤 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴/𝐵 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝑖𝑛𝑡𝑜 𝑠𝑦𝑠𝑡𝑒𝑚
] −

[
𝐹𝑙𝑜𝑤 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑡ℎ 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝑜𝑢𝑡 𝑜𝑓 𝑠𝑦𝑠𝑡𝑒𝑚
] +

[
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑡ℎ 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 

𝑓𝑟𝑜𝑚 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠
] =

[
𝑇𝑖𝑚𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 

𝑜𝑓𝑖𝑡ℎ  𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑛𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚
]         (2) 

 

In Eq. (1), the units of the quantities are expressed in moles 

of component per unit time.  

Assume the concentration of reactant A in the feed stream 

as CA (moles of A per unit volume). The rate at which the 

reactant A is consumed (on a per unit volume basis) is in direct 

proportion to the instantaneous concentration of A in the tank. 

F stands for flow-rate of reactants and its unit is (m3/min).  

For the component balance in reactant A (ethyl-acetate),  

The flow of reactant A into system = F CA0 

Flow of reactant A out of system = F CA   

Rate of formation of reactant A from reaction = - V k CA 

Here k signifies the specific reaction rate. 

The minus sign specifies that reactant A is being consumed, 

and not produced.  

The above equations also hold for reactant B i.e. sodium 

hydroxide, that is placed in tank B 

All the terms have the same units i.e. moles of reactant A 

(or B) per unit time.  

 

Time-rate of change of component A = 
𝑑(𝑉𝐶𝐴)

𝑑𝑡
           (3) 

 

Time-rate of change of component B = 
𝑑(𝑉𝐶𝐵)

𝑑𝑡
          (4) 

 

Combining all the terms,  

 
𝑑(𝑉𝐶𝐴)

𝑑𝑡
 + 

𝑑(𝑉𝐶𝐵)

𝑑𝑡
 = F C1 – V1 k C1                (5) 

 

Here CA and CB relate with the reactant concentrations of A 

(ethyl acetate) and B (sodium hydroxide) which are stored in 

tanks A and B respectively. The equation for agitator 2 is given 

as  

 
𝑑(𝑉𝐶2)

𝑑𝑡
 = F2 C2 – V2 k C2                    (6) 
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The equation for agitator 3 is given as  

 
𝑑(𝑉𝐶3)

𝑑𝑡
 = F3 C3 – V3 k C3                      (7) 

 

The rate of reaction is termed as specific-reaction-rate and 

is described in terms of the  

 

Arrehenius equation as kn = αe-E/ RT
n               (8) 

 

where  

n=1, 2, 3…. etc. indicates the stage number as in Eq. (8) 

k=specific-reaction-rate 

α=pre-exponential-factor 

E=activation energy that signifies the temperature 

dependence of the specific-reaction-rate  

This implies that higher value of E results in faster increase 

in k with increasing temperature. The units of E are (Btu/lb. 

mol) 

T=Absolute temperature, which is expressed in degree 

Kelvin 

R=Perfect gas constant = 1.99 Cal / g. mol K [17].  

The following are the governing equations in CSTR for the 

reactants as follows: - 

1. Reactant A (Ethyl Acetate) in Tank A, for moving to 

Agitator 1 is 

 

Conversion rate, XA = τ kA / (1 + τ kA)               (9) 

 

Here τ is average reactor resistance time and kA is 

reaction rate for component A 

2. Reactant B (Sodium Hydroxide) in Tank B for 

moving to Agitator 1 is 

 

Conversion rate, XB = τ kB / (1 + τ kB)            (10) 

 

Here τ is average reactor resistance time and kA is 

reaction rate for component A 

The reaction rate for moving to Agitator 1 is 

3. Reaction rate,                                                               
  

k = 
𝐶𝐴0 𝑋𝐴

𝐶𝐴 𝐶𝐵
                                  (11) 

 
The governing equations for the reaction (given in Eq. (1)) 

involve the combined conversion factor and the tine taken for 

the reaction, which are mentioned in Eqns. (12), (13) and (14) 

respectively.  
The conversion factor, X, is expressed in terms of reactant 

concentrations as  

 

1 – X = 
𝐶𝐴

𝐶𝐴0
 = 

𝐶𝐵

𝐶𝐵0
                          (12) 

 

The conversion factor can also be expressed as 

 

X = 1- 
−(1+2 𝜏 𝑘 𝐶𝐴+√1 +4𝜏𝑘𝐶𝐴

2𝜏𝑘𝐶𝐴
              (13) 

 

4. Resistance Time “𝜏” 

It is the average time a volume element stays in the 

reactor and is denoted by"𝜏", and given as  

 

𝜏 = 
𝑋

𝑘(1−𝑋)(𝐶𝐵−𝐶𝐴
)
                         (14) 

The operational parameters and concentrations of the 

reactor and the constants are the physical parameters of the 

chemical reactor that have been used in the experiment. These 

are given in Table 1, Table 2 and Table 3, respectively. 
 

Table 1. Reactor operating parameters  

 
S.No. Parameter Value 

1. Reaction constant τ 0.2 

2. Gain k 0.5 

3. Step size delta 0.1 

 

Table 2. Reactor concentrations 

 
S.No. Reactor Concentration (kmol/m3) 

1. CoA 1.8 

2. CoB 1.6 

3. C1 0.4 

4. C2 0.2 

5. C3 0.1 

 
Table 3. Operating parameters of CSTR 

 
S.No. Tank Parameters Value 

1. Height  200 mm 

2. Inside Diameter 140 mm 

3. Volume  3.078 Litres 

4. Height of Liquid in the 

tank 

160mm 

5. Working volume  2.46 litres 

6. Agitation speed 

(variable) 

0-350 rpm 

7. Fluid used Ethyl-acetate, sodium-

hydroxide 

8. Fluid-flow measurement 0-19 litres per hour 

 

 

3. EXPERIMENTAL OBSERVATIONS AND 

DISCUSSIONS 

 

When the reactor CSTR is working under nominal 

conditions, the flow rates of the reactants sodium hydroxide 

and ethyl acetate and the speed of agitators are the same. The 

variation is done in either flow rate or agitator speed and this 

subsequently results in a change in the experimental output. 

This change is then termed as “fault” present in the system. To 

monitor the behaviour of the system in the presence of faults 

i.e. intentional faults were introduced in the CSTR available in 

the laboratory. Experimental observations were taken under 

the following conditions: - 

Case I: When no fault is present in the system which 

corresponds to Table 4. 

Case II: When flow rate of sodium hydroxide / ethyl acetate 

is varying, governed by the flow meter FA and FB respectively 

and alongside the speed of any one of the agitators speed is 

varied while the other two agitators remain at constant speed. 

These are summarized in Table 5. 

Table 4 takes into account the readings that have been taken 

under nominal conditions. The nominal conditions are those in 

which there is no change in any of the parameters of the 

chemical reactor. The parameters that can be varied are the 2 

flow-rates (each of the ethyl-acetate and sodium-hydroxide 

solutions) and 3 agitator speeds (corresponding to each of the 

three vessels in which the solution is transferred after mixing). 
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Table 4. Observations taken under ideal condition 

 

Sr. No. Flow Rate A (m3/hour) Flow Rate B (m3/hour) Time Elapsed (seconds) Output at Normal Speed (ml.) 

1 5 5 300 25.6 

2 5 5 500 25.8 

3 5 5 700 26.0 

4 5 5 900 25.9 

5 5 5 1100 26.1 

6 8 8 1300 26.0 

7 8 8 1500 25.9 

8 8 8 1700 25.8 

9 8 8 1900 25.7 

10 8 8 2100 25.9 

11 11 11 2300 25.8 

12 11 11 2500 26.0 

13 11 11 2700 26.0 

14 11 11 2900 26.1 

15 11 11 3100 26.2 

16 15 15 3300 26.0 

17 15 15 3500 25.9 

18 15 15 3700 25.7 

19 15 15 3900 25.5 

20 15 15 4100 25.6 

21 19 19 4300 25.8 

22 19 19 4500 25.7 

23 19 19 4700 25.9 

24 19 19 4900 26.0 

25 19 19 5100 26.1 

 

Table 5. Summary of intentional faults 

 
S.No. Injected 

Fault 

Description 

Flow-Rate Agitator-Speed Agitator-Speed 

1. F1 A changed Stirrer 1 normal Stirrer 2 and 3 normal 

2. F2 B changed Stirrer 1 normal Stirrer 2 and 3 normal 

3. F3 Same Stirrer 1 low Stirrer 2 and 3 normal 

4. F4 Same Stirrer 1 medium Stirrer 2 and 3 normal 

5. F5 Same Stirrer 1 high Stirrer 2 and 3 normal 

6. F6 Same Stirrer 2 low Stirrer 2 and 3 normal 

7. F7 Same Stirrer 2 medium Stirrer 2 and 3 normal 

8. F8 Same Stirrer 2 high Stirrer 2 and 3 normal 

9. F9 Same Stirrer 3 low Stirrer 2 and 3 normal 

10. F10 Same Stirrer 3 medium Stirrer 2 and 3 normal 

11. F11 Same Stirrer 3 high Stirrer 2 and 3 normal 

 

 

4. EUCLIDEAN DISTANCE 

 

In the section that follows the Euclidean distance is used for 

comparing the effects of faults under different operating 

conditions. It is defined as the minimum distance between any 

two points. This distance is maintained as minimum when the 

points are aligned along a set of two parallel lines. These points 

lie at normal to these set of parallel lines [18]. For clustering, 

the data is divided into various groups. The clustering 

discriminates between a set of observation of one group from 

the other group. For measuring the dis-similarity between the 

different observations, a commonly used classifier is the 

Euclidean distance [19]. A cluster signifies a set of 

observations having similar properties. Clustering, hence, 

determines searching for the observation set having similar 

properties. For determining the cluster’s distance from a data 

point is known as Euclidean distance and this has its grounds 

in the Pythagoras theorem [20]. 

 

Table 6. Case 1 - variation in flow-rate 

 
S.No. Process 

variable 

Fault 

Type 

Relation of FA 

and FB 

Observation Agitator 1  

Speed  

Agitator 2 

Speed 

Agitator 3 

Speed 

Euclidean 

Distance 

1. Flow- rate  No 

fault 

 

Same 

Output 

Unchanged 

Normal Normal Normal Nil 

2. Flow- rate F1 FA changed 

FB constant 

Variation in 

output 

Normal Normal Normal 18.4543 

3. Flow- rate F2 FB changed 

FA constant 

Variation in 

output 

 

Normal 

 

Normal 

 

Normal 

12.8087 
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In Table 6, the outcome of single fault in terms of variation 

in flow-rates has been considered. In this case, the flow-rate of 

reactant A (ethyl acetate), is varied.  The influence of the fault 

is expressed as a Euclidean distance value, which is substantial. 

The second case considers the variation in flow-rate in reactant 

B i.e. sodium hydroxide. The above table expresses that the 

effect of fault F1 on the system is greater than fault F2. From 

Table 6, it is noteworthy in both the cases, during the fault 

occurrence, the flow-rate variation makes the operating 

conditions to a faulty level, which is expressed in terms of 

Euclidean distance. 

 

Table 7. Case 2- Variation in agitator 1 speed 

 
S.No. Process 

variable 

Fault 

Type 

Relation of 

FA and FB 

Observation Agitator 1  

Speed  

Agitator 2 

Speed 

Agitator 3 

Speed 

Euclidean 

Distance 

1. Flow- rate  No 

fault 

Same Output 

Unchanged 

 

Normal 

 

Normal 

 

Normal 

Nil 

2. Flow- rate F3 Same Variation in 

output 

 

Low  

 

Normal 

 

Normal 

46.249 

3. Flow- rate F4 Same Variation in 

output 

 

Medium 

 

Normal 

 

Normal 

21.4356 

4. Flow- rate F5 Same Variation in 

output 

 

High 

 

Normal 

 

Normal 

75.8982 

Table 7 expresses the single-fault in which the variation is 

carried out in the speed of one of the Agitator 2 is varied from 

normal to low, medium and high. The Euclidean distance for 

fault F5, is the highest among the faults considered in the 

above category. Moreover, at low agitator speed, the 

Euclidean distance, becomes nearly double in value, for the 

cases obtained in the faults F1and F2. It can hence be 

concluded that the magnitude of Euclidean distance in fault F4 

is less than half its value, which has been obtained in fault F3. 

This Table 7 shows that when there is variation in the speed of 

agitator 1, the effect of fault is more than the effect observed 

in case of change in flow-rate, taking the magnitude of 

Euclidean distance into account, in both the cases. 

 

Table 8. Case 3- Variation in agitator 2 speed 

 
S.No. Process 

variable 

Fault 

Type 

Relation 

of 

FA and FB 

Observation Agitator 

1  

Speed  

Agitator 

2 

Speed 

Agitator 

3 

Speed 

Euclidean 

Distance 

1. Flow- rate  No fault Same Output 

Unchanged 

Normal Normal Normal Nil 

2. Flow- rate F6 Same Variation in 

output 

Normal Low  Normal 44.7282 

3. Flow- rate F7 Same Variation in 

output 

Normal Medium Normal 20.8655 

4. Flow- rate F8 Same Variation in 

output 

Normal High Normal 77.7993 

Table 8 takes into account the case in which the speed 

variation in agitator 2 is done from normal to low, medium and 

high speeds. Euclidean distance for fault F8, has been 

observed to as the highest among the faults (F6, F7 and F8), in 

this category. This table concludes that the magnitude of 

Euclidean distance for fault F7 is less than half of the value, 

with regard to fault F6. This table signifies that upon varying 

the speed of agitator 2, the fault effect (in terms of Euclidean 

distance) is close with regard to the effect of change in the 

speed of agitator 1, considering both the cases. 

Table 9 discusses the speed variation of agitator 3 from 

normal to low, medium and high speeds. The Euclidean 

distance for fault F11, has been observed as the highest among 

the faults (F9, F10 and F11), in this category. Apart from this, 

the Euclidean distance, for fault F9 is the lowest observed 

distance, under the group of faults. The table also concludes 

that the Euclidean distance for fault F10 is less than half, with 

regard to, fault F9. This is characterized in the bar graph shown 

in Figure 3. 

 

Table 9. Case 4- variation in agitator 3 speed 

 
S.No. Process 

variable 

Fault 

Type 

Relation of FA 

and FB 

Observation Agitator 

1 

Speed  

Agitator 

2 

Speed 

Agitator 

3 

Speed 

Euclidean 

Distance 

1. Flow-rate  No fault  

Same 

Output 

Unchanged 

Normal Normal Normal Nil 

2. Flow-rate F9 Same Variation in 

output 

Normal Normal Low  35.4404 

3. Flow-rate F10 Same Variation in 

output 

Normal Normal Medium 7.3831 

4. Flow-rate F11 Same Variation in 

output 

Normal Normal High 93.4010 
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Figure 3. Plot of Euclidean distance for single faults 

 

 

5. CONCLUSION 

 

The paper deals with the experimental procedure, for the 

CSTR, for diagnosing faults. The experimental set-up 

examines the real-time aspects of a practical chemical process. 

The experiment, done on CSTR, explores the study of 

injecting faults, by way of variation in the operating conditions 

of the CSTR. The objective behind the study, made from 

Euclidean distance classifier, is to validate the results obtained 

through experimentation. In general, that Euclidean distance 

has been observed to be the highest for a particular class, when 

the agitator speed is varied from normal to high. The fault F10 

is having the lowest magnitude of Euclidean distance. The 

magnitudes of the faults F3 and F6 are close to each other, 

since both these relate to low speeds of agitators 1 and 2. The 

fault F11 has the highest value, among all the faults considered. 

The Euclidean distance for faults F5 and F8 is having 

comparable values, as both these correspond respectively to 

the high speeds of agitator 1 and 2. In the case of faults F4 and 

F7 the Euclidean distance is closer to each other, since the 

agitator speed is medium in case of agitators 1 and 2 

respectively. The above discussion concludes that whenever 

there is a common factor in the operating conditions of the 

CSTR, subsequently the Euclidean distance, is observed as 

closer in magnitude to the values of the concerned faults. This 

fact corroborates with the observations, taken during the 

experimental procedure. The present work is aimed at 

providing useful information for supporting the operator in 

decision-making, while dealing with chemical reactor. 
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NOMENCLATURE 

 

V1, V2, V3 volumes of the vessels in which the agitators 

are running, m3 

C1, C2, C3 final concentrations at the end of vessels, 

kmol/m3 

Y0, Y1, Y2, Y3 

FA, FB 

variable throughputs, m3/min  

flow meters A and B, m3/ hour 

kA, kB reaction rates of component A and B (min-1) 

k gain (a constant) for equation (5), (6) and (7) 
  resitance time 

X conversion factor 

dt

dCa
3  

time rate of change of concentration inside 

the tank, kmol/m3/sec 

T = Absolute temperature, which is expressed in 

degree Kelvin 

R=F Perfect gas constant = 1.99 Cal / g. mol K 

CA, CB Concentartions of the reactants (kmol/m3
) 

CoA, CoB Intial concentarions of the reactants 

(kmol/m3
) 

n=1, 2, 3, …, 

etc. 

indicates the stage number, as denoted by 

equations (8) 

k specific-reaction-rate for equation (8) 

α pre-exponential-factor for equation (8) 

E = activation energy that signifies the 

temperature dependence of the specific-

reaction-rate 

 

13




