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ABSTRACT 

 

Cooling tower is a fundamental piece of equipment in any processing plant. As water 

is used as a cooling medium in a cooling tower, there is a tendency of biocides 

formation. Chloride ions are used in the form of NaOCl + NaBr to remove the biocides 

so that they don’t corrode any equipment that uses cooling water. The problem 

doesn’t end here, the chloride ions reach the limit where make-up water is added in 

order to compensate for the loss of chlorinated water and the use of makeup water 

is not cheap. Our project is to treat this chlorinated water by using a chemical 

compound that will not only do the job of removing the biocides but also to keep the 

chloride ions concentration under the threshold value to avoid addition of makeup 

water. A full-fledged chemical dosing facility is designed for this purpose. 
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CHAPTER 1 

 INTRODUCTION 

1.1 About Engro Polymer and Chemicals 

Engro Polymer  iand  iChemicals Limited   (EPCL) has  ithe  ihonor of   ibeing the  only fully   

iconfederated Chlor-Vinyl chemical manufacturing ifacility iin iPakistan. iIt  iis ia  isubsidiary  

iof  ithe  iEngro  iCorporation  iwhich  imanufactures, isells iand idistributes iquality iproducts 

iassociated iwith iChlor-Vinyl iand iPVC iunder ithe i'SABZ' ibrand iname.  

The icompany iwas iestablished iin i1997 iand  icame  iinto  ioperation  iin  i1999.  iIt  istarted  ioff  

iwith  ithe  iname  iEngro  iAsahi  iPolymer  iand  iChemical  iLtd.  iAt  ithe  itime  iof  iits  ifoundation,  

iit  iwas  ia  ijoint  iventure  ibetween  iEngro  iChemical  iwhich  ihad  i50%  ishares,  iAsahi  iGlass  

iCompany  iwhich  ihad  i30%  ishares  iand  iMitsubishi  iCorporation  iwhich  ihad  i20%  iof  ithe  

ishares.  iInitially  ithe  iplant  iwas  idesigned  ito  ioperate  iat  ia  i100,000  iton  icapacity.  iThe  

iplant  iwas  ito  ibe  ibuilt  iat  iPort  iQasim. 

In  ithe  iyear  iof  i2006  iAsahi  iGlass  isold  itheir  ipart  iof  ithe  ishares  ito  iEngro  iChemical  iand  

ilater  iits  iname  iwas  ichanged  ito  iEngro  iPolymer  iand  iChemicals  iLimited. 

In  ithe  iyear  iof  i2007,  iCompany  idecided  ito  iexpand  iand  iincrease  ithe  icapacity  iof  iPVC  ito  

i150,000  iton  iand  ialso  ito  iset  iup  iChlor-alkali  iand  iEDC-Vcal  iplants. 

 

   Figure 1 EPCL Karachi Plant 
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1.2 Products Manufactured 

Apart  ifrom  ibeing  ithe  ionly  imanufacturer  iof  iPVC  iresin  iin  iPakistan,  iEPCL  ialso  

imanufactures  iCaustic  iSoda,  iEDC,  iVCM  iand  iSodium  iHypochlorite.  

 

1.3 Problem Statement 

In EPCL plant, there are a number of process streams which require cooling and the 

process of cooling is done by cooling water which is obtained by cooling tower. We 

have to  iincrease  ithe  icurrent  iefficiency  iof  ithe  icooling  itower  iand  isort  iout  ithe  iwater  

ilosses issues that are being faced in an economical way that is beneficial for the 

company.  

 

1.4 Background 

 There is a specific threshold value for the amount of chloride ions in the industrial water 

and that is 390 ppm, if this threshold value exceeds then we have to use excessive 

blowdown water which is around 60m3/hr. This excessive water means the use of 

excessive makeup water to cope up for the loss of water.      

 

1.5 Issue  

We cannot let chloride rich water to pass through different equipment as the water 

will corrode the equipment. In order to make the water safer for the equipment we 

add makeup fresh water to cope up the situation. The makeup water costs around Rs. 

56/m3 which becomes a very large amount as an yearly expense.  

 

1.6 Possible Solutions  
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In order to solve the issue, an alternative biocide can be used as compared to NaOCl 

+ NaBr which will release less Chloride ions in the water streams. Most favorable 

chemicals that can replace the current chemicals are Ozone and Chlorine Dioxide. 

 

1.7 Mechanical Draft Cooling Tower 

A large number of industries are using mechanical  idraft  icooling  itowers.  iMechanical  

idraft  icooling  itowers  iare  ifamous  idue  ito  itheir compactness and brilliant performance 

in transferring heat. Mechanical draft is famous due to their high effectiveness, light 

weight and reasonable price. 

Although they are used by industries for many years, this technology and its 

manufacturing is limited to few companies in some developed nations. 

Mechanical  idraft  itowers  iuse  ifans,  idriven  iby  ielectric  imotors  ito  iproduce  ithe  iflow  iof  

iair.  iThe  itower  iis  icalled  ian  iinduced  idraft  iif  ia  ifan  iis  iinstalled  iin  ithe  iair  iexit  iat  ithe  itop  

iof  ithe  itower.  iThe  itower  iis  icalled  iforce  idraft  iif  ia  ifan  iis  iinstalled  iin  ithe  iair  ientry  iat  ithe  

ibottom  iof  ithe  itower.  iThe  iflow  iis  icounter  iflow  ihot  iwater  ienters  ifrom  ithe  itop  iand  iair  

ifrom  ithe  ibottom  iin  ibetween  ithere  iis  ia  ipacking  iwhere  ithere  iis  ia  idirect  icontact  

ibetween  itwo  ifluids  iand  ithey  iexchange  iheat.  iCold  iwater  ileaves  ifrom  ithe  ibottom  iand  

ihot  iair  ifrom  ithe  itop. 

 

 

 

 

 

  

 

Figure 2 Mechanical Draft Cooling Tower 
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1.7.1 Why Mechanical draft Tower 

● For  ithe  isame  icapacity  ithe  imechanical  idraft  icooling towers  iare  imuch  ismaller  

iin  isize  ithan  inatural  idraft  icooling  itowers  ibecause  iof  ian  iincrease  iin  icooling  icapacity  

idue  ito  iincrease  iin  ivolume  iof  iair  ibeing  iforced  iout  iby  ithe  ifan. 

● Capacity  icontrol  iis  ipossible  iby  iregulating  ithe  ispeed  iof  ifans  iwhich  icontrol  ithe  

ivolume  iof  iair  iwhich  iin  iturn  icontrol  icapacity. 

● Natural  idraft  icooling  itowers  iare  ionly  isuitable  ifor  ioutside  iareas  iwhereas  

imechanical  idraft  icooling  itowers  ican  ibe  ilocated  ieven  iinside  ithe  ibuilding. 

1.7.2 How things work 

The working principle  iof  icooling  itowers  iis  ivery  isimilar  ito  ievaporative  itype  

icondensers,  iin  iwhich  ihot  iwater  iis  icooled  iby  ievaporation.  iWater  ievaporates  iwhen  

iwarm  iwater  icomes  iin  icontact  iwith  icold  iair.  iThe  ievaporating  iwater  ialso  iabsorbs  ithe  

ilatent  iheat  iform  iwater  isurrounding  iit.  iBy  ilosing  ilatent  iheat,  ithe  iwater  iis  icooled  

idown. 

 

1.8 Types of Mechanical Draft Cooling Tower 

Following are  ithe  itypes  iof  imechanical  idraft  icooling  itower 

● Induced  idraft  i 

● Forced  idraft  i 

 

1.8.1 Induced Draft 

In  ian  iinduced  itype  icooling  itower,  ithe  ifan  iis  ilocated  iat  ithe  itop  iof  ithe  itower  iwhere it 

creates low pressure inside the tower. Axial fan  iis  iused  ifor  ithis  itype  iof  itower.  iThe 

advantage of using induced draft is that it uses 50% less energy as compared to forced 

draft. It is easy to install and maintain. Low noise level is another advantage of  icooling  

itowers. 
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1.8.2 Forced Draft 

In  ithis  isystem  ithe  ifan  iis  ilocated  iat  ithe  ibottom  iof  ithe  itower  iwhich  icauses  iover  

ipressure,  iboth  iaxial  iand  icentrifugal  ifans  ican  ibe  iused.  iThe  iadvantages  iof  iusing  iforced  

idraft  iis  ithat it has low absorbed capacity, dry air stream drive and easy maintenance. 

  



6 

 

CHAPTER 2   

LITERATURE REVIEW 

2.1 Process Description: 

Initially,  ithe  ichemical compound that was used for the removal of biocides was 

reaching the threshold value of 390ppm of chloride ions. This resulted in an excessive 

blowdown of 60m3/h which was compensated by adding fresh makeup water at the 

cost of Rs. 56/m3 which resulted in a huge amount on a yearly basis. To save or even 

reduce this amount, a new chemical compound has to be used which would not 

release much chloride ions in the water and in the end extra fresh water would not 

be  iadded  ito  icompensate  ifor  ithe  iloss  iof  ichlorinated  iwater.  iThe  inew Chemical 

compound that will be used as an alternative for NaOCl + NaBr and that compound is 

ClO2. Chlorine Dioxide is economically more favorable than any other chemical 

compound at increased system contamination. Chlorine dioxide will be produced on 

site where it will be injected into the outlet stream of the cooling tower. Chloride ions 

concentration in the cooling water will be continuously monitored and depending 

upon the concentration, the dosing amount of Chlorine Dioxide will be increased or 

reduced. Chlorine Dioxide will be produced by the reaction of Sodium Chlorate 

(NaClO3) and Sulfuric Acid (H2SO4). As a result, less chloride ions will be present in 

the cooling water and thus there will be less blowdown and less usage of fresh 

makeup water which will directly reduce the operating cost. 

 

2.2 Cooling Tower: 

Cooling  itower  iis  ione  iof  ithe  imajor  icomponents  iof  imany  iindustries,  iits  ibasic  ipurpose  

iis  ito  ireject  iwaste  iheat  ito  ithe  iatmosphere  iwith  ithe  ihelp  iof  iair  ito  idecrease  ithe  

itemperate  iof  ithe  iwater  ito  ithe  irequired  ivalue.  iWater  ithat  ihas  ibeen  iheated  iin  iby  iany  

iindustrial  iprocess  iis  ithen  isent  ito  ithe  icooling  itower  ivia  ipipes.  iWater  iis  isprayed  ion  ito  

ithe  ibanks  icalled  i“fill”,  iit  islows  ithe  iwater  iflow  iin  ithe  icooling  itower,  iwhich  ihelps  iin  ithe  
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iincreased  iair-water  icontact  itime.  iIn  ithe  icooling  itower,  iwater  iis  ithen  isubjected  ito  

iincoming  iair,  iwhich  iis  ibeing  ientered  iin  ito  ithe  itower  iwith  ithe  ihelp  iof  ifans. 

Basic principle 

Cooling tower utilizes both  imass  iand  iheat  itransfer  ito  icool  idown  ithe  iwater. Cooling  

iof water  iis  idue  ito  ithe  ievaporation  iof  ia  ismall  iamount  iof water.  iHeat  itransfer  iprocess  

iincludes  ithe  ilatent  iheat  itransfer  ifrom  iwater  ito  iair  iand  ia  isensible  iheat  itransfer  ifor  ithe  

ievaporation  iof  iwater. 

About  i80%  iof  ithis  iheat  itransfer  iper  ikg  iof  iair  iflowing  iinside  ithe  icooling  itower  irelies  

iupon  ithe  itemperature  iand  idampness  isubstance  iof  iair.  iWet  ibulb  itemperature  iof  i  iiair  i  

iidemonstrates  ithe  iwater  icontent  iof  iair  iin  ishort  iwet  ibulb  itemperature  iof  iair  iis  ithe  

imost  iminimal  itemperature  ito  iwhich  ithe  iwater  ican  ibe  icooled.  iEssentially,  ithe  iwater  

itemperature  iapproaches  ithe  iwet  ibulb  itemperature,  ihowever  ipractically  iit  iwill  inot  

ireach  ithe  iwet  ibulb  itemperature  iof  iair  iin  ia  icooling  itower,  ias  iit  iis  idifficult  ito  icontact  

iall  ithe  iwater  iwith  ioutside  iair  ias  ithe  iwater  idrops  ithrough  ithe  iwetted  ifill  isurface  ito  

ithe  ibasin. 

Factors affecting the operation of  icooling  itower 

● Dry-bulb  iand  iwet-bulb  itemperature  iof  iair 

● Temperature  iof  ihot  iwater  ientering  ithe  itower 

● Contact  itime  ibetween  iair  iand  iwater 

● Uniformity  iof  idistribution  iof  ithe  iair  iand  iwater  iinside  ithe  itower 

● Air  ipressure  idrop 

● Required  itemperature  iof  icooled  iwater 

 

2.3 Types of Cooling Tower: 

Cooling  itowers  iare  imanufactured  iin  imany  itypes  ibased on the requirement, having 

various sizes and shapes. 

2.3.1 Atmospheric Cooling Towers: 

Atmospheric cooling tower doesn’t require any mechanical fan for the air to enter the 

tower, air flows into the tower naturally. Although these types of cooling tower are 
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very inexpensive, they are mostly used on a small scale, and can only be used in areas 

where wind flow is high. 

2.3.2 Hyperbolic Natural Draft: 

In  ihyperbolic  inatural  idraft  icooling  itowers  iair  iis  itransferred  idue  ito  ithe  idensity  

idifference  ibetween  ithe  ihot  iair  iinside  iand  ithe  icold  iair  ioutside. Hyperbolic natural 

draft is divided into the following types. 

2.3.3 Counterflow Natural Draft: 

Counter flow  itowers  iare  idesigned  iin  ia  iway  ithat  iair  iflows  iupward  ivertically,  iand  ithe  

iwater  ifalls  ifrom  itop  ito  ibottom,  ias  ithe  iname  isuggests,  iair  iand  iwater  iare  iflowing  iin  

iopposite  idirections  ito  ieach  iother.  iCounter  iflow  itowers  iuse  ipressurized  ispray  itype  

isystems  iwhich  isprays  iwater  ion  ithe  itop  iof  ithe  ifill. 

2.3.4 Cross Flow Natural Draft: 

In  icross  iflow  inatural  idraft,  ithe  iwater  iflows  ihorizontally  iwhile  iair  iflows  ivertically  iin  

ithe  ichamber.  iAir  idoesn’t  ipass  ithrough  ithe  idistribution  ichamber in cross flow towers.  

2.3.5 Mechanical Draft Cooling Towers: 

Mechanical  idraft  icooling  itowers  iconsist  iof  ieither  ia  isingle  ifan  ior  imultiple  ifans  iwhich 

are used to suck in the air  ithat  iis  irequired  ifor  ithe  iheat  iexchange.  iEfficiency  iof  

imechanical  idraft  icooling  itowers  iis  imuch  ihigher,  iand  imechanical  idraft  icooling  

itowers can be used anywhere. They are not affected by the outside atmosphere. 

Mechanical  idraft  icooling  itowers  iare  ifurther  idivided  iinto  itwo  itypes  ibased  ion  ithe  

iposition of the fan in the tower. 

2.3.6 Forced Draft: 

A  iforced  idraft  icooling  itower  ifan  iis  iplaced  iat  ithe  ibottom  iof  ithe  itower  ifrom  iwhere  iair  

ienters  ithe tower. 

Advantages:  

● A  ipart  iof  ithe  ivelocity  ihead  iof  iair  ithrown  iby  ithe  iblower  iis  iconverted  ito  

ipressure  ihead  ion  ientering  iinto  ithe  itower.  iIt  imakes  ienergy  iefficient  ithan  iinduced  

idrafts.  
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● As Fans are installed near the ground it leads to less vibrations in Cooling 

Tower. 

Disadvantages:  

● Air  iflow  ithrough  ipacking  imay  inot  ibe  iuniform. 

● Recirculation rate decreases if the wind velocity becomes high. 

 

2.3.7 Induced Draft: 

In  iinduced  idraft  icooling  itower  ifan  iis  iplaced  iat  ithe  itop  iof  ithe  icooling  itower  iwhere  iair  

iexists  ithe  itower,  iin  iinduced  idraft  icooling  itower  ipressure  idifference  iis  icreated  iwhich  

iresults  iin  ibetter  iperformance  ias  icompared  ito  iforced  idraft  icooling  itower. 

Advantages:  

● More  icontact  iof  idry  iair  iat  ithe  ibottom  iof  ithe  itower  iwith  ithe  icoldest  iwater. 

● As  imore  ihumid  iair  iis  iin  icontact  iwith  ithe  iwarm  iwater  iis  ileads  ito  imaximum  

iaverage  idriving  iforce  ifor  iboth  imass  iand  iheat  itransfer 

 

Disadvantages: 

● Power consumption is high. 

● Power consumption of cross flow induced tower is lower than counter current 

flow induced draft tower. 

2.4 Important Terms: 

Wet  iBulb  iTemperature:  iThe  itemperature  iof  ithe  ientering  iair  ithat  ienters  iinto  ithe  

icooling  itower  iis  imeasured  iby  ia  iwet  ibulb  ithermometer.  

Factors affecting the wet bulb temperature: 

● Dry  ibulb  itemperature  iof  iair 

● Humidity of air 

● Velocity  iof  iair 
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Dry  iBulb  itemperature:  iThe  itemperature  iof  ithe  ientering  iair  ithat  ienters  iinto  ithe  

icooling  itower  iis  imeasured  iby  idry  ibulb  ithermometer.  

Approach:  iThe  idifference  ibetween  ithe  iwet  ibulb  itemperature  iof the ambient air and 

the  iwater  ileaving  ithe  icooling  itower  iis  iknown  ias  ithe  itower’s  iapproach. The approach 

is a function of cooling tower capability to cool down the water. For example, a  ilarge  

icooling  itower  iwill  iproduce  ia  icloser  iapproach  ifor  ia  igiven  iheat  iload,  iflow rate and 

entering conditions of the air. 

Approach depends on tower design and the following factors affect approach: 

● Air  ito  iwater  icontact  itime 

● Amount  iof  ifill  isurface 

● Size  iof  iwater  idroplets 

Blowdown: Water that is  idischarged  ifrom  ithe  isystem  ito  icontrol  ithe  iconcentrations  

iof  iimpurities  iand  isalts  ifrom  ithe  isystem. The loss of water through blowdown is 

termed as Blowdown losses 

Drift losses: Lost water during the circulation when water droplets are being carried 

by the air stream into the atmosphere. 

Relative  iHumidity:  iRelative  iHumidity  iis  ithe  iratio  iof  iwater  ivapors  ipartial  ipressure  

ito  ithe  iequilibrium  ipressure  iof  iwater  iat  iany  itemperature.  iIt  idepends  iupon  ipressure  

iand  ithe  itemperature  iof  ithe  isystem.  iAt  ilow  itemperatures,  iit  irequires  iless  iwater  ivapor  

ito  iachieve  ihigh  ivalue  iof  irelative  ihumidity;  imore  iwater  ivapor  iis  irequired  ito  iachieve  

ihigh  irelative  ihumidity  iin  iwarm  ior  ihot air. 

Range: Difference  ibetween  ithe  ihot  iwater  itemperate  iand  ithe  icold-water  itemperature  

iis  icalled  irange 

               R=HW – CW  

2.5 The Psychrometric chart construction and its use  

Some thermodynamics properties of air like  idry-bulb  itemperature,  iwet-bulb  

itemperature,  irelative  ihumidity,  iabsolute  ihumidity,  idew  ipoint,  ienthalpy  iand  ispecific  
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ivolume  iare  iall  iinter-related.  iThe  ipsychrometric  ichart  ishows  ihow these 

interdependencies are related. It also helps to calculate them for example if value of 

any  itwo  iof  ithese  iproperties  iare  iknown  iother  i5  iproperties  ican  ibe  ieasily  iobtained  

ithrough  ia  ipsychrometric chart. 

 

 

 

 

 

 

 

 

 

 

 

2.6 Why is water used for Cooling? 

These factors make the water an excellent cooling medium: 

● Its cost and availability. 

● Easy handling 

● Amount of heat per unit volume carried by water is high 

● Insignificant compression and expansion with normal temperature ranges. 

● It does not decompose 

 

 

 

  

Figure 3 Psychrometric Chart 
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CHAPTER 3  

 PROCESS DESIGN METHODOLOGY  

Designing is an action meant at giving a complete explanation of a manufacturing 

system or part of a system. For successive engineering and utilization these 

explanations characterize an explicit specification of size, performance and other 

characteristics are important.  

3.1 Process Flow Diagram 

The process flow diagram for the  iproduction  iof  iChlorine  iDioxide  iis developed so that 

the  imaterial  iand  ienergy  ibalances  ion  ithe  iequipment  ican  ibe  iapplied. 

 

 

 

3.2 Material Balance and Energy Balance  

Figure 4 Process Flow Diagram 
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Material  iand  iEnergy  ibalance  iis  iapplied  ion  ievery  iequipment  iof  ithe  iwhole  iunit  ito 

calculate the flow rates and other parameters for every stream. Following are the 

assumptions we have taken for our material balance: 

1. Steady State System 

2. Basis 1h 

3. In= out  

3.2.1 Mixing Vessel (V-4001A): 

In this vessel Sulphuric acid is being diluted by addition of water up to 78%. 

By addition of water temperature of acid raised up to 110oC.  

 

H2SO4 In= 0.0214kgmol 

H2O In = 0.00547kgmol 

Mixer Outlet=0.0269kgmol 

H2SO4 78% 

H2O 22% 

3.2.2 Heat Exchanger (E-4001A):  

Temperature of Sulphuric acid is reduced by exchanging heat with cooling 

water. 

Figure 5 V-4001A 
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ΔH=ncpΔT 

n=0.0269kgmoles 

cp of H2SO4=131.32kJ/moles.ᵒC 

cp of H2O= 12.25kJ/moles.ᵒC 

ΔH=41.41KJ 

Mass of water =1.01kg/h 

3.2.3 Mixing Vessel (V-4001B): 

It is preferable to mix hydrogen peroxide with sodium chlorate because it has 

ability to deteriorate the reactor. So, in this vessel hydrogen peroxide is mixed 

with solid sodium chlorate. 

Figure 6 E-4001A 

Figure 7 V-4001B 
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NaClO3 in=0.04125 kgmol 

H2O2 FRESH= 0.021 kgmol 

H2O2 recycled= 0.0021 kgmol 

H2O2 total=0.023 kgmol 

Mixer Outlet= 0.06435 kgmol 

NaClO3=64% 

H2O2=36% 

3.2.4 Heat Exchanger (E-4001B): 

The temperature required for reaction is 95oC. So, mixture of hydrogen 

peroxide and sodium chlorate is heated with steam. 

 

ΔH = ncpΔT 

cp of NaClO3 = 104.6 kJ/moles.ᵒC 

cp of H2O2 = 36.619kJ/moles.ᵒC 

ΔH = 0.06435(80.126) (95-25) 

ΔH = 360.93kJ/h 

Mass of air required= 0.5kg/h 

Figure 8 V-4001B 
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3.2.5 Reactor: 

The reactor is continuous stirred tank reactor. Reaction conditions are temperature 

95oC and 0.92 bar pressure. Reaction conversion is 80% with respect to   isodium  

ichlorate.  iAnd  ihydrogen  iperoxide  iis  iadded  iin  i10% excess otherwise there are chances 

of mixing impure chlorine dioxide with chlorine. Its autocatalyzed reaction, the 

chloride ion produced are used to speed up the reaction. Chlorine Dioxide, oxygen 

and hydrogen peroxide are taken from the top. Water and sodium sulphate are 

removed from the bottom. 

 

Figure 9 R-4001 

Table 1 Material Balance on Reactor 
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In-Out= Accumulation 

Conversion w.r.t NaClO3=80% 

Energy Balance 

ΔH= ΔHreaction + ΔHproducts - ΔHreactants  

ΔHproducts= 1924.75 kJ/h  

ΔHreactants= 554.53 kJ/h 

ΔHreaction= -263.74 kJ/h  

ΔH= 1115.94 kJ/h   

 

3.2.6 Heat Exchanger (E-4001C): 

The top products of the reactor are cooled with blow-down from  icooling  itower.  iThe  

ipurpose  iof  iusing  iblow-down  iis  ito  isave  icost  iof  icooling  iwater. 

 

 

Figure 10 E-4001C 

cp ClO2 = 42  ikJ/kmol.oC  i  

cp  iO2  i=  i31.91  ikJ/kmol.oC 

Table 2 Energy Balance on 
Reactor 
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cp  iH2O2  i=  i36.619  ikJ/kmol.oC 

cp  iavg  i=  i36.94  ikJ/kmol.oC 

ΔH = ηcpΔT = (0.0561) (100) (31.94) = 207.23 kJ/h 

Q = ΔH = mcpΔT  

207.23= m (4.184) (10) 

Mass of Water = 4.95 kg/h 

 

3.2.7 Heat Exchanger (E-4002): 

Temperature of the mixture of hydrogen peroxide, oxygen and chlorine dioxide is 

further reduced in air cooler. The reason for reduction in temperature is to purify 

chlorine dioxide. 

 

 

cp average = 36.94 kJ/mol.oC 

ΔT = 111oC 

Q = ncpΔT 

Q = 230.02 kJ/h 

ΔH = mcpΔT 

Figure 11 E-4002 
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Mass of Air Required = 15.33 kg/h 

3.2.8 Separating Vessel (V-4002A): 

In this separator chlorine dioxide and oxygen is separated from hydrogen peroxide 

on the basis of density difference. 

  

Feed = 0.0681 kgmol/h 

Tops = 0.066 kgmol/h 

Bottoms = 0.0021 kgmol/h  

Recovery 99% 

3.2.9 Heat Exchanger(E-4001D): 

Temperature is reduced by exchanging heat with cooling water from 100oC to 10 oC. 

Q=ΔH = ηcpΔT 

Figure 12 V-4002A 

Figure 13 E-4001D 
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cp avg = (0.6) (41.97) + 0.4(29.82) = 37.11 kJ/kmol.oC 

Q= 0.054(37.11) (90) 

Q = 180.3546 kJ/h 

ΔH= mcpΔT 

Mass of water = 4.31 kg/h 

3.2.10 Separating Vessel (V-4002B): 

The cold mixture is separated in this tank based on density mixture. Oxygen   iis  

iremoved  ifrom  ithe  itop  iin  igaseous  iform  iand  ichlorine  idioxide  iis  itaken  ifrom  ithe  ibottom  

iand  istored in a storage tank. 

 

Feed = 0.054 kgmol/h 

Top = 0.021 kgmol/h 

Bottom = 0.033 kgmol/h 

Recovery 99% 

 

3.2.11 Pump(P-4001): 

Figure 14 V-4002B 
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Pump is required for the dosing of liquid chlorine dioxide. It is a positive 

displacement pump.  

Ws(isentropic) = (ΔH)s  

η=75% 

H1= 104 kJ/kgmol  

H2= 107 kJ/kgmol 

H2-H1= 3kJ/kgmol 

Ws= H2-H1= 3kJ/kgmol x 0.033 = 0.099 kJ/h  

Ws(actual)= 0.099/0.75 = 0.132 kJ/h  

Power= 0.036W 

 

Table 3 Overall Material Balance 

 

Figure 15 P-4001 
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Table 4 Overall Energy Balance 

3.2.12 Cooling Tower: 

Material Balance: 

The  imaterial  ibalance  iaround  icooling  itower  ihelps  iin computing the evaporation 

losses, blowdown losses and drift losses. The addition of these losses gives the 

makeup water required. 

Flow rate of water = 22500 m3/h 

Since we are considering no leakage therefore  

Make up Water = Evaporation + Blowdown + Drift  

The evaporation losses are calculated from following formula  

Evaporation losses = 0.00085 ∗ R ∗ 1.8 ∗ inlet flow  

R = Range=10ᵒC  

Evaporation losses = 180 m3/h  

The calculation of blow down losses depend on the solids balance present in water 

therefore  

Blowdown losses = Evaporation losses/(COC − 1)  

The  iCOC  iis  icycle  iof  iconcentration  iand  iit  iis  icalculated  iwith  ithe  ihelp  iof  ichloride  ibalance  

ion  ientrance  iand  iexit  iof  iwater  ifrom  icooling tower. 

COC = 4 
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Blowdown losses = 60m3/h 

Drift losses is usually 0.0005% of the total flow of water from cooling tower  

Drift losses = 0.0005% ∗ inlet flow  

Drift losses = 0.1125m3 /h  

Therefore, after every hour the amount of makeup water is fed: 

Makeup = 240.11m3/h 

Energy Balance: 

The energy balance around cooling tower is complex because of simultaneously heat 

and mass transfer and due to this some assumption are made before applying energy 

balance. 

• The  irate  iof  ivaporization  iof  iwater  iis  iless  ithan  ithe  irate  iof  iwater  iinput  ito  ithe  itower  ii.e.  

i1%  iof  ithe  itotal  iinput  iflow  irate. 

• Adiabatic  iand  ievaporative  icooling  iof  iwater  ioccur  iin  itower. 

 Figure 16 Enthalpy balance diagram of cooling tower 
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Let  iL  iis  ithe  iwater  iflow  irate  iand  iGs  iis  ithe  iair  iflow  irate  iboth  iin  im3/hr.  iAcross  ithe  

idifferential  ithickness  idZ  ithe  itemperature  iof  iwater  iis  idecreases  iby  idTl  iand  ienthalpy  

iof  iair  iis  iincreased  iby  idH`. 

Hence the change in enthalpy of water is  

L ∗ Cwl ∗ dTl 

And change in enthalpy of air is  

Gs ∗ dH` 

Number of transfer unit is  

NtG = ∫ dH`/(Hi` − H`) 

H2`

H1`

 

  Height of transfer unit is  

HtG =
Gs

(kγ ∗ a)
 

Hence  ithe  iheight  iof  icooling  itower  ipacking  isection  iis  ithe  iproduct  iof  inumber  iof  

itransfer  iunit  iand  iheight  iof  itransfer  iunit. 

` =  L ∗ Cwl ∗ dTl 

∫ dTl/(Hi` − H`) 

Tlo

Tli

= kγ`
a

L ∗ Cwl
∗ Z 

This equation is called Markel Equation. 

Thermodynamic Properties of Air: 

The  ithermodynamic  iproperties  iof  iair  iare  ifound  iby  ithe  iassistance  iof  ipsychometric  

igraph.  iPsychometric diagram is a graphical portrayal  iof  iproperty  iof  iair  iwhich  

iincorporates  iphysical  iand  ithermodynamic  iproperties,  ifor  iexample,  idry  ibulb  

itemperature,  iwet  ibulb  itemperature,  ihumidity,  ienthalpy  iand  idensity  iof air. 
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Energy balance calculations  

Merkel  iequation  iis  iused  ito  icalculate  ithe  itower  icharacteristic  

  

∫ dTl/(Hi` − H`) 

Tlo

Tli

= kγ`
a

L ∗ Cwl
∗ Z 

The tower characteristic is normally determined used the Chebyshev rule 

kaV/L = ((Ti − To)/4) ∗ (1/∆ h1) + (1/∆ h2) + (1/∆ h3) + (1/∆ h4)) 

 ∆h1 = value  iof  ihw − ha  i  iat  i(T2 + 0.1(T2 − T1)) 

Figure 17 Psychrometric Chart 
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∆h2 = value  iof  ihw − ha  i  iat  i(T2 + 0.4(T2 − T1)) 

∆h3 = value  iof  ihw − ha  i  iat  i(T1 − 0.4(T2 − T1)) 

∆h4 = value  iof  ihw − ha  i  iat  i(T1 − 0.1(T2 − T1)) 

Ti = 41OC 

To = 31OC 

∆h1 

T = 32 OC 

hw = 135.02 kJ/kg  

ha = 104 kJ/kg  

 ∆h1=31.02 kj/kg  

∆h2 

T = 35 OC  

hw = 150.82 kJ/kg  

ha = 113 kJ/kg  

∆h2 =37.82 kj/kg  

∆h3 

T = 37 OC 

hw = 160.36 kJ/kg  

ha = 115 kJ/kg  

∆h3=45.37 kJ/kg  

∆h4 

T = 40 OC  
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hw = 164.36 kJ/kg  

ha = 118 kJ/kg  

∆h4=46.37 kJ/kg  

kVa

L
= 0.256 

Height of transfer unit = 5.48m  

Height of packing = 2.01m 

Range  iof  icooling  itower  iis  ithe  idifference  ibetween  ihot  iwater  itemperature  iand  icold-

water  itemperature  iof  icooling  itower. 

Hot  iwater  itemperature  i=  i41  i
oC 

Cold  iwater  itemperature  i=  i31 oC 

Range  iof  icooling  itower = 10 oC  

The  iapproach  iof  icooling  itower  iis  ithe  idifference  ibetween  icold  iwater  itemperature  

iand  iwet  ibulb  itemperature  iof  iair  

Wet bulb temperature = 27 oC  

Approach = 4 oC  

The  iheat  ilost  iby  iwater  iis  iequal  ito  ithe  iheat  igain  iby  iair  i 

Heat  ilost  iby water = m ∗ cp ∗ ∆T 

 m = 2.25*107
  ikg/h 

cp  iwater  i=  i4.18  ikJ/kg 

Delta T = 10oC  

Heat lost = 9.414*108 kJ/h  

This amount of heat is absorbed by air and from there  iwe  ican  icalculate  ithe  imass  iof  

iair  irequired  
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Inlet  iwet  ibulb  itemperature  iof  iair  i= 27oC 

Enthalpy  iof  iair  iat  iinlet  itemperature  i= 72.11  ikJ/kg  

Outlet wet bulb  itemperature  iof  iair = 31 oC 

Enthalpy  iof  iair  iat  ioutlet  itemperature  i= 118.62 kJ/kg  

Specific volume  iof  iair  iat  iinlet  itemperature  i= 0.845 m3/kg 

Mass of air required = 2.35*108 kg/h 
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CHAPTER 4 

 DESIGN CALCULATIONS 

4.1 Reactor Design (CSTR): 

       A reactor is device in which a chemical reaction takes place along with heat and 

mass transfer. Almost every chemical process involves reactor. Designing of 

reactor helps to find out the economics of overall process. Basically, its vessel 

that is specially designed according to reaction conditions. Vessels are of two 

types: 

1. Tank type 

2. Pipe type 

4.1.1 Types of Reactors: 

There  iare  ithree  imain  itypes  iof  ireactor 

1. Batch  iReactor 

2. Continuous  iStirred Tank  iReactor 

3. Plug  iFlow  iReactor 

 

Figure 18 Description of a Chemcial Process 

Batch Reactor: 

Batch reactor is used for small scale operations in which product is removed after a 

certain time. It is usually used in a steady state process where large amount of 

product is required. It requires equipment for support. It provides good quality 

control of product. It is widely used in oil industry. 
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Figure 19 Diagram of a batch reactor 

 

Continuous Stirred Tank Reactor (CSTR): 

One  ior  imore  ireactant  iis  iintroduced  iin  ithe  itank  iand  imixture  iis well mixed with agitator to 

disperse the reagent thoroughly into reaction mixture just after entering in reactor. 

Concentration is constant throughout the reactor and product is removed continuously. 

Key features of CSTR: 

• It has a tank that is equipped with impeller and cooling jackets. 

• More than one reactant can be introduced in this reactor.  

• Mass flow rate is same at entrance and exit because it is steady state reactor.  

• The assumption of all calculations is perfect mixing means no concentration gradient.  

• The reaction continues with final concentration in rate equation. 

• It can be operating in series and parallel from economical point of view. 

• When CSTR are connected in series their efficiency is equal to PFR. 

Space time =𝜏 =
𝑉

𝑣0
 

 

𝜏 =  ispace  itime 

V  i=  ivolume  iof  ireactor 
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Vo = Volumetric  iflow  irate 

 

Figure 20 Diagram of a CSTR 

 

PFR (Plug Flow Reactors): 

 

In plug flow reactor reactants pass through pipe and the   iconcentration  iof  iproduct  

iincreases  igradually  ias  ithe  ireaction  iproceeds.  iThere  iis  ino homogenous mixing in 

this reactor. It has efficiency higher than CSTR. Best suit for gaseous reactions. 

Key features: 

• Steady-state operation 

• In axial direction there lies spatial changes but not in radial direction 

• Best suit for fast reaction 

• difficult to control temperature 

• no moving parts 

 

 

Figure 21 Diagram of a PFR 

file:///C:/Users/uroob/Desktop/fyp/Thesis/topic/pipe-svg
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4.1.2 Reason of Choosing CSTR: 

We have selected CSTR because homogenous mixing was required throughout the reaction. 

It also provides good heat and mass transfer. For mixing of liquid reactant this reactor was 

suitable. 

Approach to reactor selection: 

1. Identification of number of phases means homogenous or heterogenous phase. 

2. To find out the stoichiometry of reaction, number of reactions taking place and energy 

requirement 

3. To study the mechanism of reaction in detail 

4. Decision of selection of reactor. For this kinetics, data for scale up and commercial 

design is required. 

4.1.3 Reactor Design : 

▪ Rate equation tells how homogenous reaction proceeds. It is an intensive measure and 

explains how fast a component disappear or generate in a given reaction as a function 

of reaction condition. For example, in some reactions rate equation is function of 

volume. 

▪ The purpose of reactor design is to find out size and type of reactor. How reaction 

condition changes with respect to space and time  ican  ionly  ibe  ifind  iout  iby  iproper  

iintegration  iof  irate  iequation  

Following are the steps of reactor design: 

1. Collection of kinetics and thermodynamic of the reaction 

2. Collection of physical properties for designing 

3. Study  iof  ipredominant  irate  imechanism 

4. Selection  iof  iwell-suited  ireactor 

5. To  iachieve  idesired  iyield, selection of reactor conditions 

6. Size of reactor 

7. Then select material of construction 
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8. Final design specification of reactor 

 

 

 

 

 

 

Table 5 Parameters for the Reactor 

  

Volumetric flow rate = Vo = V1 + V2 = 0.001892 m3/h 

Molar Flow rate= Fo= Initial concentration 

CAO(H2SO4) = F H2SO4 / V H2SO4  

CBO (H2O2 + NaClO3) = (F1 + F2) / Vo 

CAO =18.75 Kgmol/m3 

CBO= 28.54 Kgmol/m3 

-rA= kCA CB0.5 

Conversion = XA = 80 % 

Order  iof  ireaction  i=  in  i=  i1.5 

Rate  iConstant  i=  ik  i=  i2.27  im3/  ikgmol sec 

-rA= k CA (1- XA) (M- XA)0.5 

Where M= CBO / CAO 

-rA= 7.23 Kgmol/m3.hr 

Space time=𝜏 =
𝐶𝐴0𝑥𝐴

−𝛾𝐴
 

= 2.07 h 

Volumetric flow rate of reaction mixture = Vo + V H2SO4  

 = 0.01892+0.0112 

 = 0.03012 m3/h 

Volume of the reactor = V 

 M Mol. wt Fₒ ρ V 

Stream 1 kg/hr Kg/Kgmol Kgmol/h Kg/m3 m3/h 
H2O2 0.714 34.01 0.021 1450 4.92*10-4 

NaClO3 3.52 106.44 0.021 2500 0.0014 

Total 4.234     

Stream 2 kg/hr Kg/Kgmol Kgmol/h Kg/m3 m3/h 

H2SO4 2.058 98 0.033 1830 0.00112 
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Space time=  V/Vo 

 V= 2.07*0.03012 

 =0.06m3 

By  igiving  i20%  iallowance 

 

Volume  iof  ithe reactor =  iV = 0.06+0.012= 0.072 m3 

Volume  iof  ithe  ireactor  i= 0.072 m3 

Dimensions  iof  iReactor: 

Height  ito  idiameter  iratio  iof  ithe  icylindrical  ireactor  iis  i1  ito  i2. 

H/D = 1-2 

We  iselected  iheight  ito  idiameter  iratio  iis  i1.6 

Volume=V=
𝜋

4
𝐷2𝐻 

H=1.6D 

Volume=V=
𝜋

4
𝐷2(1.6𝐷) 

Diameter = D = 0.38 m 

So, 

Height = H = 0.62 m 

 

4.1.4 The Vessel: 

A  idished  ibottom  irequires  iless  ipower  ithan  ia  iflat  ione. 

Selection  icriteria  iof  iimpeller 

The  iimpeller  iselected  iis  ipitched  iblade  iturbine,  i45  idegree  ibecause 

● The  iweighted  iof  ithe  ireaction  imixture  iis  icalculated  ito  ibe  iup  ito  i12.391cP  iwhich  

ilies  iin  ithe  irange  iof  iimpeller 

● Efficient  iturbulence  iflow  iimpeller  ifor  iblending  iimmiscible  iliquids 

● Especially  ieffective  ifor  iheat  iexchange  iwith  ivessel  iwalls  iand  iinternal  icoils 

● It  ican  ioperate  iat  ireasonable  ispeed 

● Low  icost 

● Wide  iapplication  irange 
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Design  iof  iImpeller: 

 

Da/Dt  i=  i1/3  i                                               Da  i= 0.2 m 

H/Dt  i=  i1  i  i                                                     H =  i0.62m 

J/Dt  i=  i1/12                                                     J = 0.052m 

E/Dt  i=  i1/3  i                                                  E = 0.2m 

W/Da  i=  i1/5                                                 W = 0.04m                        

L/Da  i=  i1/4                                                   L = 0.05m 

                       

 

Da  i=  idiameter  iof  iimpeller 

Dt  i=  itank  idiameter 

H  i=  iDepth  iof  iliquid  iin  itank 

J  i=  iwidth  iof  iBaffles 

E  i=  iHeight  iof  iimpeller  iabove  ivessel  ifloor 

W  i=  iimpeller  iwidth 

L  i=  ilength of impeller blade 

 

4.1.5 Baffles: 

One radial baffle is required. 

Impeller Reynolds Number 

Re = (Da2Nr ρ)/µ 

Where: 

Nr = 75 rpm = 1.25 

ρ = 1371.716 kg/m3 

µ = 12.391 * 10-3 Pa. sec 

4.1.6 Material selection: 

For reactor 

Carbon steel type 310 
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Its  icomposition  iis 

 

 

 

Table 6 Composition of Reactor Material 

 

● High  istrength  iand  iresistant  ito  iscaling  iat  ihigh  itemperatures. 

● This  iallow  ishow  iincreased  iresistance  ito  ihigh  itemperature  icorrosion 

● Jacketed  ihigh-temperature,  ihigh  ipressure  ireactors,  ioil  irefining. 

For  iblades 

Carbon  isteel  itype  i-  i410 

Its  icomposition  iis 

 

Table 7 Composition of Impeller Blades 

● Lowest  icost  igeneral  ipurpose  istainless  isteel. 

● Wide  iuse  iwhere  icorrosion  iis  inot severe. 

● Bubble  itower  iparts  ifor  ipetroleum  irefining,  ipump  irods  iand  ivalves,  imachines  

iparts,  iturbine  iblades. 

For baffles: 

Carbon steel type 405 

Table 8 Composition of Reactor Baffles 

 

● Version  iof  itype  i410  iwith  ilimited  ihardenability  ibut  iimproves  iweldability. 

● Good  iweld  iability  iand  icladding  iproperties. 

● Tower  ilining,  ibaffles,  iseparator  itowers,  iheat  iexchangers tubing. 

Cr 24 – 26% 

Ni 19 –     22% 

C 0.25% 

Cr 11.50-13.50 % 

C 0.15% 

Cr 11.50-14.5 % 

C 0.08% 

Al 0.1-0.3% 
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Baffle  ispacing: 

It  iis  icalculated  ifrom  ithe  ifollowing  iformula 

Baffle  ispacing  i=Di /4 

Baffle spacing = 3.1415 * 0.38 /4 

Baffle spacing = 0.29 m 

Width  iof  ibaffle  i=  iDi/12 

Width  iof  ibaffle  i=  i0.38/12 

Width  iof  ibaffle  i=  i0.03 m 

Distance  ifrom  ibottom  i=  iDi /2 

Distance from bottom = 0.38 /2 

Distance from bottom = 0.19m 
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4.2 Mixing Vessel Design 

4.2.1 Volume Calculation 

By using the mentioned below we can calculate volume of tank 

v = τ*R x Q/0.8 

flow rate= Q=0.00129 m3 

time of residence = τ*R = 1h  

v = 0.00161 m3 

Now we have: 

V = 3 /4 x D2L…………………. (1) 

Where V is 0.00129m3. 

   L=height or length   D= internal diameter  

Assume 

 L/D=3 put this into equation (1) 

V=π/4*D2(3*D) 

D=0.0881m  

L=3(0.0881) 

L = 0.26 m 

Pressure in gauge = 1-1=0 

Pressure in the tank =1 atm 

Design  ipressure = Pi = 0+10%  i= 0.1 

N/m2
  i=  i0.01  iN/mm2 

Design  itemperature  i=  i110  i°C 

Material  iof  iconstruction=  istainless  isteel  i18cr/8Ni 

At  ithis  itemperature  ithe  idesign  istress  icomes  iout  ito  ibe  i  i= f =160 (from table 13.2) 

Joint  ifactor  i=  i1 

tank  idiameter  iDi  i=  i0.0881  im 

Thickness  ifor  icylindrical  ishell  i‘e’ 

e= Pi *Di/2 J f-Pi 

e=0.00000275 mm 

Corrosion allowance = 2mm 
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e=2.00000275 mm 

Head  isection  ithickness 

Large-  iand  ilow-axis  iratio  iof  i2:1  iproduces  imost  istandard  iellipsoidal  iheads.  iTo  

icalculate  ithe  iminimum  ithickness  irequired,  ithe  ifollowing  iequation  imay  ibe  iused  ifor  

ithis  iratio:  

e= Pi*Di/2 J f-Pi 

e = 0.01(0.0881) / 2(1) (160) −0.2(0.01) 

e=0.00000275 m 

Choice of closure: 

𝑒 =
𝑃𝑖𝑅𝐶𝐶𝑠

2𝑓𝑗 + 𝑃𝑖(𝐶𝑠 − 0.2)
 

internal pressure is between 0-15 bar so we will use tori spherical heads

where  iCs  i=  istress  iconcentration  ifactor  ifor  itori  ispherical  ihead 

𝐶𝑠 =
1

4
× 13 +

√𝑅𝐶

√𝑅𝑘

 

RK  i=  iknuckle  iradius 

RC  i=crown  iradius 

(To  iprevent  ibuckling,  ithe  irelation  ibetween  ithe  iknuckle  iand  ithe  icrown  ishall  inot  ibe  

ibelow  i0.06;  iand  ithe  iradius  iof  ithe  icrown  ishall  inot  ibe  igreater  ias  ithe  idiameter  iof  ithe  

icylindrical  iportion.  iThe  ijoint  ifactor  iJ  iis  itaken  ias  i1.0  ifor  ithe  ishaped  iheads  i(no  ijoints  

iin  ithe  ihead)). 

Rc  i=Rk  i(0.06)  iequal  ito  idiameter  iof  ivessel 

RC=  i(0.0881)  i(0.06)  i=0.005286 

Cs=0.8075 

We  iwill  inow  iput  ivalues  iin  ithe  imain  iequation 

e = 0.01*(0.005286)*(0.8075) ⁄ (2*(160)*(1) + 0.01*(0.005286 − 0.2)) 

e =1.33e-7 

corrosion allowance will be added =2 mm 

e = 2.00000013 mm 
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4.2.2 Impeller Design 

 

Figure 18 Flow Patterns for Impeller Types 

 

Type: pitched-blade turbine impeller 

This is used for both radial and axial blending if the fluid is low-viscous. 

Standard impeller properties 

Dt = tank diameter =0.0881 m 

Da = impeller diameter 

Impeller diameter 

Da / Dt = 1/3 

Da =0.0881/3 

Da = 0.0293 m 

Liquid Depth 

H/Dt= 1 

H=0.0881m 

Impeller blade Width
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w/Da=1/5 

W = 0.0293/5 = 0.00586 m 

Length of impeller 

L/Da=1/4 

L=0.0293/4 = 0.0073m 

Clearance 

E/Dt=1/3 

0.0881/3 = 0.0294m 

 

Table 9 Mixing Vessel Design Description 

 

 

4.3 Design of Heat Exchanger (E4001A):  

4.3.1 Definition: 

Parameter Value Units 

Height 0.26  m 

Internal 

diameter 0.0881  m 

Volume 0.00161  m3 

Total pressure 0.9 Bar 

Wall Thickness 1 mm 

Operating 

temperature 110  °C 

Impeller Type 

Pitch Blade 

Turbine Dimensionless 

Closure Torri Spherical Dimensionless 
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A  iheat  iexchanger  iis  ia  iheat  itransfer  idevice  ithat  iis  iused  ifor  itransfer  iof  iinternal  ithermal  

ienergy  ibetween  itwo  ior  imore  ifluids  iavailable  iat  idifferent  itemperatures. 

In  imost  iexchangers  ithe  ifluids  iare  iseparated  iby  iheat  itransfer  isurface  iand  iideally,  ithey  

idon’t  imix.  iThe  iword  iexchanger  ireally  iapplies  ito  iall  itypes  iof  iequipment  iin  iwhich  iheat  

iis  iexchange  ibut  iis  ioften  iused  ispecifically  ito  idenote  iequipment  iin  iwhich  iheat  iis  

iexchanged  ibetween  itwo  iprocess  ifluids  isuch  ias; 

Heaters & coolers: 

Exchangers  iin  iwhich  iprocess  ifluid  iis  iheated  ior  icooled  iby  ia  iplant  iservice  istream  iare  

icalled  iheaters  ior  icoolers. 

Vaporizer: 

If  ithe  iprocess  istream  iis  ivaporized  ithe  iexchanger  iis  itermed  ias  ivaporizer. 

Reboiler: 

If  ithe  istream  iis  iessentially  icompletely  ivaporized,  ithen  ithe  iexchanger  iis  iReboiler.  iIt  iis  

iassociated  iwith  ithe  idistillation  icolumn. 

Evaporator: 

For the purpose of concentration of solution, the exchanger is called an evaporator. 

Fixed exchanger: 

It  iis  iused  ifor  iexchangers  iheated  iby  icombustion  igases,  isuch  ias  iboilers. 

Chiller: 

One  istream  iis  ia  iprocess  ifluid  ibeing  icondensed  iat  isub  iatmospheric  itemperature  iand  

ithe  iother  iboiling  irefrigerant  ior  iprocess  istream. 

4.3.2  iApplication: 

Heat  iexchangers  iare  iused  iin  ithe  iprocess,  ipower,  ipetroleum,  itransportation,  iair  

iconditioning,  irefrigeration,  icryogenic,  iheat  irecovery,  ialternate  ifuels  iand  iother  

iindustries. 
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4.3.3  iClassification  iof  iheat  iexchangers: 

In  igeneral,  iindustries  iheat  iexchanger  iclassified  iaccording  ito  ithem 

● Construction 

● Process  itransfer 

● Degree  iof  isurface  icompactness 

● Flow  iarrangement 

● Pass  iarrangement 

● Phase  iof  iprocess  ifluid 

● Heat  itransfer  imechanism 

● Flow  iarrangement 

 

Classification  iin  iaccordance  iwith  iconstruction: 

In  iaccordance  iwith  iconstruction  iheat  iexchangers  iare: 

● Plate  iheat  iexchanger  i(gas  ikited,  ispiral,  iplate  icoil) 

● Tubular  iheat  iexchanger  i(double  ipipe,  ishell  iand  itube,  icoiled  itube) 

● Extended  isurface  iexchangers  i(tube  ifin,  iplate  ifin) 

● Regenerator 

Classification  iaccording  ito  itransfer  iprocess: 

● Direct  icontact  i(cooling  itowers) 

● Indirect  icontact  i(double  ipipe,  ishell  iand  itube,  icoiled  itube) 

Classifying  iin  iaccordance  iwith  isurface  icompactness: 

A  icompact  iheat  iexchanger  ihas  ia  ihigh-density  isurface  ithat  iis  ithe  iratio  iof  iheat  itransfer  

iarea  i(A)  ito  iits  ivolume  i(V).  iThe  iheat  itransfer  ivolume  iis  ithe  isame.  iIt's  iabout  i700m2
  i/  

isquare meter. They also have higher thermal efficiency (95% vs. 60% to 80% for 

STHE), which makes them useful especially for energy-intensive industries. 
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Classifying in accordance with flow arrangement: 

The basic flow arrangements in heat exchanger are: 

● Parallel flow 

● Cross flow 

● Counterflow  

Depends on the required efficiency of the heat exchanger, fluid flow pathways and the 

packaging envelope, the permissible thermal stress, the temperature, etc. All these 

factors decide the type of flow arrangement. 

Parallel flow heat exchangers: 

In parallel flow heat exchangers, two fluids enter the exchanger at the same end, and 

travel in parallel to one another to other side. 

Counter flow heat exchangers: 

In counter flow heat exchangers, which are often more efficient, the fluids enter the 

exchanger from opposite ends. Countercurrent exchange is a mechanism used to 

transfer some component of fluid from one flowing current of fluid to another across 

a permeable barrier between them. It is extensively used in biological systems for a 

wide variety of purposes. 

Cross flow heat exchanger: 

In a crossflow heat exchanger, the fluids travel perpendicular to one another. 

Classifying in accordance with pass arrangement: 

A fluid is thought to have passed if it flows once in its entire length through a section 

of the heat exchanger. Whether a single pass or multi pass is given, the fluid is 

reversed in a multi pass system and flows two or more times over the flow volume. 

Compact shell and tube and plate exchangers are necessary for multi-pass 

arrangements. 

Classifying in accordance with phase of fluid: 

Classification is based on the fluid phase of gas + gas, liquid + fluid, gas + liquid, etc. 
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Classification according to heat transfer mechanism: 

The basic heat transfer mechanism employed for heat transfer from one fluid to 

another is: 

● Single phase convection, forced or free 

● Two phase convection (condensation or evaporation) 

● Combined convection or radiation 

4.3.4 Types of heat exchangers 

The principal types of heat exchangers used in chemical process and allied industries 

are as follows: 

● Double pipe heat exchangers 

● Shell & tube heat exchangers 

● Plate & frame heat exchangers 

● Plate fin exchangers 

● Spiral heat exchangers 

● Air cooled: coolers & condensers 

● Direct contact: cooling & quenching 

● Agitated vessels 

● Fired heaters 

 

4.3.5 Selection criteria of heat exchangers 

● Cost: want to have the least expensive exchanger 

● Efficiency: want a most efficient, minimally energy-loss transmission exchanger 

and minimum fluid pressure drop 

● Space: Want to have a small exchanger 

● Material: want a material-compatible exchanger that doesn't take much to build 

with process streams 

● Sustainability: you want an exchanger that is easy to clean  
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● Easy to construct 

● Thermal and hydraulic requirements 

● Environmental, health and safety consideration and regulations 

 

4.3.6 Double pipe heat exchangers 

Main Parts: 

● Two concentric pipes 

● Two connector tees (these tees are fitted with dots or squeezed connections that 

allow annulus fluid entry and exit that crosses through the head back from leg to 

leg). 

● The head back (the annulus fluid crosses the head through the head back from one 

leg to the other leg. 

● Return Bend: the two internal tube lengths are connected by a return bend that is 

usually exposed and does not efficiently transfer heat. 

● Glands: the inner tube is supported by packing glands in the outer tube. 

Hair pin: 

When two legs of a double pipe exchanger are arranged in U shape, the unit is a hair 

pin. 

Two sets of concentric pipes are the key pieces, two linking teas and a head back and 

back turn. The inner tube is supported by packaging glands within the other tube and 

the fluid is pushed into the inner tube via a threaded connection situated outside the 

exchanger section. The tees are fastened to allow the entrance and exit of the annulus 

fluid from a leg to another through the rear head. The two inner pipe lengths are 

connected by a return curve, usually exposed and not providing an efficient surface 

heat transfer. 

Scope & limitation of Double Pipe heat exchanger: 

Simplest type has one tube inside another, inner tube may have longitudinal fins on 

outside 
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Normal size is 100 to 200 ft2 

Multiple units are often used 

Built of carbon steel where possible 

 

 

 

Table 9 Merits and Demerits of Double Pipe HEX 

 

Fluid allocation: 

Locate the fluid on tube side if fluid is 

● More corrosive 

● Less viscous 

● More fouling 

● Hotter 

● Higher pressure 

● High flow rate 

 

 

Advantages Disadvantages 

  

Easy to obtain counter current flow Become expensive for large duty 

  

Can handle high pressure Suitable only for small capacity 

   

 Modular Construction 

Small amount of heat transfer 

contained in single hairpin 

   

  

Easy to maintain and repair  
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4.3.7 Steps for designing heat Exchanger 

Hot fluid temperature at inlet = T1= 110 oC=230oF 

Hot fluid temperature at Outlet = T2= 95 oC=203 oF 

Cold fluid temperature at inlet = t1= 31 oC=88 oF 

Cold fluid temperature at outlet = t2= 41 oC=106 oF 

 

Function: 

To cool Sulphuric acid by using water as a Cooling medium. 

 

Fluid allocation: 

Inner pipe Cold fluid Water 

   

Outer pipe 

(Annulus) Hot fluid H2SO4 

   

 

Material of construction: stainless Steel 

Selection of diameters of inner and out pipe: 

Inner pipe diameter = ¼ in  

Outer pipe diameter = 1 in  

Design Steps: 

1. Heat Balance: 

Mass flow rate of water=? 

Mass flow rate of Sulphuric acid=5.82lb/h 
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Heat capacity of Sulphuric acid=0.32Btu/lb. oF 

Average temperature of water=tavg=97 oF 

Average temperature of Sulphuric acid=216.5 oF 

Q = WCp (T1-T2) (for hot fluid) 

Q=5.82*0.32(230-203) 

=39.24Btu/h 

Q=wcp (t2-t1) (for cold fluid) 

39.24=w*0.162(106-88) 

w=2.226lb/h 

2. Log Mean Temperature Difference: 

Hot fluid  Cold fluid   

230 Higher 

temperature 

106 124 ∆t2 

 

203 Lower 

temperature 

88 115 ∆t1 

 

                                                                                                                                           ∆t2-∆t1 

LMTD= 
𝛥𝑡2−𝛥𝑡1

2.3𝑙𝑜𝑔𝑙𝑜𝑔 
𝛥𝑡2
𝛥𝑡1

 
 

LMTD= 119.57 oF 

3. Caloric Temperature: 

      Caloric temperature in this case is same as average temperature. 

Tc=216.5 oF 

 tc=97 oF 
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4. Physical properties at Tc and tc 

 

 

 

 

 

 

 

 

 

 

 

Table 10 Physical Properties 

 

 

Hot Fluid Annulus(H2SO4) Cold Fluid Inner Pipe (Water) 

5. Flow Area  

D2=1.049/12=0.087ft 

D1=0.54/12=0.045ft 

D=0.364/12=0.03ft 

𝑎0 =
𝜋

4
(𝐷2

2 − 𝐷1
2)   

=4.35*10-3ft2 

𝑎𝑝 = 𝜋
𝐷2

4
 

= 7.065*10-4ft2 

Equivalent diameter=𝐷𝑒 = (𝐷2
2 − 𝐷1

2) ∕

𝐷1 

=0.1232ft 

 

6. Mass velocity  

For Inner Pipe For Annulus 

A

t tc = 97 oF 

A

t 

T

c =216 oF 

 

µ

= 1.694 lb/ft h  

µ 

= 3.63 lb/ft h 

      

K = 0.356 Btu / (h) (ft2) (oF/ft) K = 0.23 Btu / (h) (ft2) (oF/ft) 

    

 CP= 0.162 Btu /lb oF 

C

P = 0.32 Btu /lb oF 

      



52 

 

𝐺𝑎 =
𝑊

𝑎0
 

=1337.93 lb/ (h)(ft2)                                              

𝐺𝑃 =
𝑤

𝑎𝑃
 

=3151.18 lb/ (h)(ft2) 

7. Reynold Number:  

𝑎 =
𝐷𝑒𝐺𝑎

𝑢
 

=45.33 

𝑝 =
𝐷𝐺𝑝

𝑢
 

=61.33 

8. Heat Transfer Factor (from 

fig): 

𝑗𝐻 = 2.3 

(
𝑐𝑢

𝑘
)

1/3

=12.74 

 

𝑗𝐻 = 3.4 

(
𝑐𝑢

𝑘
)

1/3

= 3.87 

9. Heat transfer coefficient: 

ℎ0 = 𝑗𝐻

𝑘

𝐷𝑒
(

𝐶𝑢

𝑘
)

1
3

(
𝑢

𝜇𝑤
)

0⋅14

 

=2.3(0.0248/0.1232) (4.386) 

  =2.03Btu/h.ft2. oF 

 

ℎ𝑖 = 𝑗𝐻

𝑘

𝐷
(

𝐶𝑢

𝑘
)

1
3

(
𝑢

𝜇𝑤
)

0⋅14

 

=3.4(0.356/0.115) (3.87) 

=768.18Btu/h.ft2.oF                                                                            

ℎ𝑖0 = ℎ𝑖 ×
𝐼𝐷

0𝐷
                                                                             

hi0=517.81 Btu/h.ft2. oF 

 

Now proceeding to Annulus 

 

Clean Overall Coefficient: 

𝑈𝑐 =
ℎ

𝑖0ℎ0

ℎ𝑖0+ℎ0
     

Uc=220.19 Btu/h.ft2. oF 

10. Design Overall Coefficient, UD: 
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1

𝑈𝐷
+

1

𝑈𝑐
+ 𝑅𝑑 

 Rd=0.01 

 Ud=68.83 Btu/h.ft2. oF 

11. Required Surface: 

𝑄 = UD.A.∆t 

      A= 
𝑄

𝑈𝐷.∆𝑡
 

      A=0.117ft2 

      L= 1ft 

Pressure Drop Calculations: 

 

 

Annulus: Inner Pipe: 

1. Reynold Number Calculations: 

De′ for pressure drop differs from De for 

heat transfer 

De′=(D2-D1) 

=0.087-0.045 

=0.042ft 

𝑅𝑒 =
𝐷𝑒𝐺𝑎

𝑢
 

Re=15.48 

f= 0.0035+
0.264

15.48^0.42
 

 

for Re=61.38 

𝑓 = 0.0035 +
0 ⋅ 264

(𝑅𝑒)0.42
 

=0.0035+
0.264

61.38^0.42
 

=0.05 

s=1, ρ=1*62.4=62.4 
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=0.087 

s=1.71, ρ=1.71*62.4=106.75 

2. 𝛥𝐹𝑝 =
4𝑓𝐺𝑎

2𝐿

2𝑔𝜌2𝐷𝑒
 

=1.55*10-6   

𝛥𝐹𝑝 =
4𝑓𝐺𝑝

2𝐿

2𝑔𝜌2𝐷
 

= 2.07*10-6   

3. 𝑣 =
𝐺

3600𝜌
  

= 3.47*10-3 

𝐹𝑡 = 3
𝑣2

2𝑔
= 5.63 ∗ 10-7 

∆P=2.57 psia 

𝛥𝑃 =
2.07×10−6×62⋅4

0⋅144
     

 𝛥𝑃 = 0.087𝑝𝑠𝑖𝑎 

Table 11 Pressure Drop Calculations 

Allowable ∆P=10.0 psia 

 

Unit HEAT EXCHANGER 

Type DOUBLE PIPE HEAT EXCHANGER 

Function To cool H2SO4 

Operation  Continuous 

Heat Duty 39.24Btu/h 

Heat Transfer Area 0.117ft2 

Overall Heat Transfer Coefficient Ud=68.83 Btu/h.ft2. oF 
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 Annulus Side Pipe Side 

Fluid Circulated Hot Fluid Cold Fluid 

Flow Rates 5.87lb/hr 2.22lb/hr 

Temperatures  Inlet=230oF 

Outlet=203 oF 

Inlet=88 oF 

Outlet=106 oF 

Pressure Drop 2.57psia 0.87psia 

Specifications Diameter  

D=0.045ft 

De=0.1232ft 

Jh=2.3 

Diameter 

D=0.03ft 

Jh=3.4 

Table 12 Design Description for Heat Exchanger E-4001A 

 

4.4 Design of Heat Exchanger (E-4001B): 

4.4.1 Steps for designing heat Exchanger 

Hot fluid temperature at inlet = T1= 158 oC=316oF 

Hot fluid temperature at Outlet = T2= 150 oC=302 oF 

Cold fluid temperature at inlet = t1= 25 oC=77oF 

Cold fluid temperature at outlet = t2=95 oC=203 oF 

Function: 

To heat a mixture of hydrogen peroxide and sodium chlorate using steam as a heating 

medium. 
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Fluid allocation: 

Inner pipe Cold fluid H2O2+NaClO3 

   

Outer pipe (Annulus) Hot fluid Steam 

   

 

Material of construction: stainless Steel 

Selection of diameters of inner and out pipe: 

Inner pipe diameter = ¼ in 

Outer pipe diameter = 1 in  

4.4.2 Design Steps: 

1. Heat Balance: 

Mass flow rate of Cold Stream=6.81lb/h 

Mass flow rate of steam=1.1lb/h 

Heat capacity of Cold Stream=19.13Btu/lb. oF 

Average temperature of water=tavg=309 oF 

Average temperature of sulphuric acid=140oF 

       Q = WCp (T1-T2) (for Cold fluid) 

       Q=6.81*19.13(203-77) 

 =342.09Btu/h 

        Q=wcp (t2-t1) (for cold fluid) 

 w=1.1lb/h 
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2. Log Mean Temperature Difference: 

Hot fluid  Cold fluid   

316 Higher 

temperature 

203 225 ∆t2 

 

302 Lower 

temperature 

77 113 ∆t1 

 

                                                                                                                                           ∆t2-∆t1 

   LMTD= 
∆𝑡2−∆𝑡1

2.3𝑙𝑜𝑔 (
∆t2/∆t1) 

   LMTD= 162 oF 

3. Caloric Temperature: 

   Caloric temperature in this case is same as average temperature. 

   Tc=309oF,  tc=140 oF 

4. Physical properties at Tc and tc 

 

For Inner Pipe For Annulus 

A

t tc = 140oF 

A

t 

T

c = 309 oF 

µ = 3.01 lb/ft h  

µ 

= 1.693 lb/ft h 

      

K = 0.68 Btu / (h) (ft2) (oF/ft) K = 0.0248 Btu / (h) (ft2) (oF/ft) 

    

c

p = 19.13 Btu /lb oF 

c

P = 0.44 Btu /lb oF 
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Hot Fluid Annulus (Steam) Cold Fluid Inner Pipe 

(H2O2+NaClO3) 

5. Flow Area  

D2=1.049/12=0.087ft 

D1=0.54/12=0.045ft 

D=0.364/12=0.03ft 

𝑎0 =
𝜋

4
(𝐷2

2 − 𝐷1
2)   

=4.35*10-3ft2 

𝑎𝑝 = 𝜋
𝐷2

4
 

= 7.065*10-4ft2 

Equivalent diameter=𝐷𝑒 = (𝐷2
2 −

𝐷1
2) ∕ 𝐷1 =0.1232ft 

 

6. Mass velocity  

𝐺𝑎 =
𝑊

𝑎0
 =1565.52 lb/ (h)(ft2)                                              𝐺𝑃 =

𝑤

𝑎𝑃
 =1556.9 lb/ (h)(ft2) 

7. Reynold Number:  

𝑎 =
𝐷𝑒𝐺𝑎

𝑢
 =113.78 𝑝 =

𝐷𝐺𝑝

𝑢
 =15.56 

8. Heat Transfer Factor (from 

fig): 

𝑗𝐻 = 2.3 

(
𝑐𝑢

𝑘
)

1/3

=1.1 

 

𝑗𝐻 = 1.1 

(
𝑐𝑢

𝑘
)

1/3

= 4.386 

9. Heat-transfer coefficient: 

ℎ0 = 𝑗𝐻

𝑘

𝐷𝑒
(

𝐶𝑢

𝑘
)

1
3

(
𝑢

𝜇𝑤
)

0⋅14

 

=2.3(0.0248/0.1232) (4.386) 

  =2.03Btu/h.ft2. oF 

 

ℎ𝑖 = 𝑗𝐻

𝑘

𝐷
(

𝐶𝑢

𝑘
)

1
3

(
𝑢

𝜇𝑤
)

0⋅14

 

=77.54Btu/h.ft2.oF                                                                                                                                                       

hi0=51.32Btu/h.ft2. oF 

Table 13 Physical Properties 
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Now proceed to Annulus 

10. Clean Overall Coefficient: 

𝑈𝑐 =
ℎ

𝑖0ℎ0

ℎ𝑖0+ℎ0
     

Uc=2.64 Btu/h.ft2. oF 

11. Design Overall Coefficient, UD: 

 
1

𝑈𝐷
+

1

𝑈𝑐
+ 𝑅𝑑 

 Rd=0.002 

 UD=2.62 Btu/h.ft2. oF 

12. Required Surface: 

𝑄 = UD.A.∆t 

       A= 
𝑄

 UD.∆𝑡
 

      A=0.8ft2 

      L= 1ft 

Annulus: Inner Pipe 

1. Reynold Number Calculations: 

De′ for pressure drop differs from De for 

heat transfer 

De′=(D2-D1) 

=0.087-0.045 

=0.042ft 

𝑅𝑒 =
𝐷𝑒𝐺𝑎

𝑢
 

Re=60.48 

 

for Re=15.569 

𝑓 = 0.0035 +
0 ⋅ 264

(𝑅𝑒)0.42
 

=0.0035+
0.264

61.38^0.42
 

=0.05 

s=1, ρ=1*62.4=62.4 
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f= 0.0035+
0.264

15.48^0.42
 

=0.087 

s=1.71, ρ=1.71*62.4=106.75 

2. 𝛥𝐹𝑝 =
4𝑓𝐺𝑎

2𝐿

2𝑔𝜌2𝐷𝑒
 

=1.55*10-6   

𝛥𝐹𝑝 =
4𝑓𝐺𝑝

2𝐿

2𝑔𝜌2𝐷
 

= 2.07*10-6   

3. 𝑣 =
𝐺

3600𝜌
  

= 3.47*10-3 

𝐹𝑡 = 3
𝑣2

2𝑔
= 5.63 ∗ 10-7 

∆P=2.87 psia 

𝛥𝑃 =
2.07×10−6×62⋅4

0⋅144
     

 𝛥𝑃 = 1.29𝑝𝑠𝑖𝑎 

Table 14 Pressure Drop Calculations 

Allowable ∆P=10.0 psia 

 

 

Unit HEAT EXCHANGER 

Type DOUBLE PIPE HEAT EXCHANGER 

Function To heat H2O2+NaClO3 

Operation  Continuous 

Heat Duty 342.09Btu/h 

Heat Transfer Area 0.8ft2 

Overall Heat Transfer 

Coefficient 

UD=2.62 Btu/h.ft2. oF 

 



61 

 

 Annulus Side Pipe Side 

Fluid Circulated Hot Fluid Cold Fluid 

Flow Rates 1.1lb/h 6.81lb/h 

Temperatures  Inlet=316 oF 

Outlet=302 oF 

Inlet=77 oF 

Outlet=203 oF 

Pressure Drop 2.87psia 1.29psia 

Specifications Diameter  

D=0.045ft 

De=0.1232ft 

Jh=2.3 

Diameter 

D=0.03ft 

Jh=1.1 

Table 15 Design Description for Heat Exchanger E-4001B 
 

4.5 Design of Separator: 

This vertical separator has efficiency of 90%. 

The settling velocity is given by: 

𝑈𝑠 = 0.015 [
𝜌𝐿 − 𝜌𝑔

𝜌𝑔
]

1
2

 

  µs=0.35m/s 

Now, diameter for vertical separator is calculated by using this formula: 

V = 3 /4 x D2L…………………. (1) 

Where V is 2.4m3. 

D= internal diameter 

L=height or length 
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Suppose , L=3D or L/D=3 putting values of L in (1) 

V=π/4*D2(3D) 

D=1m 

L=3m 

Pressure Drop: 

∆P = 0.5 𝜌mv2m, in + 0.22 𝜌gv2g, out 

∆P=0.02 bar 

Nozzles: 

 If the vessel diameter is less than 0.5 m, the feed nozzle should be fitted with a half-

open pipe inlet device, with the opening directed downwards. For vessel diameters 

of 0.5 m and larger and inlet nozzle sizes of 0.15 m and larger, a Schoepentoeter inlet 

device is recommended. 

4.6 Design of Cooling Tower: 

Cooling tower design calculations are used to calculate the ground area, tower 

height, air loading, length of water distribution pipes etc. 

Ground area of cooling tower is calculated by the ratio of water flow rate to water 

loading  

𝐺𝑟𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎 =  𝑤𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒/𝑤𝑎𝑡𝑒𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 

Water loading = 2000 kg/h*m2 

Water flow rate = 2.25*107 kg/h  

Ground area = 1045.19 m2 

Air loading is the flow of air on the specific area. Air loading is very important for 

the transfer of heat the more the air loading the more will be the transfer of heat. Air 

loading depends on the fan capacity, tower area and density of air and water. 
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𝐴𝑖𝑟 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 = (𝐹𝑎𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦/𝑇𝑜𝑤𝑒𝑟 𝑎𝑟𝑒𝑎 ) ∗ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑎𝑖𝑟 + 𝑤𝑎𝑡𝑒𝑟) 

Fan capacity = 1000m3/h 

Density of (water + air) = 1001.25 kg/m3  

Air loading = 2633.13 kg/h*m2 

Velocity of water is calculated by the ratio of volume of water to the area of pipe  

Volume of water = 22500 m3/h  

Diameter of pipe = 0.3 m 

Area of pipe = 0.07m2  

Velocity of water = 89.28 m/sec 

Length of the pipe required for the water distribution in cooling tower is calculated 

by the following formula  

𝑄 = 2 ∗ 3.14 ∗ 𝐾 ∗ 𝐿 ∗ (𝑇2 − 𝑇1)/𝑙𝑜𝑔(𝑟0/𝑟𝑖) 

The material used for piping is FRP   

K = 40 W/m.oC 

ro = 0.187 m  

ri = 0.0762 m  

Log (ro/ri) = 0.038 

Length of pipe = 6 m  

Number of turns required depend upon the distance between 2 pipes  

Pitch = 0.4 m  

Height of tower = 2 m  

Number of turns = 5 
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The efficiency of cooling tower is calculated by following formula  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝑟𝑎𝑛𝑔𝑒 /𝑟𝑎𝑛𝑔𝑒 + 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 

Hence the efficiency is 71%
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CHAPTER 5 

PROCESS MODELLING & SIMULATION 

5.1 Selection of Components 

The components were selected from the HYSYS library and some of them were added 

manually as hypothetical components using their boiling point ranges and densities. 

 

5.2 Selection of Fluid Package 

The fluid package was selected to be NRTL, on the basis of compatibility with the 

selection of components as well as the pressure ranges were less than 10 bar. The 

HYSYS method assistant was also used and the final selection was done. 

 

Figure 22 Selection of Components in Aspen HYSYS 
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5.3 Defining the Kinetic Reaction Set 

A kinetic reaction set was added on the basis of the reaction data obtained from the 

literature. 

 

Figure 23 Selection of Fluid Package in Aspen HYSYS 

Figure 24 Defining the Kinetic Reaction Set in Aspen HYSYS 
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5.4 Process Flowsheet Modelling and Simulation  

The process flow diagram was replicated as the flowsheet on Aspen HYSYS as shown 

by the snippet. The molar flows were the same as that of our manual calculations. The 

temperature and pressure parameters were also defined according to the 

requirements and then the simulation was run to obtain the final composition of the 

Chlorine Dioxide stream from the separator. 

 

5.5 Results 

After the successful simulation of the model, the results were obtained that were close 

to our theoretical calculations. The final separator shows a recovery of chlorine 

dioxide up to a percentage mole fraction of 88.7%  

Figure 25 Process Flowsheet in Aspen HYSYS 
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Figure 26 Worksheet of the second Separator 
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CHAPTER 6 

INSTRUMENTATION 

6.1 Introduction: 

Instrumentation and Process Control play a key-role in the smooth functioning of a 

process plant. Instrumentation utilizes the hardware components that are also 

known as controllers to maintain and regulate the various variables that are essential 

for the process. To provide control and monitoring of our process, we have included 

the instrumentation and process control in our project. This is done by applying 

controls on major equipment, including the cooling tower, reactor, mixing vessels and 

the heat exchangers. 

6.2 Requirements of control: 

Control system must meet the following requirements and objectives during 

operation of chemical plant: 

6.2.2 Safety: 

The safe operation is very crucial for the well-being of the personnel working at the 

processing plant. The operating factors should not breach the safety limits, i.e. the 

concentration, temperature and the pressure limits should not be breached. 

6.2.3 Product specification: 

Some appropriate instrumentation is being used to achieve desired product quality 

and quantity. This is essential to have a work system that adds stability to the process . 

6.2.4 Environmental Regulation: 

There are standards for the safe limits for factors like concentration, pressure and 

temperature of the exhaust and purge releases from a typical industrial plant.  

The conditions for the work also need to lie within the less cost and more benefit to 

the society limit. These standards are consistently maintained by the plants and the 
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law and regulatory authorities keep a regular check and balance on the industrial 

plants for it. These standards are met to fulfil the objectives of an organization related 

to the achievement of their operational and development goals.  

For the most part, a control framework fulfills the accompanying: 

• Reducing the effect of external deviations 

• Keeping the plant in a stable working environment 

• Optimization of a chemical process 

 

6.3 Control Parameters 

There are variables that play a key role in controlling and regulating a process, these 

are defined as; 

6.3.1 Manipulated variables: 

The inputs given to the controller to control the desired part of the process are known 

as the manipulated variables. For example, in changing the opening of a valve to 

control the flow through a pipe, the valve opening is the manipulated variable.  

6.3.2 Uncontrolled variables: 

Some the variables are unable to be controlled by using the controllers and these 

variables are known as uncontrolled variables. 

6.3.3 Controlled Variables: 

These are the process conditions that the user decides to regulate using the 

controllers. For example; in the example of regulating the flow through a pipe by 

changing the valve opening, flow is the controlled variable. 
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6.4 Summary of the Defined Controllers 

The controllers were defined on the basis of Proportional-Integral type, on the major 

equipment to monitor and control the fluid flows effectively. A number of level and 

flow controllers are required to be installed to maintain the liquid level in important 

equipment like the mixing vessels and the reactor. 

The table below represents the summary of the controllers defined throughout our 

process flow diagram. 

 

  

Table 16 Instrumentation Summary 
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CHAPTER 7 

COST ESTIMATION AND ANALYSIS 

7.1 Mixing Vessels 

The cost for the agitated mixing vessel made up stainless-steel with a volume of 2.5 

m3 is calculated by using Coulson and Richardson volume 6, and is then adjusted for 

inflation in 2020. 

$2900 x (2.5)0.6 = $5025 

For two identical vessels;  

Cost = $5025 x 2 = $10050 

 

7.2 Heat Exchangers 

The heat exchangers designed have a very small heat transfer surface that is relatively 

very less when compared to the standards available in the market. Thus, for one 

custom ordered concentric double pipe heat exchanger made up of stainless steel, the 

market price is estimated to be $550.  

For four customized ordered Heat Exchangers;  

Cost = $550 x 4 = $2200 

 

7.3 Vertical Separators 

The cost for the vertical separator made up of stainless-steel with a volume of 2.4 m3 

is calculated by using Coulson and Richardson volume 6, and is then adjusted for 

inflation in 2020. 

$2400 x (2.4)0.6 = $4056 
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For two vertical separators;  

Cost = $4056 x 2 = $8112 

 

7.4 Continuous Stirred Tank Reactor 

The cost is calculated by using Coulson and Richardson volume 6, and is then adjusted 

for inflation in 2020. 

Cost = $15000 x (4.2)0.4 = $26625 

 

7.5 Other Equipment 

7.5.1 Air Cooler 

The air cooler is also custom ordered from the market according to the required 

specifications, the cost is estimated by taking quotations available on the internet. 

Cost = $2100 

7.5.2 Storage Tank 

The cost for the storage tank made up of stainless-steel having a capacity of 50 m3 is 

calculated by using Coulson and Richardson volume 6, and is then adjusted for 

inflation in 2020. 

Cost = $2300 x (50)0.55 = $19780 

7.5.3 ClO2 Dosing Pump 

For a pump with a flowrate of 3.52 gpm, the cost is calculated by using Coulson and 

Richardson volume 6, and is then adjusted for inflation in 2020. 

Cost = $2100 

7.6 Raw Materials 
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The cost for the raw materials to be used is calculated by multiplying the mass flow 

required with price of the materials per metric tonne available in the market. The 

price estimates have been taken from the internet. The costs for each material and 

the total cost are shown by the table.  The total cost of raw materials per annum is 

estimated to be $12810. 

Table 17 Calculation of the Raw Materials Costs 

 

7.7 Summary of the Expenses 

The cost of the equipment totals up to a value of $70667, that is the fixed capital for 

the project, the raw material cost is added to this value and the total investment is 

$83500. As the project is a retrofit, the additional costing factors are omitted. The 

table below represents the cost breakdown. 

7.8 Payout Period 

By the addition of Chlorine Dioxide, the Cycle of Concentration increases by 0.5, 

Table 18 Summary of the expenses 
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B = E / (COC-1) 

Where, E = Evaporative Loss = 180 m3/h & COC = 4.5 

Blow-down with ClO2 = 51.42 m3/h 

The blow-down is reduced by 8.58 m3/h & this cost is saved; 

Price of Make-up water = $0.36/m3 

Cost of Make-up Water Saved Annually; 

Cost Saved = $0.3632/m3  x  8.58 m3/h  x  24 h  x  365 days = $27300 

Total Investment = $83500 

Thus, 

Payout Period = $83500/$27300/year 

Payout Period = 3.06 years 
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CHAPTER 8 

HAZOP ANALYSIS 

HAZOP is a risk management method that is used to foresee the potential threats and 

operational hazards that might be present in the system, to eliminate these threats 

and ensure the proper safety of working personnel present on the plant and the 

surroundings. Just like in every industry involving processes and safety concerns, we 

performed HAZOP analysis on a few of our key important equipment. 

 

This type of analysis is basically performed in a typical two types of methods and 

these are Qualitative and Quantitative risk analysis. Qualitative is basically a 

prerequisite type of analysis whereas most industries usually adopt the Quantitative 

approach of analysis for better and thorough analysis of any situation. Both of these 

methods of analysis require different methods and require special types of people 

that are suited for this job to perform such tasks because it is a very risky analysis. 

There are a bunch of guide words for the type  of deviations that can happen and as 

well as what are the causes, the direct consequences of the deviation and finally what 

action to take if a particular deviation occurs  

 

HAZOP basically is finding out how a certain equipment or a process might deviate 

from what it was originally designed for, what are the possible scenarios, how to 

identify the problem even before there is a problem. It is basically finding out that 

everything is going just fine and probably identify certain issues that might cause 

some major problems in the future if the problem is not addressed at the right time. 

HAZOP can be summarized and understood by the following points: 

● Try to identify possible issues in equipment/processes. 

● Identify operation and design from an ideal working map. 

● See how the problem can be prevented in order ro reduce any type of risk that 

might involve it. 

● Make the process more optimized to further  
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8.1 HAZOP on the CT 

Intention: for the cooling of water for industry process requirements. 

 

Table 19 HAZOP on the Cooling Tower 

 

 

8.2 HAZOP on the Reactor 

Intention: Main reaction occurs  

 

Table 20 HAZOP on the Reactor 
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8.3 HAZOP on the Heat Exchangers 

Intention: To bring about the required change in temperature for the respective 

process 

 

Table 21 HAZOP on the Heat Exchangers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



79 

 

CONCLUSION 

After the completion of the project, we were able to achieve our desired objectives. 

Following points briefly conclude our project. 

✓ Design of a Chlorine Dioxide Production & Dosing Facility 

✓ Simulation of the Process on Aspen HYSYS 

✓ Reduction in Cooling Tower Blow-down by 8.58 m3/h 

✓ Cost Saving per Annum up to $27300 

✓ Controlled limit of the Chloride ions in Cooling Water 

✓ Water Saved per Annum up to 75000 m3  

 

Our project is in line with the sustainable development goals by the United Nations 

which are: 

• Climate Action 

• Work Growth & Decent Economics  

• Innovation, Industry & Infrastructure 

• Responsible Production & Consumption 

 

We were not only blessed enough to meet the desired needs of the plant but also 

enough to save water which will have a direct impact on the environment in a positive 

way. 
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