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ABSTRACT 

Production of 22,000 Ton/Yr. of Vinyl Acetate Monomer 

by Oxy-Acetylation of Ethylene 

This project aims to address the growing demand for Vinyl acetate Monomer (VAM) 

in Pakistan and foster growth in the polymer sector. To achieve this, various methods 

of producing VAM have been carefully analyzed and evaluated for cost-effectiveness, 

and Oxy-Acetylation of Ethylene has been determined to be the most efficient and 

economical approach. This method involves a straightforward process using a catalyst 

at the appropriate temperature and pressure to produce high-purity VAM. 

To design the VAM production plant, several critical steps have been undertaken, 

including conducting mass and energy balances, designing the primary equipment, 

developing process instrumentation and control, and estimating the process's cost. The 

significance of this initiative is its potential to drive growth in the polymer sector in 

Pakistan, given that this method has been successfully industrialized in other countries. 
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1.1. Project Description: 

This project is concentrated on the vinyl acetate monomer synthesis process with 

the intention of starting manufacturing in Pakistan. Many polymeric and polymers 

products, such as paints, adhesives, binders, moldings, various types of coatings, 

cosmetics, pharmaceuticals, and numerous more items for use in agriculture, industry, 

and daily life, all contain vinyl acetate monomer (VAM) as a key chemical constituent. 

The 22,000 Ton per year of VAM capacity is chosen by taking into account the annual 

import statistics. Out of all possible manufacturing methods, the oxy-acetylation of 

ethylene employing a Pd-based catalyst approach was chosen for this project. The 

reaction has carried out in the plug flow (tubular) reactor. 

 C2H4 + CH3COOH + 0.5 O2             C4H6O2 + H2O 

Then, employing absorption, distillation, decantation, flash separate key on, and other 

processes, VAM is separated from the other chemical reaction's constituents. Flashing 

is mostly used to remove the gaseous byproducts (oxygen, ethylene, and carbon 

dioxide). VAM is entirely absorbed via absorption, separating from the remaining 

gaseous components. While VAM is totally recovered from the liquid components 

(water and acetic acid) via distillation and decantation. While VAM can be produced 

by three ways: 

• By reacting Acetic acid and Acetylene 

C2H2 + CH3COOH                 C4H6O2 

• By reacting Acetaldehyde and Acetic Anhydride 

CH3CHO + (CH3CO)2O                  C2H4-(OCOCH3)2 

C2H4-(OCOCH3)2                    C4H6O2 + CH3COOH 

• By reacting Acetic acid, Ethylene and oxygen. 

C2H4 + CH3COOH + 0.5 O2                C4H6O2 + H2O Pd 

Pd 
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The project's main objective is to develop a chemical engineering solution to a genuine 

industrial problem while taking Pakistan's economic and marketing environment into 

consideration. While the project involves the subsequent phases for VAM manufacture. 

• Develop a Process Flow Diagram (PFD) using Microsoft Visio. 

• Conduct HAZOP analysis. 

• Material and Energy balance on the complete process. 

• Design Process Equipment (Reactor, Heat exchanger, Liquid-Gas Separator, 

Absorber, Distillation Column) 

• Perform process simulations using suitable software (Aspen HYSYS/Aspen Plus). 

• Develop a process instrumentation diagram (P&ID) using MS Visio. 

• Conduct a HAZOP study. 

• Perform an economic analysis of process. 

1.2. Background: 

Polyvinyl acetate homopolymer (PVA or PVAs) is a significant polymer used in 

chewing gum, adhesives, and textile sizing. When German chemist Fritz Klatte noticed 

that vinyl acetate readily interacts with itself, he made the discovery of PVA in 1912. 

The PVA formulations created by Klatte were solid, dense materials, but over time, 

researchers discovered ways to create the polymer in different forms. PVA latices are 

widely used in adhesives. Elmer's Glue is one of the most well-known brands. PVA 

adhesives are employed in a variety of packaging materials, including bags and 

shipping boxes, food containers, tapes, binders for foil, envelopes, palstics and paper. 

Vinyl acetate is coupled with other monomers like ethylene and acrylates to create a 

variety of copolymers in addition to homopolymers. Ethylene vinyl acetate (EVA) 

copolymers (also known as EVAs) can be produced in large quantities or using 

emulsion polymerization. Emulsion EVAs have a variety of applications, including 

homopolymers of vinyl acetate-like adhesives. Applications for bulk polymers range 

from high-volume industrial uses to the convenient glue sticks you might have at home 

or in the classroom [1]. 
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1.3. Literature Review: 

The organic compound vinyl acetate has the following structural formula: 

 

Figure 1: Structural formula of VAM 

It is a crucial raw material utilized in the production of several goods that form the 

foundation of the polymer industry. The chemical building block used in the production 

of a vast array of industrial goods is vinyl acetate. An odorless, flammable liquid with 

a low flash point, vinyl acetate monomer (VAM) has a distinct taste and color. Vinyl 

acetate is soluble in the majority of typical organic solvents despite not being soluble 

in water. A wide range of industrial and consumer applications use polyvinyl acetate 

homopolymers and copolymers, which are made using vinyl acetate as a precursor [2]. 

1.3.1. Physical and thermodynamic properties of VAM: 

Table 1: Thermodynamic and Physical Properties of VAM [3] 

Properties Vinyl Acetate 

Chemical Formula C4H6O2 

Appearance Colorless Liquid 

Molecular Weight (kg/kmol) 86.09 

Density (kg/m3) 933.8 

Boiling Point (℃) 72.9 

Freezing Point (℃) -92.8 

Specific Gravity 0.934 

Critical temperature (℃) 246 

Critical pressure (kPa) 3950 

Viscosity at 20 ℃ 0.43 
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1.3.2. Application of VAM in Industries: 

Though many substances are capable of polymerizing, VAM stands out for 

how quickly the process can take place in bulk, solution, emulsion, or suspension. VAM 

is the precursor to each of these consumer products produced through the 

polymerization processes, but in order to store and distribute them, hydroquinone must 

be employed as an inhibitor to stop polymerization and the finished product must be 

chilled [4]. The application of VAM involves: 

• PVA 

• PVOH 

• PVB 

• EVA 

• EVOH 

• PVAs 
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Table 2: Applications of VAM in Industries [3] 

Product 

Abbreviation 

Product Name Uses 

 

PVA 

 

Polyvinyl Acetate 

• Paints and Adhesives 

• Textile Binders 

• Textile Finishes 

• Coating for Flexible Substrates 

• Paper Coating 

 

 

PVOH 

 

 

Polyvinyl Alcohol 

• Adhesives 

• Paper and Textile Coating 

• Binders for Building Products 

• Photosensitive Coatings 

• Moldings 

• Thickening Agents 

 

PVB 

 

Polyvinyl Butyral 

• Used as a laminated glass for 

automobiles and commercial  

• Coatings and inks 

 

EVA 

 

Ethylene Vinyl Acetate 

• Molding 

• Wires and Cable Coatings 

• Elastomers 

• Molded Rubber applications 

 

EVOH 

 

Ethylene Vinyl Alcohol 

• Provide Food barrier 

• Medical &Pharmaceuticals 

• Cosmetics 

• Applications of Packaging in 

Industrial and Agricultural 

sector 

  • Primers and Adhesives 

• Metal Coatings 
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PVAs Polyvinyl Acetyls • Textile Coatings 

1.3.3. Raw Materials: 

The raw material for this project is: 

• Oxygen 

• Acetic Acid 

• Ethylene  

1.3.4. Reaction: 

The reaction involved in this process is given as:  

C2H4 + CH3COOH + 0.5 O2              C4H6O2 + H2O 

In this process ethylene and oxygen as a gas and acetic acid as a liquid reacts to produce 

vinyl acetate and water. This reaction is carried out in the reactor at 147 – 159℃. 

While there are two more reactions in which vinyl acetate in produced but oxy-

acetylation is economic and better than all the processes. 
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2.1. World VAM Supply and Demand: 

The world is quickly transitioning to a plastic economy since we are living in the 

age of plastics. Plastics and polymeric goods can be found everywhere. Plastics and 

other polymeric products are included in almost all of the things we use every day. 

 

Figure 2: Demand of VAM in world by 2021 

 

Figure 3: Consumption of VAM in world by 2021 [5] 
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2.2. Pakistan’s Annual VAM Consumption: 

All of Pakistan's vinyl acetate consumption is dependent on imports from nearby 

oil-rich countries in the Persian Gulf and the Middle East because vinyl acetate 

monomer, one of the key components, is required for the creation of numerous valuable 

polymers and polymeric products. We have selected the production capacity of our 

project to meet the continually increasing demand for VAM and attain self-sufficiency 

in VAM manufacture. 

The following industries in Pakistan that import VAM: 

• Griffon Plastic Industries Limited, Shahdara 

• Power Chemical Industries (Pvt.) Limited 

• Karachi-based Alsons Auto Parts (Pvt.) Limited 

• Lahore-based Neelam Industries 

• Karachi-based Arfeen International (Pvt.) Limited 

Table 3: Annual VAM import of Pakistan 

Import Year Product 

Vinyl Acetate Monomer (VAM) 

Ton/Yr. Ton/day Kg/Yr. Kg/day 

2014 14501.45 39.73 13155494.14 36042.44 

2015 15136.55 41.47 13731647.17 37620.95 

2016 15435.85 42.29 14003167.56 38364.84 

2017 16611.15 45.51 15069381.79 41285.97 

2018 18191.6 49.84 16503141.92 45214.08 

2019 19118.7 52.38 17344192.89 47518.33 

2020 19856 54.4 18013060 49350.85 

2021 21728.45 59.53 19711718.26 54004.70 
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2.3. Capacity Selection: 

Given that Pakistan currently imports roughly 23,000 tonnes of VAM annually, 

it is accurate to state that the country's demand for the substance is growing. As a result, 

we draw the conclusion that this amount may rise even further in the future year, which 

could put pressure on the nation's economy. In order to fulfil the rising demand for 

VAM, we have chosen for our project plant's production capacity to be 22,000 metric 

tonnes annually. 

 

Figure 4: Annual VAM Import 

2.4. Site Location: 

The proposed project involves oxy-acetylating ethylene to produce vinyl acetate. 

Given that Karachi is an industrial and port city, the construction and commissioning 

of this plant will have a favorable impact on Pakistan's economy as a whole as well as 

on employment and business prospects. Karachi was chosen because it will be 

economical to ship imported machinery through its seaport and to regularly provide raw 

materials. Additionally, Karachi is a center for the polymer sector, making it simple to 

identify customers for our product, VAM. 
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3.1. Production Processes: 

There are three reactions that can be used to create vinyl acetate monomer, and 

they are as follows: 

• VAM is created when acetic acid and acetylene react. 

• VAM is created when acetaldehyde and acetic anhydride react. 

• VAM is created when acetic acid, ethylene, and oxygen react. 

3.1.1. Reaction of Acetic Acid and Acetylene 

Acetic acid and acetylene are processed using this method by first passing 

them into a vaporizer, which operates at 170 to 250°C. In order to carry out the addition 

reaction that results in crude VAM, the reactor comprises a zinc acetate catalyst that 

has been impregnated on charcoal. 

C2H2 + CH3COOH   C4H6O2 

[6]. Acetic acid and acetylene are reacted to form vinyl acetate monomer (VAM) in a 

vapor-phase process. The reaction mixture is cooled and fed to a flash separator, where 

the VAM vapor is separated from the unreacted acetylene. The VAM vapor is then fed 

to a scrubbing column, where it is scrubbed with water to remove any residual 

acetylene. The scrubbed VAM vapor is then condensed and fed to a light key separation 

column, where it is separated from any heavier components. The VAM is then fed to a 

purification column, where it is purified to remove any impurities. The purified VAM 

is then sent to storage. Acetic acid that hasn't been reacted is recycled back into the 

vaporizer. [7]. 

3.1.2. Reaction of Acetaldehyde and Acetic Anhydride: 

Ethylidene diacetate (EDA) synthesis happens in two steps. Acetaldehyde 

and acetic anhydride are heated to 120–140 degrees Celsius in a reactor using a FeCl3 

catalyst in the first stage. This reaction produces EDA and acetic acid. In the second 

stage, the EDA is purified by distillation, the following liquid phase reaction occurs: 

CH3CHO + (CH3CO)2O                      C2H4(OCOCH3)2 
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Acetaldehyde has an extremely low boiling point of 20 degrees Celsius, which allows 

it to be easily separated from the other reaction products by flash distillation. The EDA 

is then recycled or fed to the following stage, as shown, after the EDA and acetic 

anhydride have been separated in a distillation column: 

C2H4-(OCOCH3)2                      C4H6O2 + CH3COOH 

Acetic acid and VAM can also be flash separated from unreacted EDA and recycled 

before being fed to separate purification columns to produce the products. 

3.1.3. Reaction of Acetic Acid, Ethylene and Oxygen: 

Acetic acid, ethylene, and oxygen are delivered into a cooled tubular 

reactor at a temperature of 421 K and 6 Bar, together with a vaporizer running at 7 Bar 

and 423 K. The subsequent vapor phase reactions take place. [8]:   

C2H4 + CH3COOH + 0.5O2                 C2H3OOC2H3 + H2O 

Side Reaction: C2H4 + 3O2                2CO2 + 2H2O 

Vinyl acetate monomer (VAM) is produced primarily via a side reaction that also 

produces carbon dioxide as an unwanted by-product. The cooler, which lowers the 

temperature to 310 Kelvin, then feeds the reacting gas to a separator. As a result, the 

separator's VAM, water, and unreacted acetic acid condense. After that, an initial 

absorption column receives the unreacted ethylene, oxygen, carbon dioxide, and 

uncondensed VAM. Acetic acid, which serves as a solvent in a wash stream in this 

column, absorbs the uncondensed VAM. The remaining gas is injected into a second 

absorption column where the carbon dioxide is removed using mono-ethanol-amine 

(MEA). 

Through the use of a compressor, the remaining gas is recycled to the vaporizer. The 

de-euthanizer distillation column is where the ethylene is extracted from the VAM 

crude after each stage. The acetic acid is condensed and recycled to the vaporizer in the 

azeotropic distillation column from which the column bottoms are supplied. The water 

is extracted from the aqueous VAM mixture in a decanter and separator. [1]. 
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3.2. Process Comparison: 

The comparison of all the above processes is given as: 

Table 4: Comparison Table of Different Process 

Production 

Processes 

Acetic Acid and 

Acetylene 

Acetaldehyde and 

Acetic Anhydride 

Acetic Acid, 

Ethylene and 

Oxygen 

Pressure 15 - 18 bar 20 – 40bar 9 – 40bar 

Temperature 170 – 250℃ 120 – 140℃ 110 – 160℃ 

Catalysts 

Zn (OAs)2 

Impregnated on 

Charcoal 

FeCl3 

PdCl2 / CuCl2 

(Corrosive) 

Pd/Au - KOAs 

impregnated on 

Silica (2 year) 

Economics Expensive 
Relative 

Expensive 

Expensive and 

Feasible 

Advantages Single step process 
Renewable raw 

materials 

Better productivity 

and high 

conversion per 

pass 

Disadvantages 
Lower conversion 

per pass 

Corrosion problem 

due to liquid phase 

reaction 

By product CO2 is 

produced 

 

Based on the comparison of different production processes for vinyl acetate monomer 

(VAM), we have selected the oxy-acetylation of ethylene process for our project. This 

process is relatively efficient and cost-effective, and it produces a high quality product 

[9]. 
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Figure 5: Process Flow Diagram of Oxy-Acetylation of Ethylene 
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4.1. Process Description: 

The fundamental unit activities for the vinyl acetate production process, which 

is the subject of this study and the strategy we want to design and implement, are: 

➢ Vaporizer 

➢ Reactor 

➢ Heat Exchanger 

➢ Separator 

➢ Absorber 

➢ Distillation column 

4.1.1. Reactants: 

Our process reaction requires three reactants: oxygen, ethylene, and acetic acid. where 

acetic acid is a liquid and oxygen and ethylene are gases at normal temperature. Gases 

are combusted at a pressure of 7 bar, combined with recycled gas from an absorber, and 

then heated to 150°C in a heat exchanger. Reactants enter the reactor after the acetic 

acid has been combined with recycling acid from the distillation column, which has 

been heated to 150°C and vaporized. 

4.1.2. Vaporizer: 

The vaporizer is a heat exchanger that uses steam to heat the feed. The steam heats the 

feed to its boiling point, which vaporizes the liquid. The vaporized feed is then passed 

to the heater. The vaporizer is typically a large, cylindrical vessel made of stainless 

steel. The vessel is equipped with a steam inlet and a liquid feed inlet. The steam inlet 

is located at the bottom of the vessel, and the liquid feed inlet is located at the top of 

the vessel. The steam and liquid feed are mixed in the vessel, and the heat from the 

steam vaporizes the liquid feed. The vaporized feed is then passed out of the vessel 

through a vapor outlet. 

The vaporizer is an important part of the process of producing acetic acid from ethylene 

and oxygen. The vaporizer ensures that the liquid feed is vaporized before it enters the 

heater. This is important because the reaction that produces acetic acid occurs in the 
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gas phase. If the liquid feed were not vaporized, it would not be able to react with the 

oxygen to form acetic acid. The vaporizer is a critical piece of equipment in the 

production of acetic acid. It ensures that the liquid feed is vaporized before it enters the 

heater, which is necessary for the reaction that produces acetic acid to occur. 

4.1.3. Reactor: 

Ethylene, oxygen, and acetic acid are the three primary chemical inputs needed to 

produce VAM. These basic materials are mixed together in a reactor to create the 

byproducts VAM, water, and carbon dioxide. Ethane is also believed to arrive with the 

ethylene feed stream as an entrance component. The two reactions listed below are 

taken into account when creating VAM: 

C2H4 + CH3COOH + 0.5O2             C2H3OOCCH3 + H2O 

C2H4 + 3O2   2CO2 +2H2O 

An exothermic technique is used to create vinyl acetate monomer (VAM) in a reactor 

with tubes filled with a precious metal catalyst on a silica support. The heat of the 

reaction is removed by creating steam on the shell side of the tubes. From a steam drum, 

where make-up water is fed, water enters the reactor. As saturated vapor, the steam 

emerges from the drum. Under the specified circumstances of 150°C temperature and 

7 bar pressure, the reaction takes place and is irreversible. Water, CO2, and vinyl acetate 

are the reactions end products. Cooling coils are used to reduce the heat generated 

during chemical reactions because the reactions are strongly exothermic in nature. 

VAM, carbon dioxide, water, unconverted oxygen, ethylene, and acetic acid are all 

present in the exit stream. 

4.1.4. Heat Exchanger: 

Using cold steam from the gas recycle, the reactor effluent is cooled in a process-to-

process heat exchanger. After cooling with cooling water, the reactor effluent is 

transferred to a separator. The VAM is separated from the reactor's other components 

by the separator. Before entering the flash column, the VAM-rich stream from the 

reactor is cooled using a heat exchanger to 34.5°C and 7 bar of pressure. 

Pd 
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4.1.5. Flash Separator: 

The components of a flash column separate into liquid and gaseous phases when the 

pressure is reduced to 4 bar. Ethylene, carbon dioxide, and oxygen are among the gases 

exhaled. Further processing is necessary after collecting VAM from its liquid 

constituents, including water, acetic acid with a little quantity of oxygen, carbon 

dioxide, and ethylene. 

 In a separator, the reaction's vapor and liquid byproducts are separated. The oxygen, 

ethylene, carbon dioxide, and ethane-containing vapor stream is sent towards a 

compressor. The liquid stream is directed to the azeotropic distillation column together 

with vinyl acetate, water, and acetic acid. 

4.1.6. CO2 Removal System: 

This method of eliminating carbon dioxide (CO2) from a gas stream is common in 

industry. First, a CO2-rich stream and a CO2-lean stream split from the gas stream. The 

inert ethane is subsequently removed from the CO2-rich stream during a purge. The 

recycle gas stream and CO2 lean stream are then combined and supplied to the heat 

exchanger's feed. 

The purge is a device that uses a vacuum to remove the inert ethane from the CO2 rich 

stream. The vacuum lowers the pressure of the stream, which causes the ethane to 

vaporize. The vaporized ethane is then removed from the stream by a condenser. 

4.1.7. Distillation Column: 

Unconverted acetic acid (AA) is separated from water and vinyl acetate (VA) in a 

distillation column. The VA and water phases can separate because the condensed 

overhead product is separated in a decanter. The organic and aqueous compounds that 

are left behind are then sent to another distillation stage for additional purification. 

The bottom distillation column product, acetic acid, is recycled back to the vaporizer 

together with fresh acetic acid. A part of this bottom stream is used as the wash acid in 

the absorber after it has cooled. 
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4.1.8. VAM Recovery: 

The VAM recovery process consists of three steps: 

Absorption: The first step is to absorb the VAM and other liquids in acetic acid. This 

is done in an absorber, which is a device that uses a liquid to absorb a gas. In this case, 

the acetic acid absorbs the VAM and other liquids from the gas stream. 

Fractional distillation: The second step is to separate the VAM from the acetic acid 

by fractional distillation. This is done in a distillation column, which is a device that 

separates liquids based on their boiling points. The VAM has a lower boiling point than 

the acetic acid, so it will vaporize first and be collected at the top of the column. 

Decantation: The third step is to separate the VAM from the water by decantation. This 

is done by pouring the mixture of VAM and water into a decanter, which is a device 

that allows the two liquids to separate based on their densities. The VAM will be on top 

of the water, so it can be easily removed. 

4.2. Hazards: 

4.2.1. Flammability: 

Vinyl acetate monomer (VAM) is a flammable liquid. It has a flash point 

below 37°C (100°F), which means that it can vaporize and form an ignitable mixture 

with air at room temperature. VAM vapors are heavier than air, so they will sink to the 

ground and travel along the floor. This means that a VAM vapor can travel a long 

distance to a source of ignition, such as a flame or electric spark, and ignite [10]. 

4.2.2. Reactivity: 

Vinyl acetate monomer (VAM) is a reactive molecule. It can polymerize, or 

form long chains, if it is not inhibited or if it is not handled and stored properly. VAM 

is typically inhibited with a polymerization inhibitor, such as hydroquinone (HQ). 

When stored under the recommended conditions, VAM is stable and will not 

polymerize. VAM can also hydrolyze in water. This reaction is not considered 

dangerous because it is usually not violent. When VAM and water are combined, the 

polymerization and hydrolysis reactions do not occur. This is because the water 

molecules inhibit the polymerization reaction and the hydrolysis reaction is slowed 
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down by the water. It is important to be aware of the hazards associated with VAM 

polymerization and hydrolysis and to take the necessary safety precautions to prevent 

these reactions from occurring[11]. 

4.2.3. Health Effects: 

As with all chemical compounds, the quantity and duration of exposure 

have a substantial impact on the health impacts associated with VAM exposure. Since 

VAM irritates the upper respiratory tract, skin, and eyes, contact with vapors and liquids 

should be avoided. The threshold for odor perception, according to reports, is at 0.5 

ppm. VAM has the potential to irritate, expand, and cause eye redness and edema. VAM 

vapors have been found to be intolerably irritating to the eyes at 21 ppm, but not at 5 to 

10 ppm. Skin sensitivity is not thought to be brought on by VAM. Laboratory animals 

have shown that water consumption over a lifetime or exposure to VAM can cause 

cancer. Tumors appeared in the tissues that had direct contact with VAM, such as the 

mouth, esophagus, and stomach if eaten or the nose and upper respiratory tract if 

inhaled. The enzymatic conversion of VAM by tissue carboxylesterases to 

acetaldehyde and acetic acid is regarded to be a key event in the threshold-based tumor 

process. Acetaldehyde is a byproduct of food metabolism and is present in low 

concentrations in both the environment and the body. If threshold exposure values for 

VAM are exceeded, acetaldehyde may accumulate above background levels. 

Acetaldehyde, which is also mutagenic, is thought to mediate the genotoxicity caused 

by VAM. [12]. 

4.2.4. Environmental Effects: 

If released into the environment, VAM will divide up into the compartment 

of that environment. If discharged into the air, VAM has a tendency to remain there 

where it is quickly broken down by photochemical processes. It has been determined 

that the VAM atmospheric half-life is 0.6 days. Following discharges of VAM to soil 

or water, some volatilization may take place. When released into water, VAM divides 

mostly there and goes through hydrolysis. At pH 7 and 25℃ (77°F), the hydrolytic half-

life of VAM is thought to be around 7 days. VAM hydrolysis results in the hydrolysis 

of acetic acid and acetaldehyde. In general, hydrolysis intensifies in neutral 

environments. It is not anticipated that VAM will adsorb heavily to sediments or soils. 

VAM is considered to be toxic in aquatic environment [13]. 
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Material Balance 

Basis: 

Production capacity of plant = 22,000tons/yr. 
 
 

22,000 ton 1 yr. 1 day 1000 kg 

Yr. 365 days 24 hr. 1 ton 

 

= 2511.41 kg/hr. 

 

We gather the data and made assumption for this material balance from literature 

survey. 

5.1. Decanter: 

 

 

 

 

 

 

  

 

 

 

 

 

For Outlet C (Organic Product): 

C Stream = 2511.41 kg/hr.  

For Outlet D (Aqueous Product): 

H2O = (84.3/100) *710 = 598.5 kg/hr. 

CH3COOH = (15.7/100) *710 = 111.4 kg/hr. 

        

 
Decanter 

Purge (B) 

Aqueous Product (D) 

 

Organic Product (C) 

 

B=? 

CO2 =? 

O2  = ? 

C2H4 = ? 

 

C = 2511.41 kg/hr. 

VAM = 100% 

 

 

 

 

D = 710 kg/hr. 

H2O = 84.3%  

CH3COOH =15.7 % 

A =? 

VAM =? 

CO2 = ? 

O2 =? 

C2H4 =? 

CH3COOH =? 

H2O = ? 

C 

From 

Distillation 

Column (A) 
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D Stream = 710  kg/hr.[1] 

For Outlet B (Purge): 

By literature survey we get the out flow rate of Decanter[1] as shown below; 

B Stream = 430 kg/hr. 

CO2  = 43.6%   

O2 = 0.52% 

C2H4 = 55.8% 

Overall, Balance:  

A = B + C + D  

A= 430 + 2511.41 + 710  

B = 430 + 2511.41 + 710 

A Stream = 3651.41 kg/hr. 

For Inlet A (From Distillation Column): 

Component (VAM): 

A (%VAM) = C (%VAM) 

3651.41 (%VAM) = 2511.41 (100) 

VAM = 251141/3651.41= 68.77% 

Component (CO2): 

A (%CO2) = B (%CO2) 

3651.41(%CO2) = 430 (43.6) 

CO2  = 5.13%  
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Component (O2): 

A (%O2) = B %(O2) 

3651.41(%O2) = 430(0.52) 

(O2) = 0.061% 

Component (C2H4): 

A (%C2H4) = B (%C2H4) 

3651.41(%C2H4) = 430(55.8) 

C2H4  = 6.57% 

Component (CH3COOH): 

A (%CH3COOH) = D (%CH3COOH) 

3651.41 (%CH3COOH) = 710 (15.7) 

CH3COOH = 3.05% 

Component (H2O): 

A (%H2O) = D (%H2O) 

3651.41 (%H2O) = 710 (84.3) 

H2O = 16.39% 
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Result: 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Table 5: Material Balance Across Decanter 

Components 

Inlet  

(A) 

kg/hr. 

Organic 

Phase 

(C) 

kg/hr. 

Aqueous Phase 

(D) 

kg/hr. 

Purge Stream 

(B) 

kg/hr. 

VAM 2511.07 2511.41 0 0 

Carbon 

Dioxide 
187.682474 0 0 187.48 

Oxygen 2.2275987 0 0 2.236 

Water 598.83124 0 598.53 0 

Acetic Acid 111.3623 0 111.47 0 

Ethylene 239.897637 0 0 239.94 

Sum 3651.41 2511.41 710 430 

 

Decanter 

Purge (B) 

Aqueous Product (D) 

 

Organic Product (C) 

 C = 2511.41 kg/hr. 

VAM = 100% 

 

 

 

 

D = 710 kg/hr. 

H2O = 84.3%  

CH3COOH =15.7 % 

A = 3651.41 kg/hr. 

VAM = 68.77% 

CO2 = 5.14%  

O2 = 0.061% 

C2H4 = 6.57% 

CH3COOH = 3.05%  

H2O = 16.40% 

From 

Distillation 

Column (A) 

B= 430kg/hr.  

CO2 =43.62%  

O2  = 0.52% 

C2H4 = 55.83% 
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5.2. Distillation Column: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For Outlet C (Bottom): 

Assumptions: 

➢ Acetic Acid = 99 Percent in Bottom and C = 11053.47963kg/hr. 

Overall, Balance: 

Inlet = Distillate + Bottom 

A=B +C 

A = 3651.41 + 11053.47963 

A = 14704.88 

 

D
istillatio

n
 C

o
lu

m
n

 
A =? 

VAM =? 

CO2  = ? 

O2 =? 

C2H4 =? 

CH3COOH =?  

H2O  = ? 

 

 

Inlet(A)  

 

C=? 

H2O =? 

CH3COOH =? 

 

Distillate (B) 

=? 

 

Bottom (C) 

 

B = 3651.41 kg/hr. 

VAM = 68.77% 

CO2 = 5.14%  

O2 = 0.061% 

C2H4 = 6.57% 

CH3COOH = 3.05%  

H2O = 16.40% 
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For Inlet A (Inlet): 

Assumptions: 

➢ VAM = 100 Percent in Inlet  

Component (VAM): 

A (%VAM) = B (%VAM) 

14704.88 (%VAM) = 3651.41 (68.77) 

VAM = 251141/3651.41= 17.07% 

Component (CO2): 

A (%CO2) = B (%CO2) 

14704.88 (%CO2) = 3651.41 (5.14) 

CO2  = 1.2763%  

Component (O2): 

A (%O2) = %(O2) 

14704.88 (%O2) = 3651.41 (0.061) 

(O2) = 0.0151% 

Component (C2H4): 

A (%C2H4) = B (%C2H4) 

14704.88 (%C2H4) = 3651.41 (6.57) 

C2H4  = 1.6314 % 

Component (CH3COOH): 

Assumptions: 

Acetic Acid = 99 Percent in Bottom 
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A (%CH3COOH) = B (%CH3COOH) 

14704.88 (%CH3COOH) = 3651.41 (3.05) 

CH3COOH = 0.7573 *99% 

CH3COOH = 74.97% 

Component (H2O): 

A (%H2O) = B (%H2O) 

14704.88 (%H2O) = 3651.41 (16.40) 

H2O = 4.07233% 

For Outlet C (Bottom): 

Component (H2O): 

A (%H2O) = B (%H2O) + C (%H2O) 

14704.88 (4.07) = 59883.124 + 11053.47963 (%H2O) 

59848.8616 -59883.124 = 11053.47963 (%H2O) 

H2O = 0.00309% 

Component (CH3COOH): 

A (%CH3COOH) = B(%CH3COOH) + C (%CH3COOH) 

14704.88 (74.97) = 11136.80+11053.47963 (%CH3COOH) 

CH3COOH = 99.6 % 
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Results: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6: Material Balance across Distillation Column 

Components Inlet (A) 

kg/hr. 

In Distillate (B) 

kg/hr. 

In Bottom (C) 

kg/hr. 

VAM 2510.12 2511.07 0 

Carbon Dioxide 187.68 187.682474 0 

Oxygen 2.2273 2.2275987 0 

Water 598.83124 598.83124 0.34155 

Acetic Acid 11024.24 111.3623 11009.26571 

Ethylene 239.8954 239.897637 0 

Sum 14704.88963 3651.41 11053.47963 

 

 

D
istillatio

n
 C

o
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m
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A = 14704.88963 kg/hr. 

VAM = 17.07% 

CO2 = 1.2763%  

O2 = 0.0151% 

C2H4 = 1.6314 % 

CH3COOH = 74.97%  

H2O = 4.07233% 

 

 

Inlet(A)  

 

C = 11053.47963kg/hr. 

H2O = 0.00309% 

CH3COOH = 99.6 % 

 

Distillate (B) 

=? 

 

Bottom (C) 

 

B = 3651.41 kg/hr. 

VAM = 68.77% 

CO2 = 5.14%  

O2 = 0.061% 

C2H4 = 6.57% 

CH3COOH = 3.05%  

H2O = 16.40% 
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5.3. Mixer/Storage Tank: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For Inlet B (Absorber): 

Assumptions: 

➢ 9.15% VAM obtain from Absorber  

= (% of VAM in Absorber/100) *(VAM flow rate After Mixing)  

= (9.15/100) *2510.12  

VAM = 229.6756 kg/hr.  

➢ 2.212% H2O obtain from Absorber 

= (% of H2O in Absorber/100) *(H2O flow rate After Mixing)  

Mixer 

 

From Absorber (B) 

From Flash Separator (A) After Mixing(C) 

B =? 

VAM =? 

CH3COOH =? 

H2O = ? 

 

A =? 

VAM =? 

CO2  =? 

O2 =? 

C2H4 =? 

CH3COOH = ? 

H2O = ? 

 

C = 14704.88963 kg/hr. 

VAM = 17.07% 

CO2 = 1.2763%  

O2 = 0.0151% 

C2H4 = 1.6314 % 

CH3COOH = 74.97%  

H2O = 4.07233% 
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= (2.21/100) *598.83124 

H2O = 13.2341kg/hr.  

➢ 53.59% CH3COOH obtain from Absorber 

= (% of CH3COOH in Absorber/100) *(CH3COOH flow rate After Mixing)  

= (53.59/100) *11024.24 

CH3COOH = 5908.70 kg/hr.  

B = CH3COOH + H2O + VAM 

B = 5908.70 + 13.2341 + 229.6756  

B = 6151.6130 kg/hr.  

VAM in A = (229.6756/6151.6130) *100  

VAM in A = 3.733% 

H2O in A = (13.2341/6151.6130) *100 

H2O in A = 0.2151% 

CH3COOH in A = (5908.70/6151.6130) *100 

CH3COOH in A = 96.0512% 

Overall, Balance: 

Separator + Absorber = After Mixing 

A + B = C 

A = -B + C 

A = - 6151.6130 + 14704.88963 

A = 8553.27663 kg/hr. 

For Separator A (Inlet):  

Component (VAM): 

A (%VAM) + B (%VAM) = C (%VAM) 

8553.27663 (%VAM) = 14704.88963*(17.07) - 6151.6130*(3.733) 

VAM = 26.66% 
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Component (CO2): 

A (%CO2) + B (%CO2) = C (%CO2) 

8553.27663 (%CO2) = 14704.88963* (1.2763) - 6151.6130*(0) 

CO2 = 2.1942%  

Component (O2): 

A (%O2) + B (%O2) = C (%O2) 

8553.27663 (%O2) = 14704.88963* (0.0151) - 6151.6130*(0) 

O2 = 0.02596009% 

Component (C2H4): 

A (%C2H4) + B (%C2H4) = C (%C2H4) 

8553.27663 (%C2H4) = 14704.88963* (1.6314) - 6151.6130*(0) 

%C2H4 = 2.804721276% 

Component (CH3COOH): 

A (%C2H4) + B (%CH3COOH) = C (%CH3COOH) 

8553.27663 (%CH3COOH) = 14704.88963* (74.97) - 6151.6130*(96.0512) 

CH3COOH = 59.8081% 

Component (H2O): 

A (%H2O) + B (%H2O) = C (%H2O) 

8553.27663 (%H2O) = (14704.88963*4.07233) - (6151.6130*0.2151) 

H2O = 6.8464% 
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Results: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7: Material Balance across Mixer 

Components 
From Flash Separator (A) 

kg/hr. 

From Absorber (B) 

kg/hr. 

After Mixing (C) 

kg/hr. 

VAM 2280.30355 229.6756 2510.12 

Carbon Dioxide 187.6759958 0 187.68 

Oxygen 2.220438311 0 2.2273 

Water 239.8955694 13.2341 598.83124 

Acetic Acid 5115.55224 5908.70 11024.24 

Ethylene 239.8955694 0 239.8954 

Sum 8553.27663 6151.6130 14704.88963 

Mixer 

 

From Absorber (B) 

From Flash Separator (A) After Mixing(C) 

A = 8553.27663 kg/hr. 

VAM = 26.66% 

CO2 = 2.1942% 

O2  =  0.02596009% 

C2H4  =2.804721276% 

CH3COOH = 59.8081% 

H2O = 6.8464% 

C = 14704.88963 kg/hr. 

VAM = 17.07% 

CO2 = 1.2763%  

O2 = 0.0151% 

C2H4 = 1.6314 % 

CH3COOH = 74.97%  

H2O = 4.07233% 

 

 

B = 6151.6130 kg/hr. 

VAM = 3.733% 

CH3COOH = 96.0512% 

H2O = 0.2151% 
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5.4. Absorber: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For Inlet liquid 1 of Absorber (B): 

Assumptions: 

98.77% of Acetic acid of Bottom outlet liquid stream D(L2) is present in top Inlet 

liquid stream B(L1) 

= (98.77/100) *5908.70 

B = 5836.022 kg/hr. 

A
b
so

rb
er 

GAS-1 

LIQUID-2 

LIQUID-1 

GAS-2 

A =? 

VAM =? 

CO2  =? 

O2 =? 

C2H4 =? 

CH3COOH =? 

H2O = ? 

 

C =? 

O2 =? 

C2H4 =? 

CO2 = ? 

B =? 

CH3COOH =? 

D = 6151.6130 kg/hr. 

VAM = 3.733% 

CH3COOH = 96.0512% 

H2O = 0.2151% 
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For Outlet Gas 2 from Absorber (C): 

By literature survey we get the out flow rate of Gas 2 from Absorber[1] as shown 

below; C=13627.21628 kg/hr. 

Assumptions: 

CO2 = 45.10% = (45.10/100) *13627.21628 = 6146.93 kg/hr. 

O2 = 3.27% = (3.27/100) *13627.21628 = 445.73 kg/hr. 

C2H4 = 51.62% = (51.62/100) *13627.21628 = 7034.54 kg/hr. 

C = CO2 + O2 + C2H4 

C = 6146.93 + 445.73 + 7034.54 

C = 13627.21628 kg/hr.  

Overall, Balance: 

Inlet Gas Bottom (G1) + Inlet Liquid Top(L1) = Outlet Gas Top (G2) + Outlet 

Liquid Bottom (L2) 

A + B = C + D 

A = -B + C + D 

A = -5836.022 +13627.21628 + 6151.6130 

A = 13942.80728 kg/hr. 

For Absorber G1 (Inlet):  

Component (VAM): 

A (%VAM) + B (%VAM) = C (%VAM) + D(%VAM) 

13942.80728 (%VAM) = - 5836.022 (0) + 13627.21628 (0) + 6151.6130 (3.733) 

13942.80728 (%VAM) = 6151.6130*(3.733) 

VAM = 1.64701203% 
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Component (CO2): 

A (CO2%) + B (CO2%) = C (CO2%) + D (CO2%) 

13942.80728 (CO2%) = - 5836.022 (0) + 13627.21628 (45.10) + 6151.6130 (0) 

13942.80728 (%CO2) = 13627.21628*(45.10) 

CO2  = 44.07917587%  

Component (O2): 

A (%O2) + B (%O2) = C (%O2) + D(%O2) 

13942.80728 (%O2) = - 5836.022 (0) + 13627.21628 (3.27) + 6151.6130 (0) 

13942.80728 (%O2) = 13627.21628*(3.27) 

O2  = 3.195984592% 

Component (C2H4): 

A (%C2H4) + B (%C2H4) = C (%C2H4) + D(%C2H4) 

13942.80728 (%C2H4) = - 5836.022 (0) + 13627.21628 (51.62) + 6151.6130 (0) 

13942.80728 (%C2H4) = 13627.21628 (51.62) 

%C2H4  = 50.45159775% 

Component (CH3COOH): 

A (%CH3COOH) + B (%CH3COOH) = C (%CH3COOH) + D(%CH3COOH) 

13942.80728 (%CH3COOH) = - 5836.022 (100) + 13627.21628 (0) + 6151.6130 

(96.0512) 

13942.80728 (%CH3COOH) =- 5836.022 (100) + 6151.6130*(96.0512) 

CH3COOH  = 0.521244427% 

Component (H2O): 

A (%VAM) + B (%H2O) = C (%H2O) + D (%H2O) 

13942.80728 (%H2O)  = - 5836.022 (0) + 13627.21628 (0) + 6151.6130 

(239.8955694) 

13942.80728 (%H2O) = 6151.6130*(0.2151) 

H2O  = 0.094902836% 
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Results: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
b
so

rb
er 

G1 

L2 

L1 

G2 

A = 13942.80728 

VAM = 1.64701203% 

CO2 = 44.07917587%  

O2 = 3.195984592% 

C2H4 = 50.451% 

CH3COOH = 0.521% 

H2O = 0.094902% 

 

C = 13627.21 kg/hr.  

O2 = 3.27% 

C2H4 = 51.62% 

CO2 = 45.10%  

 

 

B = 5836.022 

kg/hr. 

CH3COOH = 100%  

D = 6151.6130 kg/hr. 

VAM = 3.733% 

CH3COOH = 96.0512% 

H2O = 0.2151% 
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Table 8: Material Balance Across Absorber 

Components 
Gas-1 In (A) 

kg/hr. 

Liquid-1 In (B) 

kg/hr. 

Gas-2 Out (C) 

kg/hr. 

Liquid-2 Out (D) 

kg/hr. 

VAM 229.639709 0 0 229.6756 

Carbon Dioxide 6145.874532 0 6146.93 0 

Oxygen 445.6099721 0 445.73 0 

Water 13.23200296 0 0 13.2341 

Acetic Acid 72.64202593 5836.02 0 5908.70 

Ethylene 7034.285701 0 7034.54 0 

Sum 13942.80728 5836.022 13627.21 6151.6130 
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5.5. Flash Separator/Column: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overall, Balance: 

Inlet Stream (A) = Outlet Gas Top (B) + Outlet Liquid Bottom (C) 

A = B + C 

A = 13942.80728 kg/hr. + 8553.27663 kg/hr. 

A = 22496.08391 kg/hr. 

For Inlet (A):  

Component (VAM): 

A (%VAM) = B (%VAM) + C (%VAM)  

22496.08391(%VAM) = 13627.21628 (1.64701203) + 8553.27663 (26.66)  

22496.08391(%VAM) = 250474.5441 

S
ep

a
ra

to
r

 

Gas (B) 

Liquid (C) 

Inlet (A) 

B = 13942.80728 

kg/hr. 

VAM = 1.64701203% 

CO2 = 44.07917587%  

O2 = 3.195984592% 

C2H4 = 50.451% 

CH3COOH = 0.521% 

H2O = 0.094902% 

 

A =? 

VAM =? 

CO2 = ? 

O2 =? 

C2H4 =? 

CH3COOH =? 

H2O = ? 

 

C = 8553.27663 kg/hr. 

VAM = 26.66% 

CO2  =2.1942% 

O2  =  0.02596009% 

C2H4  =2.804721276% 

CH3COOH = 59.8081% 

H2O = 6.8464% 
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(%VAM) = (250474.5441)/ (22496.08391) 

VAM = 11.13413984% 

Component (CO2) 

A (%CO2) = B (%CO2) + C (%CO2)  

 22496.08391(%CO2) = 13627.21628 (44.0791) + 8553.27663 (2.1942)  

 22496.08391(%CO2) = 250474.5441 

(%CO2) = (619443.0287)/ (22496.08391) 

CO2 = 27.5355938%  

Component (O2): 

A (%O2) = B (%O2) + C (%O2)  

 22496.08391(%O2) = (13627.21628*3.1942) + (8553.27663*0.02596009)  

 22496.08391(%O2) = 43750.09807 

(%O2) = (43750.09807)/ (22496.08391) 

O2 = 1.94478729% 

Component (C2H4): 

A (%VAM) = B (%C2H4) + C (%C2H4 )  

22496.08391(%C2H4) = (13627.21628*50.451) + (8553.27663*2.804721276)  

22496.08391(%C2H4) = 711496.2455 

(%C2H4 ) = (250474.5441)/ (22496.08391) 

%C2H4 = 31.62756008% 
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Component (CH3COOH): 

A (%CH3COOH)  = B (%CH3COOH) + C (%CH3COOH)  

22496.08391(%CH3COOH) = (13627.21628 *0.521) + (8553.27663 *59.8081)  

22496.08391(%CH3COOH) = 518655.0037 

(%CH3COOH) = (250474.5441)/ (22496.08391) 

CH3COOH  = 23.05534624% 

Component (H2O): 

A (%H2O) = B (%H2O) + C (%H2O)  

22496.08391(%H2O) = (13627.21628 *0.094902) + (8553.27663 *6.8464)  

22496.08391(%H2O) = 59852.4032 

(%H2O) = (59852.4032)/ (22496.08391) 

H2O  = 2.660569877% 
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Result: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 9: Material Balance Across Flash Vessel 

Components Inlet (A) kg/hr. Gas (B) kg/hr. Liquid (C) kg/hr. 

VAM 2504.745252 229.639709 2280.30355 

Carbon Dioxide 6394.430286 6145.874532 187.6759958 

Oxygen 447.5009806 445.6099721 2.220438311 

Water 598.524032 13.23200296 239.8955694 

Acetic Acid 5186.472145 72.64202593 5115.55224 

Ethylene 7114.962436 7034.285701 239.8955694 

Sum 22496.08391 13942.80728 8553.27663 

S
ep

a
ra

to
r

 

Gas (B) 

Liquid (C) 

Inlet (A) 

B = 13942.80728 

kg/hr. 

VAM = 1.64701203% 

CO2 = 44.07917587%  

O2 = 3.195984592% 

C2H4 = 50.451% 

CH3COOH = 0.521% 

H2O = 0.094902% 

 

A = 22496.08391 

kg/hr. 

VAM = 11.134139% 

CO2 = 27.5355938%  

O2 = 1.94478729% 

C2H4 = 31.6275600% 

CH3COOH = 23.055% 

H2O = 2.660569877% 

 

C = 8553.27663 kg/hr. 

VAM = 26.66% 

CO2  =2.1942% 

O2  =  0.02596009% 

C2H4  =2.804721276% 

CH3COOH = 59.8081% 

H2O = 6.8464% 
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5.6. Multi Tubular Reactor: 

 

 

 

 

 

 

 

 

 

 

Assumptions:  

➢ Steady state process 

➢ Argon and Methane are inert 

Reactions:  

Primary reaction:  

                                                            

C2H4 + CH3COOH + 0.5O2             C2H3OOCCH3 + H2O 

Secondary reaction:  

C2H4 + 3O2 → 2CO2 + 2H2O 

Conversions:  

Acetic acid = 25%  

Ethylene = 10-11%  

Oxygen = 60%  

 

 

 

 Reactor 

Water in 

Water Out 

A=22496.08391 kg/hr. 

CO2 =  ? 

O2 =? 

C2H4 =?  

CH3COOH =  

 

B = 22496.08391 kg/hr. 

VAM = 11.134139% 

CO2 = 27.5355938%  

O2 = 1.94478729% 

C2H4 = 31.6275600% 

CH3COOH = 23.055% 

H2O = 2.660569877% 

 

Pd 

In Out 
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Table 10: Flow rates of outlet stream of Reactor 

Components 
Outlet (B) 

kg/hr 

Molar Mass 

g/mol 

Outlet (B) 

Kmole/hr. 
Mole fraction 

VAM 2504.745252 86.09 29.09449706 0.051799036 

Carbon 

Dioxide 
6394.430286 44 145.327961 0.258737875 

Oxygen 447.5009806 32 13.98440564 0.024897448 

Water 598.524032 18.01 33.25133511 0.059199756 

Acetic Acid 5186.472145 60.05 86.36922806 0.15376938 

Ethylene 7114.962436 28.05 253.6528498 0.451596505 

Sum 22496.08391  561.6802767 1 

 

For First Reaction: 

CH3COOH             : C2H4      :   O2   :   C2H3OOCCH3                 : H2O 

 
1 : 1          :  0.5 : 1                : 1 

 

Coefficient x Molar Mass of Components 

 

60.053:28.054:  0.5*32:86.09: 18.015 

 

60.053: 28.054 :  16 : 86.09 : 18.015 

 
60.053 

86.09
 :

28.054

86.09
:

16

86.09
:

86.09

86.09
:

18.01

86.09
 

 
0.6975606923  :  0.3258682774 ∶   0.1858520153  ∶     1  ∶   0.2091996748 

 

The amount of Acetic Acid  outlet is 2504.745252 kg 

 

0.6975606923 x 2504.745252 ∶ ̇ 0.3258682774 𝑥 2504.745252 
∶   0.1858520153 𝑥 2504.745252  ∶ 

 

1  𝑥 2504.745252  ∶    0.2091996748 x 2504.745252 

 

1747.211832  :   816.2170206  :  465.5119529  :   2504.745252   :  523.9918922 
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Only the first reaction uses acetic acid, hence the remaining amounts of acetic 

acid are now present in the product is: 

Acetic acid consumed = 1747.211832  

Acetic Acid conversion is 25% then 

Acetic acid inlet = 
1747.211832 

0.25
  = 6988.84 kg/hr. 

Prove: 

Acetic acid remaining = total – consumed  

Outlet = Inlet - consumed  

Outlet = 6988.84 - 1747.211832 

Outlet = 5186.472145 kg/hr. 

 

The quantity of ethylene used in the first reaction = 816.2170206  

Ethylene conversion is 10% then 

Ethylene Inlet = 
 816.2170206   

0.11
 = 7420.154545 kg/hr. 

The quantity of oxygen used in the first reaction = 465.5119529  

Oxygen conversion is 60% then 

Oxygen Inlet = 
465.5119529    

0.60
 = 775.8532088 kg/hr. 

The amount of Water consumed in 1st reaction 

Water consumed = 523.9918922 kg 

VAM remaining = total – consumed 

VAM remaining = 2504.745252 - 2504.745252 

Acetic acid remaining = 0 kg/hr. 

2nd Reaction: 

O2 : C2H4 : CO2 : H2O 

 

3 : 1 : 2 : 2 

 

3* 32 : 1* 28.054: 2*44.01 : 2* 18.015 

96 : 28.054 : 88.02 : 36.03  
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96 

36.03
 :

28.054

36.03
:

88.02 

36.03
:

36.03

36.03
 

2.66444: 0.7786289: 2.4429641: 1 

598.524032 x 2.66444 :598.524032 x 0.7786289: 598.524032 x  2.4429641  

: 598.524032 x 1 

1594.7313:  466.0281:   1462.172723:   598.524032 

CO2 produced = 1462.172723 kg/hr. 

CO2 in product = In Feed + Produced  

6394.430286 - 1462.172723 = In Feed 

4932.258286 = In Feed 

Water produced for 2nd reaction = 598.524032 

H2O in product = In Feed + Produced  

598.524032- 598.524032 = In Feed  

Water in Feed = 0 kg/hr. 
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Results: 

 

 

 

 

 

 

 

 

 

 

 

Table 11: Material Balance Across Reactor 

Components Inlet (A) kg/hr. Outlet (B) kg/hr. 

VAM 0 2504.745252 

Carbon Dioxide 6204.353072 6394.430286 

Oxygen 1120.994491 447.5009806 

Water 0 598.524032 

Acetic Acid 6935.676053 5186.472145 

Ethylene 7979.350424 7114.962436 

Sum 22496.08391 22496.08391 

 

 

 

 

 

 Reactor 

Water In 

Water Out 

A=22496.08391 kg/hr. 

CO2 = 27.579702% 

O2 = 4.983065032 

C2H4 =35.469% 

CH3COOH = 30.830% 

 

B = 22496.08391 kg/hr. 

VAM = 11.134139% 

CO2 = 27.5355938%  

O2 = 1.94478729% 

C2H4 = 31.6275600% 

CH3COOH = 23.055% 

H2O = 2.660569877% 

 

In Out 
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Chapter 6 

Energy Balance 
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For Gas Stream: 

The correlation for heat capacity of gas is a series expansion in temperature. 

Cp = a + bT + cT 2+ dT3 + eT4 

(Chemical Properties Handbook, Carl L. Yaws) 

Here a, b, c, d, e is regression coefficients for chemical compound 

Table 12: Heat capacity coefficients for Gases 

Components Heat capacity coefficients for Gases 

a b c D e 

Acetic acid 34.85 0.037626 0.00028311 -3.067E-07 9.2646E-11 

Water 33.93

3 

-

0.0084186 

0.000029906 -1.7825E-

08 

3.6934E-12 

Oxygen 29.52

6 

-

0.0088999 

0.000038083 -3.2629E-

08 

8.8607E-12 

VAM 27.66

4 

0.23366 0.000062106 -1.6972E-

07 

5.7917E-11 

Ethylene 32.08

3 

-0.014831 0.00024774 -2.3766E-

07 

6.8724E-11 

Carbon 

Dioxide 

27.43

7 

0.042315 -

0.000019555 

3.9968E-09 -2.9872E-

13 

 

6.1. Multi Tubular Reactor 

Reactions:  

Primary reaction:  

                                                            

C2H4 + CH3COOH + 0.5O2             C2H3OOCCH3 + H2O 

Secondary reaction:  

C2H4 + 3O2                    2CO2 + 2H2O 

Inlet Side: 

Pd 
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A series expansion in temperature serves as the correlation for the heat capacity of 

gases. 

Cp = a +bT + cT 2+ dT3 + eT4 

Inlet Temperature = 147.4 C 

Table 13: Energy Balance across reactor Inlet Side 

Components m 

(kmol/hr.) 

Cp 

(J/mole)  

ΔT 

(T2−T1) 

Q 

(kJ/hr.) 

VAM 0 27,699 11.5 0 

Carbon 

Dioxide 
141.0080244 33 

11.5 
53513 

Oxygen 35.03107784 29 11.5 11683 

Water 0 33 11.5 0 

Acetic Acid 115.4983523 46 11.5 61099 

Ethylene 284.4688208 35 11.5 114499 

Sum  576.0062753   240,793 

 

Outlet Side: 

The correlation for heat capacity of gas is a series expansion in temperature. 

Cp = a + bT + cT 2+ dT3 + eT4 

Outlet Temperature = 158.9 C 

Table 14: Energy Balance across reactor Outlet Side 

Components m 

(kmol/hr.) 

Cp 

(J/mole)  

ΔT  

(T2−T1) 

Q  

(kJ/hr.)  

VAM 29.09449706 27,702 11.5 0 

Carbon 

Dioxide 
145.327961 34 

11.5 
53513 

Oxygen 13.98440564 29 11.5 11683 
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Water 33.25133511 33 11.5 0 

Acetic Acid 86.36922806 47 11.5 61099 

Ethylene 253.6528498 35 11.5 114499 

Sum  561.6802767              240,793 

Average Specific Heat 

 

Inlet Outlet 

KJ/kmol. K KJ/kmol. K 

53.45 54.7 

  

Q = ncp∆T 

For Inlet 

Qin = nin Cpin ∆Tin 

Qin = 581.5*53.45*125 

Qin = 3885146.875 (J/hr.) 

 

For Outlet 

Qout = nout Cpout ∆Tout 

Qout = 566.9625*54.7*125 

Qout = 3876606.094 (J/hr.) 

Q In = Q Out 

Change in Enthalpy ∆H 

∆Hr1 at 250 C= -5123015 kJ/hr.  

∆Hr2 at 250 C = -2820430 kJ/hr.  

∆Hr1 at 1480C = (nCp ∆T) reactants + ∆Hr1 at 25℃ + (nCp ∆T) products 

= -5151598 kJ/hr. 

∆Hr2 at 148℃ = (nCp ∆T) reactants + ∆Hr2 at 25℃ + (nCp ∆T) products 
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= -2731842 kJ/hr. 

∆Hr. = -5151598 - 2731842 

= -7883440 KJ/hr. 

Q = Qin - Qout + ∆Hr.  

= 3885146 – 3876606 - 7883440 

= -7874900 KJ/hr. 

= -2187.47 KW 

For water flow rate 

𝑄 = 𝑛𝐶𝑝∆T 

𝑚 =
𝑄

𝐶𝑝∆T
 

m= 0.65 kmol/ sec = 11.7 kg/ 

sec 

= 4.212 ton/hr. 

6.2. Heat Exchanger: 

 

Heat released from Hot stream: 

Qh = mCpΔT 

Qh = 22402.8319*1177.600*-50 

Qh = -1321059.7026 kJ/hr. 

Qh = -366961.0285 W 

Heat absorbed by cold stream: 

Qc = mCpΔT 

QC =13629.538998*1.3415 *58.6 

Stream Cp avg (J/kg °C) m(kg/hr.) 

Hot side Stream(gas) 1177.600 22399.11 

Cold side Stream(gas) 1629.58 13627.21 
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QC = 1321059.7026 kJ/hr. 

QC = 366961.0285 W 

Heat absorbed = Heat released 

1321059.7026 kJ/hr.= -1321059.7026 kJ/hr. 

6.3. Flash Separator /Column: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q = mCpΔT 

For feed   

Q = 22496.08* 24.3066 * 9.5 = 5194630.572 

kJ/hr. = 1442.952937 KW 

For Gaseous Phase  

Q = 13948.08* 36.7554592 *9.5 = 4870338.967 kJ/hr. = 1352.871935KW 

For Liquid Phase  

Q = 8553.27* 3.777764072 * 9.5 = 306961.0368 kJ/hr. = 85.266955KW 

Table 15: Energy Balance Across Heat Exchangers 

Heat Flow of Vapor Outlet 

Final Temperature  308.5 K 

Pressure  4.81 bar 

Mass Flow rate of feed 13948.08 kg/hr. 

Cp Average at 298K 36.75 KJ/Kg. K 

Heat Flow of Feed 

Final Temperature  308.5 K 

Pressure  4.81 bar 

Mass Flow rate of feed 22496.08 kg/hr. 

Cp Average at 298K 24.3067 

Heat Flow of Liquid Outlet 

Final Temperature  308.5 K 

Pressure  4.81 bar 

Mass Flow rate of feed 8553.27 kg/hr. 

Cp Average at 298K 3.77 KJ/Kg. K 

S
ep

a
ra

to
r

 

Gas (B) 

Liquid (C) 

Inlet (A) 
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HEAT FLOWS 

Feed Vapor Liquid 

5194630.572 KJ/hr. 4870338.967 KJ/hr. 306961.0368 KJ/hr. 

1442.952937 KW 1352.871935 KW 85.266955 KW 

6.4. Absorber  

 

Heat Flow of Feed 

Temperature  308.5 K 

Pressure  4.81 bar 

Feed Flow Rate  13942.8072 Kg/hr. 

Qin = mCpΔT 165835.5 kJ / kgmole 

 

Heat Flow of Dilute VAM  

Temperature  308.5 K 

Pressure  4.81 bar 

Feed Flow Rate  6151.61 Kg/hr. 

Qin = mCpΔT 71991.69 kJ / kgmole 

 

Heat Flow of Top Gases  

Temperature  308.5 K 

Pressure  4.81 bar 

Feed Flow Rate  13627.61 Kg/hr. 

Qin = mCpΔT 117338.9 kJ / kgmole 

  

Overall Heat Flow 

Qout = Qtop + Qbottom  

71991.69 + 117338.9 = 189330.59KJ/hr. 

Q = Qout – Qin + ∆Hr.  
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=   189330.59 - 13942.8072 - 316000 

Q = -140612.2172 kJ / hr. 

Mass flow rate of Absorbent (Acetic Acid) 

m = Q / (Cpavg ∆T) = 23.53 kg / hr. 

 

6.5. Distillation Column: 

Top Stream: 

Bubble Point Temp = 51.5 C 

Dew Point Temp = 82.5 C 

Stream Temp = 75 C 
 

 

 

 

 

 

 

 
Feed Stream: 

 

 

 
 

Mol. Fraction: 

Oxygen = 0.000912 

Ethylene = 0.11106 

Carbon dioxide = 0.0553 

Water = 0.4313 

Acetic Acid = 0.02411 

Vinyl Acetate = 0.3772 

Bubble Point Temperature = 65.5 C    

Dew Point Temperature = 165 C 

Stream Temperature = 34.5 C 
 

Mol. Fraction: 

Oxygen = 0.0002689 

Ethylene = 0.03274 

Carbon dioxide = 0.0163 

Water = 0.12845 

Acetic acid = 0.71098 

Vinyl Acetate = 0.11123 

DC  
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 

 
Bottom Stream: 

Bubble Temp = 126 C  

Dew Point Temp = 127 C 

Stream Temp = 129 C 

 

Mol. Fraction: 

Water = 0.0018 

Acetic Acid = 0.998 

Feed Stream: 

Cp = a + bT+ cT2 + dT3 + eT4 
  = J/ kgmole 

Cp Avg = 169.5829 kJ/kmol. K  
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m= F= 261.355 kgmole/hr.  

∆HF= mCpΔT 
∆HF = 421052.3561 kJ/hr. = 116.958 kW 

Enthalpy of Liquid in distillate: 

 

Cp = a + bT+ cT2 + dT3 + eT4 
  = J/ kgmole 

 

Cp Avg = 197.931 kJ/ kgmole. K  

m= D = 77.057 kgmole/hr.  

∆Hd= mCpΔT  

∆Hd = 762606.93 kJ/hr. = 211.835 kW  

R = 0.879  

L = RD = 67.73897 kgmole/hr.  

V = L + D = 144.79673 kgmole/hr. 

Enthalpy of Vapors at top: 
 

Cp = a + bT+ cT2 + dT3 + eT4 
  = J/ kgmole 

Cp Avg = 197.931 kJ/ kgmole. K 

The following formula converts the latent heat of vaporization at the boiling point 

of the constituents for stream conditions:  

(ʎ2/ʎ1) = (Tr1/Tr2) ^0.38 

Tr1 = Reduced Bubble point of feed stream  

Tr2 = Reduced Dew point of Top stream 

Component LHV kJ/mol J/Kmol 

Water 40.65 40650 
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λ= 29877.97 kJ/kgmole. K 

Tf   = 338 K 

T r =298 K 

m= V = 144.796 kgmole/hr. 

∆HV= m Cp ∆T + m λ 

 

∆HV = 5759221.677 kJ/hr. = 1599.784 kW 

Enthalpy of liquid refluxed back at top: 

 

λ𝑎𝑣𝑔 =317.4 kJ/ kgmole. K  

Tf = 338 K  

T r=298 K  

m= L =67.738 kgmole/hr.  

∆HL= mCpΔT  

∆HL = 870986.5 kJ/hr. = 241.94 kW 

Calculation of Heat Duties: 

Condenser Duty: 

The energy balance before and after the condenser, which can be expressed as follows, 

can be used to calculate the condenser duty. 

Heat Leaving = Heat Entering 

Enthalpy of vapors entering the condenser equals the sum of the heat removed, the 

distillate's enthalpy, and the reflux stream's enthalpy. 

 

Q = 1146.008 kW 

Acetic Acid 39.82 39820 

VAM 31.4 31400 
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Water flow rate:  

Cp= 4.18 kJ / kg. K  

∆T =348 – 298= 50K  

Q= mCpΔT  

m = Q/Cp∆T  

m = 19739.848 Kg/hr.   

M= 5.483 kg/sec 

Reboiler Duty:  

A distillation column's reboilers heat output can be determined using an energy balance. 

The feed, distillate, bottom stream, and reboiler make up the system under study. The 

amount of heat entering and leaving the system is equal. The heat generated by the 

feed's vaporization is the heat that enters the system. The amount of heat needed to 

vaporize a liquid is known as the heat of vaporization. Condensation of the distillate 

and bottom stream vaporization generate the heat that leaves the system. 

The amount of heat emitted when a vapor condenses to a liquid is known as the heat of 

condensation. According to the energy balance, 

(Heat entering the system = Heat leaving the system) = 1932.8522 kW 

Qin = Qout 
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Chapter 7 

Equipment Design 
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Reactor:  

 

The reactor is the core of the chemical plant. It is the most common unit process 

equipment in the industry. Reactors are vessels that are intended to contain the chemical 

reactions involved. The significance of reactors stems from their ability to facilitate 

chemical reactions in a controlled and efficient manner, which is essential to produce 

high-quality products. A critical aspect of a reactor is reactor design, which must 

consider factors such as heat and mass transfer, and reaction kinetics to guarantee that 

the reaction occurs efficiently and safely. 

7.1.1. Types of Reactors: 

 

 

 

 

 

 

 

 

 

 

 

Other: 

⚫ Slurry Reactor  

⚫ Segregated Tank Reactor 

⚫ Metal Gauze Reactors 

⚫ External Recycle Reactor 

⚫ Monolith Reactors 

⚫ Berty Reactors 

⚫ Carberry (Spinning Basket) Reactor 

⚫ Counter Diffusive Reactor 

 

 

Batch Reactors 

Types of Reactors 

Continuous-Flow Reactors 

 

Continuous-Stirred 

Tank Reactor (CSTR) 

 

Plug Flow Reactor 

(PFR) 

 

Catalytic-Bed 

Reactor  

 

Packed/Fixed Bed 

Reactor (PBR) 

 

Fluidized Bed 

Reactor (FBR) 

 

Trickle Reactor 

(TBR) 
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Table 16: Choice of Reactors 

Reactor Type  Advantages Disadvantages  Area of 

Application 

 

 

Batch Reactor  

◼ Suitable for small 

scale production. 

◼ Suitable for long 

time reactions. 

◼ Suitable for high 

selectivity. 

◼ Not designed 

for large scale 

production  

◼ Closed system 

◼ Micro-

Chemical 

Industry   

Continuous 

Stirred Tank 

Reactor 

(CSTR)  

◼ High flexibility; 

increased 

concentration 

gradient. 

◼ Between 

reactions, during 

the process, 

byproducts can 

be eliminated. 

◼ Complex and 

expensive as 

compared to 

tubular 

reactor. 

◼ Assumed that 

mixing is 

perfect  

◼ Chemical 

reactions 

involving gas 

and liquids. 

Tubular 

Reactor (PFR) 

◼ Reactants can be 

submerged under 

several 

circumstances. 

◼ When compared 

to CSTR, it is 

more efficient 

and multitubular. 

◼ Not cost 

effective for 

small scale 

production  

◼ Chemical 

production at 

cryogenic and 

hyperthermic 

temperatures. 

 

It is not possible to assume perfect mixing because both reactions are catalytic. Also, 

the production size is too large for a batch reactor. As a result, the production will use 

a multi-tubular catalytic reactor, which is less complex and more economically feasible 

for VAM plants.  



 
 

65 

7.1.2. Design Steps: 

1. Identify the desired flow rates and operating conditions  

2. Choose and appropriate catalyst and particle size. 

3. Choose the appropriate configuration for the reactor. 

4. Evaluate the reaction rate through the analysis of experimental data. 

5. Determine the catalyst’s weight using the design equation for a Packed Bed 

Reactor. 

6. Determine the volume occupied by the catalyst. 

7. Determine the number of tubes required. 

8. Determine the tube’s diameter and length using the L/D ratio.  

9. Determine the dimensions and quantity of the tubes. 

10. Determine the volume of the shell surrounding the reactor. 

11. Determine the reactor’s diameter and length using the L/G ration  

12. Assess the pressure drop within the system. 

13. Choose a suitable construction material. 

14. Develop an initial mechanical design for the reactor. 

7.1.3. Reaction Equation:  

➢ Primary Reaction:                     

C2H4 + CH3COOH + 0.5O2             C2H3OOCCH3 + H2O 

➢ Secondary Reaction:  

          C2H4 + 3O2                 2CO2 + 2H2O 

For the production of vinyl acetate, gas-phase processes are favored because they result 

in a better yield and are less likely to corrode. Because it reduces yield and makes it 

more challenging to remove reaction heat, the combustion of ethylene to carbon dioxide 

is a highly unfavorable secondary reaction. 

The amount of heat released or absorbed when one mole of substance reacts under 

typical circumstances is known as the standard heat of reaction. In this instance, the 

conventional heats of reaction for ethylene combustion and vinyl acetate combustion 

are -1322.8 Kcal/KJ per mol and -176.2 Kcal/KJ per mol, respectively. When these 

Pd 
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two reactions are allowed to occur simultaneously the heat released from combustion 

of vinyl acetate is added to the heat released from combustion of ethylene. This results 

in an overall heat release of 250 KJ/KJ per mol  [14]. 

Catalysts:  

Catalysts play a vital role in technology, and their composition has evolved over time. 

In the past, catalysts were primarily composed of 1 to 5 wt.% palladium impregnated 

on silica, with alkali metal acetates used as activators. However, in modern catalysts, 

noble metals, particularly gold, are often utilized as enhancers. A typical example of a 

catalyst following the Bayer-type approach consists of 0.15 to 1.5 wt.% palladium and 

0.2 to 1.5 wt.% gold, with a bulk content of 4 to 10 wt.%. The average lifespan of such 

catalysts ranges from 1 to 2 years. 

7.1.4. Kinetics of Reaction: 

In more recent studies the formation of vinyl acetate can be described conveniently by 

a power law kinetics involving only ethylene and oxygen: 

For the Primary Reaction:  

r VA = k1 𝑝𝐶2𝐻4 
𝛼1 𝑝𝑜2 

𝛽1
 

 

 

where the partial pressures of ethylene and oxygen are directly proportional to the rate 

of vinyl acetate production (rVA). The reaction constant is K2 = A2e
 -E2/RT. 

𝛼1 and 𝛽1 are partial reaction orders derived empirically, while A2 is a pre-exponential 

factor. PC2H4 is the partial pressure of ethylene and PO2 is the partial pressure of oxygen. 

For Secondary Reaction: 

r CO2 = k2 𝑝𝐶2𝐻4
𝛼1 𝑝𝑜2

𝛽1
 

where 𝑟CO2 is the rate of formation of vinyl acetate is directly proportional to the partial 

pressure of ethylene and the partial pressure of oxygen. K2 = A2𝑒−𝐸2/𝑅𝑇 is the reaction 

constant. PC2H4 is partial pressure of ethylene and PO2 is the partial pressure of oxygen; 

𝛼2 and 𝛽2 are partial reaction orders derived experimentally, 𝐴2 is a pre-exponential 

factor. 
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Table 17:  Reaction Parameters [15] 

Reactions Α Β E (J/mol) A (mol kg cat-1 s-

1) 

1 0.36 0.20 15000 0.000265 

2 -0.31 0.82 21000 0.000750 

 

7.1.5. Design Equations: 

𝑾

𝑭𝑨𝟎
 = ∫  

𝒅𝑿𝑨

−𝒓𝑨

𝑿𝑨𝒐𝒖𝒕

𝟎
 

For 1st Reaction:  

R = 8.314 KJ/kmol. K 

T = 423.15K 

P = 7 bar, 70000 Pa 

K1= A1e-(E1/RT) 

K1= 0.000265 exp (−
15000

𝑅𝑇
) 

K1= 0.000265 exp (−
15000

(8.314)(423.15)
) 

K1= 3.728*10-6 𝑘𝑚𝑜𝑙

𝑘𝑔.𝑐𝑎𝑡.𝑠
 

Now,  

r VA = k1 𝑝𝐶2𝐻4 
𝛼1 𝑝𝑜2 

𝛽1
 

 

whereas, from the design equation 

Generate data curve between XA and 1/-rA up to XA = 0.2. These values have been 

taken from the book. (Chemical-process-design-alexandre) 
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Figure 6: Rate of reaction for primary reaction 

While rvA = 3.728*10-6(0.4515*7)0.36(0.02489*7)0.20 

rVA = 3.97*10-6 𝐤𝐦𝐨𝐥 𝐛𝐚𝐫

𝐤𝐠.𝐜𝐚𝐭.𝐬
 

 

Now by solving these values through Simpson 1/3rd rule for numerical integration we 

get: 

∫  
𝒅𝑿𝑨

−𝒓𝑨

𝟎.𝟐

𝟎
 = 

𝟎.𝟎𝟓

𝟑
((𝒇(𝟎) + 𝒇(𝟎. 𝟐) + 𝟒(𝒇(𝟎. 𝟎𝟓) + 𝒇(𝟎. 𝟏𝟓) + 𝟐(𝒇(𝟎. 𝟏) +

𝒇(𝟎. 𝟐)) 

∫  
𝒅𝑿𝑨

−𝒓𝑨

𝟎.𝟐

𝟎

= 𝟔𝟏. 𝟖𝟐
𝒌𝒈. 𝒄𝒂𝒕. 𝒔

𝒎𝒐𝒍
 

so,  

FA0 = 
𝟏𝟎𝟎𝟎

𝟔𝟏.𝟖𝟐
 
𝒎𝒐𝒍

𝒔
 

FA0 = 162.52 mol/s 

Now from design equation, 

W= ∫  
𝒅𝑿𝑨

−𝒓𝑨

𝟎.𝟐

𝟎
 * FA0 

W = 61.82 * 162.52  

W2 = 10046.98 Kg 

300
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For Volume of Catalyst, 

𝐕𝐨𝐥𝐮𝐦𝐞 𝐨𝐟 𝐜𝐚𝐭𝐚𝐥𝐲𝐬𝐭 =  
𝐖𝐞𝐢𝐠𝐡𝐭 𝐨𝐟 𝐜𝐚𝐭𝐚𝐥𝐲𝐬𝐭

𝐃𝐞𝐧𝐬𝐢𝐭𝐲 𝐨𝐟 𝐜𝐚𝐭𝐚𝐥𝐲𝐬𝐭
 

Whereas, Density = 1000kg/m3 

Volume = 10046.98/1000 

Volume = V1 = 10.046 m3 

For 2nd Reaction: 

R = 8.314 KJ/kmol. K 

T = 423.15K 

P = 7 bar, 70000 Pa 

K2= A2e-(E1/RT) 

K2= 0.00075 exp (−
21000

𝑅𝑇
) 

K2= 0.00075 exp (−
21000

(8.314)(423.15)
) 

K2= 1.917*10-6 𝑘𝑚𝑜𝑙

𝑘𝑔.𝑐𝑎𝑡.𝑠
 

Now,  

r co2 = k2 𝑝𝐶2𝐻4 
𝛼1 𝑝𝑜2 

𝛽1
 

 

whereas, from the design equation 

Generate data curve between XA and 1/-rA up to XA = 0.03. These values have been 

taken from the book. (Chemical-process-design-alexandre) 
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Figure 7: Rate of reaction of secondary reaction 

While rCO2 = 1.917*10-6 𝑘𝑚𝑜𝑙

𝑘𝑔.𝑐𝑎𝑡.𝑠
 (0.4515*7)-0.31(0.02489*7)0.82 

rCO2 = 3.20*10-7 𝐤𝐦𝐨𝐥 𝐛𝐚𝐫

𝐤𝐠.𝐜𝐚𝐭.𝐬
 

Now by solving these values through Simpson 1/3rd rule for numerical integration we 

get: 

 ∫  
𝒅𝑿𝑨

−𝒓𝑨

𝟎.𝟎𝟑

𝟎
 =

𝟎.𝟎𝟓

𝟑
((𝒇(𝟎) + 𝒇(𝟎. 𝟎𝟑) + 𝟒(𝒇(𝟎. 𝟎𝟎𝟓) + 𝒇(𝟎. 𝟎𝟏𝟓) +

𝒇(𝟎. 𝟎𝟐𝟓) + 𝟐(𝒇(𝟎. 𝟎𝟏) + 𝒇(𝟎. 𝟎𝟐) + 𝒇(𝟎. 𝟎𝟑)) 

∫  
𝒅𝑿𝑨

−𝒓𝑨

𝟎.𝟎𝟑

𝟎

= 𝟏𝟏𝟎. 𝟕𝟕𝟔
𝒄𝒂𝒕. 𝒔

𝒎𝒐𝒍
 

So, from here we get, 

FA0 = 2.22 mol/s 

W= ∫  
𝒅𝑿𝑨

−𝒓𝑨

𝟎.𝟎𝟑

𝟎
 * FA0 

W = 110.776 * 2.22 

W2 = 245.8 Kg 

For Volume of Catalyst, 

Volume of catalyst = 
𝐖𝐞𝐢𝐠𝐡𝐭 𝐨𝐟 𝐜𝐚𝐭𝐚𝐥𝐲𝐬𝐭

𝐃𝐞𝐧𝐬𝐢𝐭𝐲 𝐨𝐟 𝐜𝐚𝐭𝐚𝐥𝐲𝐬𝐭
 

Whereas, Density = 1000kg/m3 

4040

4050

4060

4070

4080

4090

4100

4110

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

1/rA



 
 

71 

Volume = 245.8/1000 

Volume = V2 = 0.2458 m3 

Total Volume = V1 + V2  

Total Volume of catalyst = V= 10.2918 m3 

Void Volume = 0.55 

Assuming, 

L/D = 3 

Whereas, 

Volume = 𝜋𝐷2/4 

Then by solving L/D with volume we get, 

Diameter of Catalyst = 1.9811 

Length of Catalyst = 5.9434 

7.1.6. Shell and Tube Configuration: 

All of this data of shell and tube configuration have been taken from the book 

(Chemical-process-design-alexandre) Chapter 10. 

Outer Diameter = OD = 2 inch = 0.0508 m 

 Inner Diameter ID =1.76 inch = 0.0447m  

Birmingham Wire Gauge = BWG = 11  

Inner cross-sectional area of 1 tube: 

Inner cross sectional flow area per tube= 2.433 inch2 = 0.00157 m2  

Length of 1 tube = L = 13 ft = 4.0 m 

Volume of 1 tube = cross sectional area per tube * Length of 1 tube 

Volume of 1 tube = (0.00157 * 4.0) 

Volume of 1 tube = 0.00628 m3 

No of tubes = 
Volume of reactor

Volume of 1 tube
 

No. of tubes = 
(volume of catalyst/ void volume) 

0.00956
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No. of tubes = 
(10.2918/0.55) 

0.00628
 

No. of tubes = 2500 

Triangular pitch = 1.25 * OD 

Triangular pitch = 1.25*0.0508  

Triangular Pitch = Pt = 0.0635m  

Diameter of bundle in mm = Db = do (
𝑛

𝑘1
) (1/n1) 

Whereas, 

Do = outer diameter  

N= No. of tubes  

So, 

For Triangular pitch; 

K1 = 0.319 

N1 = 2.142 

So, 

Db = 2954.33 mm 

From figure 12.10 of book (RK SINNOT) 

Clearance = 127 mm 

Inside diameter of shell = Db + Clearance  

Inside diameter of shell = 2954.33 + 127 = 3081.22 mm/1000 = 3.081m  

For 20 percent extra space  

Inside diameter of shell =3.081m  

Thickness t = 17.7mm  

Shell outside Diameter = 3.1105m  

Length of shell= 3D = 3*3.1105 = 9.3315m 

Now, calculating  

Original diameter of reactor = 3.3015 m  
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Original length of reactor = 3D = 9.9044 m 

Diameter and Area of Shell: 

The diameter of the shell (total bundle of tubes diameter) can be calculated by the 

formula:  

 

Db   = Do

(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇𝑢𝑏𝑒𝑠)
1
𝑛

𝐾1
 

Where,  

K1 and n are constant values obtained from the choice of pitch: 

Triangular pitch is selected as it gives a compact arrangement, resulting in smaller 

shell.  

Pt = 1.25D0  

Pt = 1.25 × 0.0025 = 0.003125 m  

For 1 shell pass, 1 tube pass: K1 = 0.319 and n = 2.142 

Db   = 0.0025 
( 1920)

1
2.142

0.319
 

Db   = 0.2673m 

Clearance = 25% of D0 = 0.000625 m  

Shell diameter:  

Shell diameter = Db+ Clearance 

Shell diameter = 0.2673 + 0.000625 

Shell diameter = 0.2679 m 

Area of Shell: 

Area of Shell  =
𝜋(𝐷 𝑜𝑓 𝑆ℎ𝑒𝑙𝑙)2

4
 

Area of Shell  =
𝜋(3.1105)2

4
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Area of Shell  =  7.59m2 

Outer area of tubes:  

Area of tubes  =
𝜋 x 𝑁𝑡 x (𝐷𝑡)2

4
 

Area of tubes  =
𝜋 x 1920  x (0.0025)2

4
 

Area of tubes  = 0.00942 m2 

Area of shell is greater than area of tubes, so the design is satisfactory.  

 Aspect ratio −  L/D ratio =
9.3315

3.1105
 

L/D ratio = 3 

The L/D ratio is not extremely high hence capital cost is reduced as well. For tubular  

reactors, the aspect ratio is around 8. 

Residence Time: 

Residence Time =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟

𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
 

 

τ =
𝑉

𝑣𝑜
 

τ =
10.2918

2109.133
 

Residence Time = 0.00487 hr.  = 17.56 sec 

7.1.7. Mechanical Design of Reactor: 

For cylindrical shell, minimum wall thickness; 

T(m) = 
𝑃𝑟𝑖 

𝑆𝐸𝑗− 0.6𝑃
+ 𝐶𝑐 

Whereas, 

Pressure = 7 bar 

Joint Efficiency = Ej = 1 
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Maximum Allowable stress = S = 94500 KPa 

Corrosion Allowance = Cc = 0 (Assume) 

Radius of Shell = ri = 3.1105/2 = 1.555m 

Now calculating, 

T = 
7∗1.555

94500∗1−𝑜.6∗7
+ 0 = 0.0011519m = 11.51 mm  

7.1.8. Pressure Drop in Tube Side: 

∆𝑝

𝐿
=

150𝜇(1 − 𝜀)2𝜇0

𝜀3(𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟)2
+  

1.75(1 − 𝜀) 𝜌𝜇0

𝜀3(𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟)2
 

Whereas, 

𝜀 = Void Fraction = 0.45  

L = Length of bed = 5.9434m 

𝜌 = Density (Assume) = 10kg/m3 

𝜇= Viscosity = 8.3637 pa.s 

𝜇0= Super facial velocity = 0.1945 m/sec 

Particle diameter = 5 mm 

So, by calculation we get, 

∆𝑝 =
150 ∗ 8.3637 ∗ (1 − 0.45)2 ∗ 0.1945

(0.45)3 ∗ (5)2
+  

1.75 ∗ (1 − 0.45) ∗  10 ∗ 0.1945

(0.45)3 ∗ (5)2

∗ 5.9434 

∆𝒑 = 1929614 Pa = 1929.614 KPa = 1.9 Bar 
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7.1.9. Specification Sheet: 

Table 18: Specification sheet of reactor 

Identification 

Item  Reactor 

No. Required 1 

Type  Packed Bed Multi Tubular Reactor 

Operating Temperature 423.15 

Pressure 7 Bar 

Time of Contact 17.23 sec 

Reactor Volume 85.05 m3 

Reactor Diameter 3.301 

Reactor Length 9.904 

Outside diameter of tube 0.0508 m 

Length of 1 tube 4.0 m 

Volume of 1 tube  0.00628 m3 

Total Tubes 2500 

Pressure Drop 1929 KPa 
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7.1. Heat Exchanger: 

➢ A heat exchanger (HX) is a device that transfers thermal energy between two 

fluids. It is a common component in many industrial and commercial 

applications, including boilers, coolers, cooling water heat exchangers, 

evaporators, and condensers. 

➢ Two fluids with varying temperatures that are separated from one another by a 

conducting medium make up the basic building blocks of a heat exchanger. The 

most common design uses two fluids, one of which circulates inside the tubes and 

the other surrounds them. The heat is transferred from the heated fluid to the cool 

fluid through a combination of conduction and convection. 

➢ The surface area of the heat transfer surface, the temperature differential between 

the fluids, and the kind of conducting media are only a few variables that affect 

how efficient a heat exchanger is. Heat exchangers are a crucial part of numerous 

industrial processes and are crucial for energy efficiency and conservation. 

7.2.1. Classification Of Heat Exchangers: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HX Classification 

Operation Construction 

Transfer Process 

Degree of Surface Compactness 

Heat Transfer Mechanism Pass Arrangements Flow Arrangements 

 

Geometry of Construction 

Direct Contact Indirect Contact 

 

Compact 

 

Non-Compact 

Single Phase Two Phase Multiple 

 

Single  

Counter 

 

Parallel 

Tubular Plate 

 

Extended Surface 

Split 

 

 

Cross 

 

Divided 

d 
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7.2.2. Selection of Heat Exchanger: 

Table 19: Selection of Heat Exchanger 

Type 
Significant 

feature 

Applications 

that work 

best 

Limitations 

Comparative 

cost in carbon 

steel 

construction, 

approximation 

Fixed tube 

sheet 

The tube 

sheets are 

rigidly 

attached to the 

shell. 

Condensers, 

liquid-liquid, 

gas-gas, gas-

liquid, cooling 

and heating, 

horizontal or 

vertical 

reboiling 

Temperature 

difference at 

extremes of 

about 200 oF. 

Due to 

differential 

expansion. 

1.0 

Floating 

head or tube 

sheet 

(removable 

and non-

removable 

bundles) 

Floating tube 

sheets allow 

tubes to 

expand and 

contract freely 

preventing 

stress and 

making the 

bundle 

removeable. 

Extreme 

Temp. 

differences 

above 200 oF 

filthy fluids 

required 

cleaning on 

both inside or 

outside 

whether 

horizontally or 

vertically. 

Internal 

gaskets 

present at 

leakage risk 

fluid ability to 

control 

floating 

portion on the 

shell.  

1.28 

 

 

 

 

U-tube; 

U-Bundle 

 

There is only 

one tube sheet 

required in the 

form of U 

shaped 

curved. 

Bundle can be 

eliminated  

High temp. 

differences 

which may 

necessitates 

adding 

expansion 

capacities to 

fixed tube 

system 

Bends must be 

done carefully 

to prevent 

mechanical 

damage and 

the risk of 

rupture. Inside 

of bends may 

erode due to 

tube side 

velocities. 

0.9-1.1 

Double 

pipe 

In a shell and 

tube heat 

exchanger, 

each tube is 

In banks for 

larger 

applications, 

or in relatively 

Finned tubes 

are suitable 

for high heat 

transfer 

0.8-1.4 
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surrounded by 

its own shell. 

The shell-side 

fluid flows 

through the 

annular space, 

transferring 

heat to the 

finned tube 

small transfer 

areas. 

particularly 

well suited for 

high tube 

pressures 

(higher than 

400 psig). 

applications. 

However, they 

are costly and 

space-

consuming. 

Pipe coil 

A pipe coil 

submerged in 

water is the 

simplest type 

of heat 

exchanger. It 

is simple, 

inexpensive, 

and versatile, 

but not very 

efficient or 

suitable for 

high-heat 

applications. 

Low heat 

burdens on 

sensible 

transfer, or 

condensation. 

A low transfer 

coefficient 

requires a 

large heat 

exchanger for 

a high heat 

load. 

0.5-0.7 

Plate and 

frame 

Thin metal 

plate heat 

exchangers 

are compact 

and easy to 

clean. 

Fluids with 

high heat 

transfer, 

slurries, and 

viscosity. 

The maximum 

temperature 

for plate heat 

exchangers is 

between 350 

and 500℉, 

which makes 

them 

unsuitable for 

boiling or 

condensing. 

They cannot 

be utilized for 

gas-gas 

applications; 

only liquid-

liquid 

applications 

0.8-1.5 
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Shell and Tube Heat Exchanger: 

The effective, dependable, and adaptable method of transferring heat between two 

fluids is the shell and tube heat exchanger. They are the most prevalent type of heat 

exchanger used in industry and have a wide range of uses, including food processing, 

chemical processing, and the production of electricity. 

A shell, a bundle of tubes, and a tube sheet make up a shell and tube heat exchanger. 

The tubes are kept in the shell, which is a sizable cylindrical container. The hot fluid is 

poured into the tubes, and the cool fluid is poured into the shell. Through the tube walls, 

heat is transmitted from the hot fluid to the cool fluid. 

Because they may be used to transfer heat between a wide range of fluids and function 

at a wide range of temperatures and pressures, shell and tube heat exchangers are widely 

employed. Additionally, they are comparatively simple to maintain and fix. 

 

Figure 8: Shell and Tube HX 

7.2.3. Types of the shell and tube heat exchangers: 

Heat exchangers have been developed with different approaches to these four 

fundamental design factors. Three principal types of heat exchangers 

• U-tube exchangers 

• Fixed tube-sheet exchangers  

• Floating head exchangers 
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U -Tube Exchangers: 

U-shaped tubes are used in U-tube heat exchangers, a form of heat exchanger, to 

transfer heat between two fluids. They are utilized in many different applications, 

including as power production, chemical processing, and food processing. They are 

small and effective. 

U-shaped tubes are used in U-tube heat exchangers to transfer heat between two fluids. 

They are effective and little. They are employed in a number of processes, such as food 

processing, chemical processing, and power generation. 

Straight or Fixed tube Exchangers: 

Straight tubes are used in straight-tube heat exchangers to transfer heat from one fluid 

to another. They are made to deal with applications involving heavy fouling fluids or 

temperature cross situations. It is advantageous to handle high fouling fluids with them 

because the head assemblies can be taken apart and the tubes may be mechanically 

cleaned. 

Floating-head type Exchanger: 

A form of shell-and-tube heat exchanger that can withstand high temperatures and 

pressures are floating head heat exchangers. By enabling the tube bundle to move 

within the shell as it expands and contracts, they are intended to prevent thermal stress 

and fatigue. 

To satisfy the needs of our process, we have chosen a fixed tube sheet 1-2 shell and 

tube heat exchanger.  
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7.2.4. Heat Exchanger Design Algorithm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

⚫ Process Parameters 

⚫ Physical Properties of the fluids 

Area Calculate and 

Comparison with Area real 

⚫ Assume trial value of UD 

⚫ Select some standard Tube side 

geometry and find shell side 

dimensions 

⚫ LMTD Calculation 

⚫ Calculation of R and S 

TMTD, Δt calculation 

⚫ Heat Balance 

⚫ Flow rate, Specific Heat, ΔT 

Area Calc < Area Real 
Calculations of individual heat 

transfer coefficient and UD 

End 

Area Calc > Area Real 

 

Pressure drop Calculation within 

allowable limits 

Yes 
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7.2.5. Selection of basic type of Heat Exchanger: 

The following qualitative traits are used to select fixed tube shell and tube heat 

exchangers: 

• TEMA and ASME offer well-established codes and standards. 

• Comes in the broadest range of materials 

• Several years of good service  

• Thermodynamic and hydraulic properties 

• Material compatibility 

• Operational upkeep and cleaning 

• Rules and considerations relating to SHE 

• High volume and weight to heat transfer area ratios. 

• The product comes in the most styles and sizes. 

• Mechanical adversity 

 

 

   

Figure 9: Shell and Tube HX 

 

 

 

 

T1=432.05K T2=382.05K 

t2=371.45K. t1=312.85K 
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7.2.6. Cp Calculation: 

For Gas Stream: 

The correlation for heat capacity of gas is a series expansion in temperature. 

Cp = a + bT + cT 2+ dT3 + eT4 

(Chemical Properties Handbook, Carl L. Yaws) 

Here a, b, c, d, e is regression coefficients for chemical compound 

Table 20: Heat capacity coefficients for Gases 

Components Heat capacity coefficients for Gases 

a b c d e 

Acetic acid 34.85 0.037626 0.00028311 -3.067E-07 9.2646E-11 

Water 33.933 -0.0084186 0.000029906 -1.7825E-08 3.6934E-12 

Oxygen 29.526 -0.0088999 0.000038083 -3.2629E-08 8.8607E-12 

VAM 27.664 0.23366 0.000062106 -1.6972E-07 5.7917E-11 

Ethylene 32.083 -0.014831 0.00024774 -2.3766E-07 6.8724E-11 

Carbon 

Dioxide 

27.437 0.042315 -0.000019555 3.9968E-09 -2.9872E-13 

 

TOTAL Cold side Cp at 

average temperature 

342.15 K = 1646.0357 J/Kg. K 

TOTAL hot side Cp at 

average temperature 

407.05 K = 
1177.600774 J/Kg. 

K 
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7.2.7. Viscosity Calculation: 

For Gas Stream: 

The correlation for viscosity of gas is a series expansion in temperature. 

Viscosity = a + bT + cT 2 

(Chemical Properties Handbook, Carl L. Yaws) 

Here a, b, c, is regression coefficients for chemical compound 

Table 21: Data of viscosity 

Components a b c Viscosity COLD Viscosity HOT 

Carbon 

Dioxide 

11.811 0.49838 -0.00010851 167.2290386 200.3791782 

Ethylene -3.985 0.38726 -0.00011227 113.6154053 137.7008552 

Acetic Acid -28.66 0.2351 0.00022087 75.46075706 107.3854225 

VAM -7.462 0.30466 0.000057544 101.5719266 129.2525214 

Water -36.826 0.429 -0.0000162 105.6981376 138.8552688 

Oxygen 44.224 0.562 -0.000113 220.5417558 258.4840709 

  

TOTAL Cold side 

Viscosity at average 

temperature 342.15 K = 
1.13615E-05 kg/ms 

TOTAL hot side 

Viscosity at average 

temperature 407.05 K = 
9.72057E-05 kg/ms 
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7.2.8. Thermal Conductivity Calculation: 

For Gas Stream: 

The correlation for thermal conductivity of gas is a series expansion in temperature. 

Thermal Conductivity = a + bT + cT 2 

(Chemical Properties Handbook, Carl L. Yaws) 

Here a, b, c, is regression coefficients for chemical compound 

 

Table 22: Data of Thermal Conductivity 

Components a b c 

Thermal 

Conductivity 

COLD 

Thermal 

Conductivity 

HOT 

Carbon 

Dioxide -0.012 0.00010208 -2.2403E-08   0.026592478 

Ethylene -0.00123 0.000036219 1.2459E-07 0.0250653 0.035405145 

Acetic Acid 0.00234 -6.5956E-06 1.2439E-07   0.021127511 

VAM -0.00846 0.000058704 1.7678E-08   0.019023819 

Water 0.00053 0.000047093 4.9551E-08   0.028700202 

Oxygen 0.00121 0.000086157 -1.3346E-08   0.034745459 

 

TOTAL Cold side Thermal 

conductivity at average 

temperature 342.15 K = 
0.0250653 W/mK 

TOTAL hot side Thermal 

conductivity at average 

temperature 407.05 K = 
0.165594615 W/mK 

7.2.9. Thermal Rating: 

The design calculations or thermal rating of a shell and tube exchanger comprises of 

the following steps. 

Inlet temperature of the Cold stream = t1 = 312.85K 

Outlet temperature of the Cold stream = t2 = 371.45K. 

Inlet temperature of hot stream = T1 = 432.05K 

Outlet temperature of hot stream = T2 = 382.05K 

Mass flow rate of hot stream = mh = 6.2489 Kg/s 
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Specific heat capacity of the hot stream = Cpavg =1177.600 J/Kg. K 

Specific heat capacity of the cold stream = Cpavg = 1629.58 J/Kg. K 

Mass flow rate of the cold stream = mc =? 

Viscosity of the Cold stream = µavg = 0.0000113615 Kg/ms 

Viscosity of the Hot stream = µavg = 0.0000972 Kg/ms 

Thermal Conductivity of the Cold stream = kavg = 0.0250653 w/m. K 

Thermal Conductivity of the Hot stream = kavg = 0.165594 w/m. K 

Heat load Calculations: 

𝑸 = 𝒎𝑪𝒑𝜟𝑻 

𝑄 = 6.2489 ∗ 1177.600 ∗ (432.05 − 382.05) 

𝑸 = 𝟑𝟔𝟔𝟗𝟔𝟏. 𝟎𝟐𝟖𝟓 𝑾𝒂𝒕𝒕 

Mass flow rate of utility stream: 

𝐐 = 𝐦𝐂𝐩𝚫𝐓 

𝑚 =
366961.0285

1629.58 ∗ (371.45 − 312.85)
 

𝐦 = 𝟑. 𝟖𝟒𝟒𝟎𝟕𝟒 𝐊𝐠/𝐬 

LMTD: 

𝚫𝐓𝐦 =
(𝐓𝟏 − 𝐭𝟐) − (𝐓𝟐 − 𝐭𝟏)

𝐥𝐧
(𝐓𝟏 − 𝐭𝟐)
(𝐓𝟐 − 𝐭𝟏)

 

𝛥𝑇𝑚 =
(432.05 − 371.45) − (382.45 − 312.85)

𝑙𝑛
(432.05 − 371.45)
(382.45 − 312.85)

 

𝚫𝐓𝐦 = 𝟔𝟒. 𝟗𝟎𝟒𝟗 𝐊 

 TMTD: 

 𝑅 =
𝑇1−𝑇2

𝑡2−𝑡1
= 0.853242                    𝑆 =

𝑡2−𝑡1

𝑇1−𝑡1
= 0.491611 

𝐹𝑡 = 0.85  so, it is 1 shell pass and 2 or more tube pass 

𝑇𝑀𝑇𝐷 = 𝐿𝑀𝑇𝐷 ∗ 𝐹𝑡 
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𝑇𝑀𝑇𝐷 = 55.0841 𝐾 

Assumed calculations: 

Value of UD assumed  

UD = 425.8698 W/m2.K 

Now, Assume ¾ inch OD of tube, 16ft length and 16 BWG 

Heat transfer area: 

𝐀 =
𝐐

𝐔𝐃𝚫𝐭
 

𝐴 =
366961.0285

425.8698 ∗ 64.9049
 

A = 15.64286 m2 

Tube length = 16ft = 4.876562 m 

Tube OD = 0.75inch = 0.019045 m 

Tube ID = 0.62inch = 0.015744 m 

Shell ID = 10 inch = 0.253936 m 

Flow area per tube Sq inch at 16 BWG = af = 0.302in2 = 0.000195 m2 

External area of tube = a = 0.1963ft = 0.05983m 

Number of tube pass = n = 2 

Pitch = 1inch = 0.0253936m 

Number of Tubes 

𝐍 =
𝐀

𝐚𝐋
 

𝑎 = 0.1963 𝑓𝑡 = 0.05983 𝑚     (𝑓𝑟𝑜𝑚 𝑡𝑎𝑏𝑙𝑒 𝑎𝑡
3

4
𝑖𝑛𝑐ℎ 𝑂𝐷 𝑜𝑓 𝑡𝑢𝑏𝑒) 

 

𝑁 =
15.64286

0.05983 ∗ 4.8765
 

 

𝑵 = 𝟓𝟑. 𝟔𝟏𝟓𝟐𝟓 

Now the actual number of tubes are; (from table in book) 

𝐍𝐚𝐜𝐭𝐮𝐚𝐥 = 𝟓𝟐 𝐭𝐮𝐛𝐞𝐬 
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Area real: 

𝐴𝑟𝑒𝑎𝑙 = 𝑁 ∗ 𝑎 ∗ 𝐿 

𝐴𝑟𝑒𝑎𝑙 = 52 ∗ 0.05983 ∗ 4.8765 

𝐀𝐫𝐞𝐚𝐥 = 𝟏𝟓. 𝟏𝟕𝟏𝟓𝟗𝐦𝟐 

7.2.10. Tube Side Calculations:  

Since my cold stream flow rate is lower than hot stream so cold stream will be in tube side 

and all cold stream related values will be used 

Flow area: 

                               𝑎𝑡 =  
𝑁∗𝑎𝑓

𝑛
 

at = 0.005063244m2 

Mass velocity: 

𝐺𝑡 =
𝑚

𝑎𝑡
 

𝐺𝑡 =
3.8142

0.005063244
 

𝑮𝒕 = 𝟕𝟓𝟑. 𝟑𝟏𝟔𝟒
𝒌𝒈

𝒔𝒆𝒄. 𝒎𝟐⁄  

Reynolds No.: 

𝑅𝑒 =
𝐷 ∗ 𝐺𝑡

𝜇
 

   𝐑𝐞 =  𝟏𝟎𝟒𝟑𝟖𝟗𝟕 

Prandtl Number: 

𝑃𝑟 =  
𝐶𝑝 ∗ µ

𝑘
 

𝐏𝐫 =  𝟎. 𝟕𝟑𝟖𝟒𝟎 

  Nusselt Number: 

𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟0.33
µ

µ𝑤

0.14

 

Since, 
µ

µ𝑤

0.14
= 1  
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So, 

𝐍𝐮 = 𝟏𝟑𝟓𝟖. 𝟗𝟏 

Heat Transfer coefficient:  

ℎ𝑖 =
𝑁𝑢 ∗ 𝑘

𝐼𝐷 𝑜𝑓 𝑡𝑢𝑏𝑒
 

hi = 2163.455 W/m2.K 

7.2.11. Shell Side Calculations: 

Tube Clearance: 

C = PT − OD of tube 

C = 0.0253936 − 0.019045 

𝐂 = 𝟎. 𝟎𝟎𝟔𝟑𝟒𝟖 𝐦 

Baffle Spacing: 

𝐵 = 𝐼𝐷𝑜𝑓 𝑠ℎ𝑒𝑙𝑙 − (𝐼𝐷 𝑜𝑓 𝑠ℎ𝑒𝑙𝑙 ∗
1

5
) 

𝐵 = 0.253936 − (0.253936 ∗
1

5
) 

𝐁 = 𝟎. 𝟐𝟎𝟑𝟏𝟒𝟖𝟖 𝐦 

Flow area: 

𝑎𝑠 =
𝐷𝑠 ∗ 𝐶′𝐵

𝑃𝑇
 

𝑎𝑠 =
0.253936 ∗ 0.006348 ∗ 0.2031488

0.0253936
 

𝒂𝒔 = 𝟎. 𝟎𝟏𝟐𝟖𝟗𝟕𝒎𝟐 

Mass velocity 

𝐺𝑠 =
𝑚

𝑎𝑠
 

𝐺𝑠 =
6.2489

0.012897
 

𝑮𝒔 = 𝟒𝟖𝟒. 𝟓𝟑𝟒𝟖
𝒌𝒈

𝒔𝒆𝒄 𝒎𝟐⁄  
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Equivalent Diameter: 

DE = 8(0.43 PT
2 – 1/8 П d2

o) / П do 

𝐷𝑒 =
4[0.5(𝑃𝑇)0.86(𝑃𝑇) − (

ᴫ𝑑𝑜2

8
)

(
ᴫ𝑑𝑜

2 )
 

 

𝐃𝐞 = 𝟎. 𝟎𝟏𝟖𝟎𝟒𝟖 𝐦 

Reynolds No.: 

𝑅𝑒 =
𝐷𝑒𝐺𝑠

𝜇
 

𝐑𝐞 = 𝟖𝟗𝟗𝟔𝟔. 𝟖𝟗 

Prandtl Number: 

𝑃𝑟 =  
𝐶𝑝 ∗ µ

𝑘
 

𝐏𝐫 = 𝟎. 𝟔𝟖𝟗𝟑𝟗𝟓 

Nusselt Number: 

𝑁𝑢 = 0.36𝑅𝑒0.55𝑃𝑟0.33
µ

µ𝑤

0.14

 

µ

µ𝑤

0.14
= 1   So, 

𝑵𝒖 = 𝟏𝟔𝟖. 𝟗𝟒𝟑𝟗 

 

Shell side coefficient: 

ℎ𝑜 =
𝑁𝑢 ∗ 𝑘

𝐷𝑒
 

𝒉𝒐 = 𝟏𝟓𝟓𝟎. 𝟏𝟏𝟐W/m2.K 

For coefficient correction: 

ℎ𝑖𝑜 = ℎ𝑖
𝐼𝐷 𝑜𝑓 𝑡𝑢𝑏𝑒

𝑂𝐷 𝑜𝑓 𝑡𝑢𝑏𝑒
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𝒉𝒊𝒐 = 𝟏𝟕𝟖𝟖. 𝟒𝟓𝟔W/m2.K 

Clean overall coefficient: 

𝑈𝐶 =
ℎ𝑖𝑜ℎ𝑜

ℎ𝑖𝑜 + ℎ𝑜
 

𝑼𝑪 = 𝟖𝟑𝟎. 𝟑𝟖𝟖 W/m2.K 

Design overall coefficient: 

1

𝑈𝐷
=

1

𝑈𝐶
+ 𝑅𝑑𝑖 + 𝑅𝑑𝑜 

 

Rdi = 0.00053 m2 K/W (value for light organic hydrocarbon gas) 

Rdo = 0.00061 m2 K/W (value for Solvent vapors) 

𝑼𝑫 = 𝟒𝟐𝟔. 𝟓𝟕𝟒𝟓 W/m2.K 

This value is sufficiently close to the assumed the value of 425.8698 W/m2.K to be 

acceptable. 

Calculated Area: 

𝐀𝐜𝐚𝐥 =
𝐐

𝐔𝐃 ∗ 𝐓𝐌𝐓𝐃
 

 

𝐀𝐜𝐚𝐥 = 𝟏𝟓. 𝟔𝟏𝟕𝟎𝟐𝐦𝟐 

Hence, Acal is almost equal to Areal 

 

7.2.12. Pressure Drop Calculations: 

Condition: 

f = Friction factor can be calculated using following equation. 

For laminar region (NRe < 2100) 

f = 16/NRe 

For turbulent region (NRe > 2100) 
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If NRe < 20000, f = 0.316 NRe (-1/4) 

If NRe > 20000, f = 0.184 NRe (-1/5) 

Tube side: 

For Reynolds number = 1043897 

Friction factor for tube side, f = 0.184 NRe (-1/5) = 0.01151 

Tube diameter, Dt = 0.1934 ft 

Number of passes, n = 2 

Mass Velocity, Gt = 418492 lb./hr. sqft 

Tube length, L = 16 ft 

S = 0.491611 

𝛥𝑃𝑡 =
𝑓𝐺𝑡

2𝐿𝑛

5.22 ∗ 1010 ∗ 𝐷𝑒 ∗ 𝑠
 

 

𝛥𝑃𝑡 = 12.42139 𝑝𝑠𝑖 

Shell side 

Reynolds No, Re = 89966.89 

Mass velocity, Gs = 301856.832 lb/hr. sqft 

Friction factor, f = 0.184 NRe (-1/5) = 0.018793 

S = 0.491611 

No. of crosses, N+1 = [(Ls/2*Bs)-1] +1 = 12 

Shell Diameter, ds = 10 inch 

Equivalent Diameter, De = 0.891 ft 

𝛥𝑃𝑠 =
𝑓𝐺𝑠

2𝑑𝑠(𝑁 + 1)

5.22 ∗ 1010 ∗ 𝐷𝑒 ∗ 𝑠
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𝛥𝑃𝑠 = 8,986844 𝑝𝑠𝑖 

7.2.13. Specification Sheet: 

Figure 10: Specification of HX 

Shell Diameter (Ds) 10 inches 

Number of Total Tubes 52 

Pressure Drop (Shell side) 8.98psi 

Pressure Drop (Tube side) 12.42psi 

Area of Heat Exchanger 15.610m2 

Overall Heat Transfer Coefficient (UD) 425.8698 W/m2.K 
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7.2. Flash Separator: 
A flash column or two-phase separator is a device that uses forces to separate two 

phases of a fluid. The forces can be centrifugal, primary, or electromotive. Flash 

columns and two-phase separators are used in a variety of applications, including oil 

and gas production, chemical processing, water treatment, and wastewater treatment 

7.2.1. Classification of Separators:  

 

 

 

 

 

Other Types: 

➢ Spherical Separators 

➢ Centrifugal Separators 

➢ Venturi Separators 

➢ Double-Barrel Horizontal Separators 

➢ Horizontal Separator with a Water Pot 

➢ Filter Separator 

➢ Scrubbers 

➢ Slug Catchers 

 

Table 23:  Types of Separators 

Type Description 

Vertical Gas-Liquid Separator 

Vertical gas-liquid separators separate gas and liquid 

mixtures. They are available in various sizes and 

configurations. They are a reliable and cost-effective 

way to separate gas and liquid mixtures 

Horizontal Gas-liquid 

Separator 

Vertical gas-liquid separators are used for gas-rich 

mixtures, while horizontal gas-liquid separators are 

used for liquid-rich mixtures. Vertical separators are 

larger and more expensive, while horizontal separators 

are smaller and less expensive. 

Separators 

No. of Phases 

 

Orientation 

 

Two Phase 

 

Three Phases 

 

Horizontal 

 

Vertical 
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Selection Criteria:  

1. The selection of either a Horizontal or Vertical flash column is typically based on 

the density of the liquid or vapor. However, the actual determining factor for 

choosing between Horizontal or Vertical flash columns is the L/D ratio. 

2. The design steps for both vertical gas-liquid separators and horizontal gas-liquid 

separators are nearly identical. 

3. A vertical two-phase separator is utilized when the L/D ratio falls within the range 

of 3-5. 

4. If the L/D ratio does not fall within this range, the next option is to consider a 

Horizontal two-phase separator. 

5. A Horizontal two-phase separator is chosen when the L/D ratio exceeds 5 

7.2.2. Diagram: 

 

7.2.3. Design Steps: 

1. Determination of density of vapors and liquids  

2. Determination for maximum velocity  

3. Determination of VFR of liquids and vapors  

4. Determination of Area  

5. Determination of Diameter 

6. Determination of Volume of liquid 

7. Determination of total height   

8. Determination of L/D ratio  
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7.2.4. Calculations of Density of liquid and vapors: 

For liquid: 

Average density of liquid phase = mass fraction of component * density of component 

ρliquid = x components * ρ component 

 

ρliquid = (xvam * ρvam) + (xco2 * ρco2) + (xo2 * ρo2) + (xH2O * ρH2O) + (xCH3COOH * 

ρCH3COOH) + (xC2H4 * ρC2H4) 

ρliquid = (0.2689 * 934) + (0.0221 * 1101) + (0.0002659 * 1141) + (0.0699 * 997) + 

(0.6102 * 1049) + (0.02839 * 1.18) 

ρliquid = 985.6116921 kg/m3 

For vapors: 

PV = nRT 

P 
𝑚

𝜌
 = nRT 

P n M 

𝜌
  = nRT 

P n M 

n R T
  = ρvap 

ρvap =  
P M 

R T
 

So, firstly we need to calculate the Molar Mass of Vapor Phase; 

Molar Mass of Vapors = mass fraction of component * molar mass of component 

Mm = (xvam * Mvam) + (xco2 * Mco2) + (xo2 * Mo2) + (xH2O * MH2O) +(xCH3COOH * 

MCH3COOH) + (xC2H4 * MC2H4) 

Mm = (0.016400521 * 86.09 g/mol) + (0.440867513 * 44.01 g/mol) + (0.03196898 * 

16g/mol) + (0.000957367 * 18 g/mol) + (0.005277229 * 60.052 g/mol) + 

(0.50452839 * 28.05 g/mol) 

Mm = 1.411920874 + 19.40257923 + 0.511503685 + 0.017232611 + 0.316908137 + 

14.15202133 
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Mm = 35.81216587 g/mol 

ρvap =  
P M 

R T
 

ρvap =  
4.18 (bar) ∗ 35.81(g/mol)

8.314472e−5 (m3 bar /K mol) ∗ 308.5 (K)
 

ρvap =  
172.2461 g

0.02565 𝑚3
 

ρvap = 6715.2475 g/mol 

ρvap = 
172.2461 g/m3

1000  
 

ρvap = 6.71524 kg/m3 

7.2.5. Calculations for 𝐊𝐕: 

There are two methods to find out the value of Kv.  

1. By Equation 

2. By Chart  

 

FLV =  𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑

𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑣𝑎𝑝𝑜𝑟
∗ √

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑣𝑎𝑝𝑜𝑟

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑
 

FLV = 8553.27663

13942.80728
∗ √

6.71524

985.6116921
 

FLV = 0.050 

𝑲𝑽 =  𝒆𝑨+𝑩 𝒍𝒏 (𝑭𝒍𝒗)+ 𝑪𝒍𝒏 (𝑭𝒍𝒗)𝟐 +𝑫 𝒍𝒏(𝑭𝒍𝒗)𝟑 +𝑬 𝒍𝒏(𝑭𝒍𝒗)𝟒 
 

𝐾𝑉 =  𝑒−1.877478+(−0.814580)(−3) + (−0.187074)(−3)2 +(−0.014523)(−3)3 +(−0.001015)(−3)4 
 

𝑲𝑽 = 0.44 

From Appendix Chart: 

At FLV = 0.050 the value of 𝐾𝑉 = 0.42 which is approximately equal to above value 

which we find out from equation; 
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7.2.6. Calculations for maximum velocity 

Vmax = (KV)√
𝜌 liq−𝜌gas 

𝜌gas
 

Vmax = (0.44)√
 985.6116921− 6.71524 

6.71524
 

Vmax = 5.31 m/s 

7.2.7. Calculations for Volumetric flow rate: 

For Liquid: 

QL =
Liquid Flow rate

Density of liquid 
 

QL =
8553.27663

985.6116921
 

𝐐𝐋 = 8.67814 m3/hr. 

𝐐𝐋 = 2.41059 x 10-3 m3/sec 

For Gas: 

Qg =
Gas Flow rate

Density of Gas 
 

Qg =
13942.80728

6.71524
 

𝐐𝐠 = 2076 m3/hr. 

𝐐𝐠 = 0.576748 m3/sec 

7.2.8. Calculations of Area: 

Area =
𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 gas

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦  
 

Area =
0.576748 

5.31
 

𝐀𝐫𝐞𝐚 = 0.1086 m2 
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7.2.9. Calculations of Diameter  

D = √
4 ∗ Area

𝜋
 

D = √
4 ∗ 0.1086

3.14
 

𝐃 = 𝟎. 𝟑𝟕𝟏𝟖𝟔 𝐦 

7.2.10. Calculations of L/D ratio: 

L/D Ratio for vertical flash Drum/Separator = 4 - 6 

Assume L/D = 4 for verification 

L/D = 4 

L

D
= 4 

L

0.37186
= 4 

L = 4 * 0.37186 

L = 1.48744 

Now put value of L 

L

D
=

1.48744

0.37186
 

L

D
=  4 

7.2.11. Vapor Height Calculations: 

Hv = 1.5D+0.45 

Hv = 1.5(0.37186) + 0.45 

Hv = 1.007 m 
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7.2.12. Liquid Height Calculations:  

HL =
4 V

𝜋 𝐷2 

𝐇𝐋 =
𝐕  𝟒

𝝅 𝑫𝟐 

Volume Calculations:  

V = QL * t 

V = 2.41059 x 10-3 * 60 sec 

V = 0.1446 m3 

Whereas, 

QL=height of liquid  

t = Retention time 

HL =
V ∗  4

𝜋 ∗ 𝐷2 

HL =
0.144635 ∗  4

𝜋 ∗ 0.371862  

HL = 1.33243 m 

7.2.13. Total Height Calculations: 

Total height = Height of Liq + Height of Vapors 

H = HL+HV 

H = 1.33243 + 1.007 

 

Total height = H = 2.3394 m 

7.2.14. L/D ratio calculations: 

L/D =   2.3394 /0.37186  

L/D = 6.01  
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7.2.15. Mechanical Design 

Shell thickness (TS) 

Ts =Pri/SEj-0.6P +Cc 

Design Pressure; Pd = 1.1*Po (here Po=Operating pressure) 

     =111.43 KPa 

S= 79300kPa 

Cc= 3mm= .003m; Ej=Joint Efficiency =0.85  

   Ts = (111.43) (0.2378m)/ (79300) (0.85) -(0.6) (111.43) + 0.003                         

   Ts = 0.0033m                                                                                                                                                                                                                                                                                                                                                                                                       

Head Selection 

There are two types of Head: 

1. Tori spherical (for P<1134.97KPa) 

2. Ellipsoidal (for P>1134.97KPa) 

3. Hemispherical for very high pressures                             

According to my range of pressure I am using tori spherical. 

 

Figure 11:  Tori spherical Shape 

Head Thickness 

Head Factor: 

Xh = 1.104*Pd/(2ES-0.2Pd) 

     = (1.104*111.43)/ (2*.085*79300-0.2*111.43) 

     = 0.00091) 
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Head Thickness: 

Th= Xh*D + tc 

   = 0.00091*0.4756+0.003 

   = 0.0034m 

Support 

These types of supports are available: 

• Saddle support 

• Skirt support 

• Bracket support 

For horizontal vessels, skirt supports, extremely tall vessels, and all other types of 

vessels, bracket supports are employed. For the supports of our cylindrical and vertical 

vessels, we will employ brackets. 

 

Figure 12: Bracket Support 
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7.2.16. Specification Sheet:  

Table 24: Specification of Separator 

Maximum Velocity 5.31 m/s 

Area 0.1086 m2 

Diameter 0.37186 m 

Total Height 2.3394 m 

 

Volume 0.1446 m3 

L/D Ratio 6.01 
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7.3. Absorber/Absorption Column: 

7.4.1. Types of Absorption: 

Table 25: Types of Absorption 

Physical Absorption Chemical Absorption 

Weak van der Waals forces are 

operating 

The forces operating are similar to 

chemical bonding, but they are weaker 

Reversible process Irreversible Process 

Attained equilibrium speedily  Attained Equilibrium slowly 

Not Specific Highly specific 

7.4.2. Selection of Absorbent: 

The process solution is chosen based on the pressure and temperature of the gas, its 

composition, and the purity requirements of the treated gas. 

7.4.3. Selection of Column type: 

Table 26: Selection of Absorption column 

Packed Column Plate Column 

Allows vapor and liquid to mix 

continuously 

Plate columns contact vapor and liquid 

in stages. 

Packed columns have lower pressure 

drop 

Frictional losses occur when vapor 

flows through liquid on each tray 

Liquid flows in thin film in packed 

tower to reduce pressure drop 

Plate columns require a large liquid 

inventory 

Packed columns are more cost-effective 

and require less maintenance for 

corrosive liquids 

For corrosive fluids, plate column is 

usually avoided 

Small space requirement. Relatively large in size and expensive. 
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7.4.4. Design Parameters: 

Column design steps: 

• Number of Theoretical stages 

• Number of Actual stages 

• Efficiency 

• Diameter of column 

• Height of column 

Tray design steps: 

• Down comer area, net & active area 

• Weir dimensions 

• Hole area & number of holes 

• Minimum vapor velocity 

• Flooding 

• Entrainment 

• Pressure drops 

Number of Theoretical stages: 
 

Number of theoretical stages will be calculating from KREMSER 

method: First of all, we have to calculate absorption factor: 

Absorption factor = (A) = 
𝑳

𝑲∗𝑽
 

For K-Value: 

Component Vapor Pressure Total Pressure K-Value 

CH3COOH 0.0458 Bar 8.825 Bar 0.00518 

Table 7. 1: No. of Theoretical Stages 

Liquid Flow-rate= L= Lmin *1.5 = 3.1491 Kmol/hr.  

Vapor Flow-rate= V = 405.2907 Kmol/hr. 

Absorption factor = (A) = 
3.1491

0.00518∗305.29
 

A= 1.199 
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Now, number of theoretical stages using absorption factor that comes out from equation 

Fraction of Solute Absorbed = (An+1- A)/ (An+1 – 1) 

Fraction of solute absorber = 1 (assuming that all solute coming in process stream is 

being absorbed in water or absorbent) 

1= (1.199 n+1 -1.199)/ (1.199 n+1 -1) 

No. of Theoretical stages = 16.23 

Efficiency of Column: 

Density of Liquid Stream = ρL = 64.2133 

lb/ft3 Molecular weight of liquid stream = 

ML = 60 

Viscosity of Solvent (Liquid Stream) = μL = 

9.11 cp 

K value of desired components = 0.00518  

 

Components Mole Fraction Viscosities 

Acetic Acid 100% 9.11 cp 

 

Factor = 
Ki∗M1∗μL

ρL
 

Factor = 0.04409 

Efficiency = 0.90 = 90% 

No. of Actual Stages: 

From overall stage efficiency: 

E0 = Nt/N0 

Na = 16.23/0.90 

Na = 18 

Entrainment flooding capacity in a Tray column: 

Liquid Flow-rate = L = 3.1491 Kmol/hr. 

Vapor Flow-rate = V = 408.6857 
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Kmol/hr. Density of Liquid = ρL = 

64.2133 lb/ft3 Density of Vapor = ρv = 

50.78 lb/ft3  

Molecular weight of liquid = ML = 60 

Molecular weights of vapor = MV = 

34.047 

𝐹𝐿𝑉 = (
𝐿

𝑉
) (

𝑀𝐿

𝑀𝑉
) (

𝜌𝑉

𝜌𝐿
)

0.5

 

FLV = 0.012075 

Diameter of Column:  

Vapor Flow-rate =V = 408.6857 Kmol/hr. 

Molecular weight of vapor = Mv = 

34.04781 Fraction of flooding = f = 0.85 

Ad/A taken as 0.1 on the basis of FLV Value 

while equation used for calculating diameter is given as: 

Dc = 
𝟒∗𝑽∗𝑴𝒗

𝒇∗𝑼𝒇∗𝝅∗(𝟏−
𝑨𝒅

𝑨
)∗𝝆𝒗

 

 

Density of vapor = ρv = 50.78 lb/ft3
 

Flooding Velocity= Uf = C (
𝜌𝐿−𝜌𝑉

𝜌𝑉
)^0.5  

Uf = 29.98 ft/sec 

Actual velocity = Vf = 0.75*0.8 ft/sec = 0.232 ft/sec (80% of flooding velocity). 

Diameter = DC = 11.70 ft = 3.56 m 
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Height of Absorber:  

Height of absorption column = HC = plate spacing * Number of actual plates 

 

Column Height = 36ft 

 
Height of absorption column = HC = 36 ft + 4 ft (above the tray for the removal of 

entrained liquid) 

 

HC = 40 ft 

 
Height of absorption column = HC = 40 ft + 10 ft  

(Below the bottom tray for bottom surge capacity) 

 

HC = 50 ft = 15.243 m 
Area of Column:  

Area of column can be calculated as: 

Ac = 𝝅
𝑫𝟐

𝟒
 

AC=2.487 m2 

Down comer area can be calculated from equation bellow: 

Ad = 12% * Ac 

Ad = 0.29 m2 

Net Area: 

Net area can be calculated from equation bellow: 

An = Ac – Ad 

An = 1.587 m2 

Active Area: 

Active area can be calculated from equation bellow: 

Aa = AC – 2Ad 

Aa =1.907 m2 

Hole Area: 

Hole area can be calculated from equation below: 

Ah = 10% *Aa 

Ah = 0.1907 m2 
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Number of Holes: 

For calculating number of holes in plates we have to take some assumptions: 

Tray Spacing = Lt = 0.6 m 

Hole Pitch = lp = 3*dh = 3*0.005 = 0.015 m or 15 mm 

Tray 

Thickness = Tt = 5 mm or 0.005 m 

Hole size = dh = 5 mm or 0.005 m 

Total Active Holes = nt = 
𝑇𝑜𝑡𝑎𝑙 𝐻𝑜𝑙𝑒 𝐴𝑟𝑒𝑎

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑂𝑛𝑒 ℎ𝑜𝑙𝑒 
 

Nt = 9717.707 

Friction for vapor flow through dry tray perforation: 

C0 = 0.78 (ratio of tray thickness to hole diameter) 

Density of vapor = ρV = 813.417 kg/m3
 

Density of liquid = ρL = 1028.59 kg/m3
 

Hole velocity = U0 = 0.232 ft/sec (80% of Flooding velocity) 

Hd = 0.186* (
𝝁𝟎𝟐

𝑪𝟎𝟐)(
𝝆𝒗

𝝆𝑳
) 

Hd = 1.310*10-2 inch of water 

Hold up of equivalent clear liquid on the try (hi): 

Weir height = hw = 2 inch 

Weir length = LW = 73% of DC= 

140.436inch Liquid flow rate = qL = 

427.95 gal/min 

Effective relative froth density (height of clear liquid /froth height) = ɸe = 0.526 

Hi = ɸe + [hw + (
𝒒𝒍

𝑳𝒘∗ ɸ𝐞
)

𝟎.𝟔𝟕

] 

Hi = 2.758 inch of water 

Loss due to Surface Tension:  

Surface Tension of acetic acid at 25oC = σ = 0.027 kg/s2 

Hole Diameter (max) = Db = 0.18 inch 

hσ = 0.82 inch of water 

hσ = (
𝟔∗𝛔

𝒈∗𝝆𝑳∗𝑫𝒃
) 



      
 

111 

Using Equation, we can calculate total pressure drop due to head: 

ht = 3.5793 inch of water 

Weeping  

For checking whether weeping is occurring in our process or not we have relation 

bellow: 

hd + hσ < hl 

From equation we can conclude  

0.821< 2.758Therefore, if the liquid level is uniform, weeping occurs. 

 

7.5. Distillation Column: 

 

Distillation column is a unit operation that separates the components of a liquid mixture 

by boiling and condensing the mixture. The components are separated based on their 

different boiling points. The liquid mixture is introduced into the column and flows 

down due to gravity. The vapor is produced by partial vaporization of the liquid and 

flows up the column. The remaining liquid is withdrawn from the column as the bottom 

products. Here are some additional details about distillation: 

➢ Distillation is a versatile process that can be used to separate a wide variety of liquid 

mixtures. 

➢ Distillation is a commonly used process in the chemical, petrochemical, and food 

industries. 

➢ Distillation can be used to separate a mixture into its individual components or to 

produce a purified product. 

➢ Distillation requires a fair amount of energy. Gravity causes the liquid mixture to 

flow downward after being injected into the column. The liquid is partially 

vaporized to generate the vapor, which rises up the column. The bottom product is 

the liquid that is still in the column. 
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7.5.1. Classification of Distillation Column: 

 

 

 

 

 

 

 

 

 

 

7.5.2. Types of Distillation: 

Following are the top seven distillation methods: 

• Steam distillation 

• Extractive distillation 

• Reactive distillation 

• Fractional distillation 

• Azeotropic distillation 

• Flash distillation  

• Vacuum Distillation 

 

 

 

 

 

 

No. of Component  Type of Process 

 

Binary Comp  Multi Comp Batch Continuous 

 

No. of Feeds 

Distillation Column 

Single  Multi  
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7.5.3. Selection of Distillation Column: 

Table 27: Selection of Distillation Column 

Sr # Distillation  Description 

1 Fractional 

Distillation 

 

Fractional distillation is a process that separates 

mixtures of liquids with close boiling points. The 

mixture is heated to a temperature at which one or 

more of the liquids will vaporize. The vapor is then 

condensed back into a liquid, and the different liquids 

are collected separately. Several sectors, particularly 

the oil and gas sector, employ fractional distillation to 

separate crude oil into its individual constituents, such 

as petrol, diesel fuel and kerosene. The chemical 

industry is working to separate chemical 

combinations like benzene and toluene. Aspirin and 

paracetamol are two examples of medication 

combinations that the pharmaceutical industry is 

working to separate. the facility where pure 

substances are prepared for study and analysis. 

2 Azeotropic 

Distillation 

 

Azeotropic distillation is a type of distillation that is 

used to separate mixtures that form azeotropes. An 

azeotrope is a mixture of two or more liquids that have 

the same boiling point. This means that simple 

distillation cannot be used to separate these mixtures, 

as the vapors will always contain the same 

proportions of the liquids as the liquid mixture itself. 

The third ingredient, an entrainer, is added to the 

mixture in azeotropic distillation to make it function. 

One of the components in the mixture will create an 

azeotrope with the entrainer, and this will cause the 

azeotrope to break. The combination can then 

undergo distillation to remove the entrainer. Many 

industries, particularly the petrochemical and 

chemical processing sectors, use azeotropic 

distillation. Numerous combinations, including 

ethanol-water, nitric acid-water, and benzene-

toluene, can be separated using this technique. 

3 Extractive 

Distillation 

Extractive distillation is a separation process that uses 

a solvent to change the volatility of components in a 

mixture. This allows for the separation of close-

boiling, pinched, or azeotropic mixtures that cannot 
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 be separated by simple distillation. The solvent is 

added to the mixture before it is distilled. The solvent 

interacts with the components in the mixture, 

changing their relative volatilities. This allows the 

components to be separated by distillation. Many 

businesses, notably the petrochemical and chemical 

processing sectors, use extractive distillation. 

Benzene-cyclohexane, ethyl acetate-ethanol, among 

many other mixes, are among the various mixtures 

that it is used to separate. 

Table 28: Types of Configurations 

7.5.4. Selection of reboiler: 

There are several types of reboilers used in distillation processes, including:  

Kettle reboilers: These are the most common type of reboilers and consist of a shell 

and tube heat exchanger with a vapor-liquid separator. They are well-suited for 

handling large volumes of fluid and are relatively easy to maintain.  

Thermosiphon reboilers: These use natural convection to circulate the heating 

medium, typically steam or hot oil, through the heat exchanger. They are often used 

when a large temperature difference between the heating medium and the process 

fluid is required.  

Forced circulation reboilers: These use a pump to circulate the heating medium 

through the heat exchanger, allowing for greater control over the temperature and 

flow rate. Kettle reboilers are often considered the best option for several reasons.  

➢ They are simple and reliable, with no moving parts. This makes them easy to 

operate and maintain.  

➢ They have a large surface area for heat transfer, which allows for efficient 

operation.  

➢ They can handle a wide range of fluid volumes and are well-suited for handling 

viscous fluids or those with a high solids content.  

➢ Kettle reboilers are relatively inexpensive compared to other types of reboilers, 

making them a cost-effective choice. 
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7.5.5. Distillation Column Design Algorithm: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Start Specified feed 

 

Calculate minimum theoretical stages  

 

Determine column pressure and type of condenser 

 

Estimate splits of non-key components 

 

Specify splits of two key components  

 

Calculate splits of non-key components 

 

Flash the feed at column pressure  

 

Calculate minimum reflux ratio 

 

Calculate actual theoretical stages for specified reflux  ratio > minimum value  

 

Calculate condenser and reboiler duties  

 

Calculate feed stage location 

 

End 

 

Repeat only if  

estimated and  

calculated splits of  

non-key  

components differ  

considerably 
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7.5.6. Major Design Steps: 

1. Decide what the process' operational variables will be. 

2. Apply the Fenske equation to get the minimal quantity of plates 

necessary. 

3. Employ the Underwood equation to calculate the minimal reflux ratio. 

4. Based on design factors, choose the theoretical reflux ratio. 

5. Utilize the Gilliland correlation approach to ascertain the quantity of 

trays. 

6. Apply the Kirkbride empirical equation to choose the best placement for 

the feed stage. 

7. Identify the column's main measurements, such as its diameter and 

height. 

8. Create the column's internal components. 

7.5.7. Process Design: 

Classification of Components: 

A series of empirical equations known as the Antoine data can be used to determine the 

saturation vapor pressure of a liquid at a specific temperature. The relative volatility of 

the components in a liquid combination is commonly determined using the Antoine 

equations. 

How readily a component can be separated from other components in a combination is 

determined by its relative volatility. A component can be easily isolated from other 

components if its relative volatility is significant. A component is difficult to isolate 

from other components if its relative volatility is low. 

Reflux Ratio: 

Reflux is the fraction of condensed vapor that is sent back to the top of a distillation 

column in order to boost productivity and stop volatile components from being lost. 

Depending on the reflux ratio employed, a particular separation may take one or more 

phases. 
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𝑅 =
𝐹𝑙𝑜𝑤 𝑟𝑒𝑡𝑢𝑟𝑛𝑒𝑑 𝑎𝑠 𝑟𝑒𝑓𝑙𝑢𝑥

𝑓𝑙𝑜𝑤 𝑜𝑓 𝑡𝑜𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑡𝑎𝑘𝑒𝑛 𝑜𝑓𝑓
 

Relative Volatilities: 

The relative volatility of two components can be expressed as the given ratio: 

𝛼 =
𝑉𝑎𝑝𝑜𝑢𝑟 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑚𝑜𝑟𝑒 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

𝑉𝑎𝑝𝑜𝑢𝑟 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑙𝑒𝑠𝑠 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
 

𝛼 =
𝑃𝐴

 𝑠𝑎𝑡

𝑃𝐵
 𝑠𝑎𝑡 

Vapor Pressure: 

The vapor pressure of a liquid can be estimated at intermediate temperatures by drawing 

a straight line between the critical point and the normal boiling point on a log-pressure 

versus reciprocal absolute temperature plot. Numerous equations have been developed 

to describe this relationship 

One widely used equation is the three-term Antoine equation, introduced by Antoine in 

1888. 

𝑙𝑛 𝑃 = 𝐴 −
𝐵

𝑇 + 𝐶
 

where 

P = vapor pressure, mmHg,  

A, B, C = the Antoine coefficients,  

T = temperature, K.  

 

Components α at B.P α at D.P α geometric mean 

Oxygen 4013.5622 280.8185 1061.6415 

Ethylene 751.5126 86.7319 255.3040 

Carbon dioxide 971.6347 156.1905 389.5640 

Water 1.7258 1.8970 1.8093 

Acetic Acid 1 1 1 

VAM 5.3963 2.8889 3.9484 

On the basis of relative volatilities components are distributed into as follows: 

• Light key = Oxygen, Carbon dioxide 
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• Heavy Key = Acetic Acid 

Calculation of Minimum No. of Stages (N min): 

By using Fenske equation: 

 

[
𝑥𝑖

𝑥𝑟
]

𝑑

=  𝛼𝑖
 𝑁𝑚 [

𝑥𝑖

𝑥𝑟
]

𝑏

 

[
𝑥𝑖

𝑥𝑟
] = The ratio of any component's concentration to that of a reference component's 

concentration, with the prefixes d and b designating the distillate's tops and bottoms, 

respectively. 

Nm =  

𝑙𝑜𝑔 [
𝑥𝐿𝐾

𝑥𝐻𝐾
]

𝑑 
∗  [

𝑥𝐻𝐾

𝑥𝐿𝐾
]

𝑏

𝑙𝑜𝑔 𝛼
 𝐿𝐾

 

Nm = minimum number of stages at total reflux  

𝛼 = average volatility of the component i with respect to the reference component. 

= mole fraction of distillate of heavy key component = 0.4312 

= mole fraction of distillate of light key component = 0.02411 

= mole fraction of bottom of light key component = 0.0018 

= mole fraction of bottom of heavy key component = 0.9981 

𝛼 𝐿𝐾 = volatility of light component = 1.8093 

Putting values in Fenske equation, 

 

Nm =  

𝑙𝑜𝑔 [
𝑥𝐿𝐾

𝑥𝐻𝐾
]

𝑑 
∗  [

𝑥𝐻𝐾

𝑥𝐿𝐾
]

𝑏

𝑙𝑜𝑔 𝛼
 𝐿𝐾

 

Nm =  
3.8625

0.2575
 

 

Nm = 14.49 ~ 15 Stages 
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Calculation of Minimum Reflux Ratio (R min): 

This can be calculated from Underwood’s method: 

∑
𝛼𝑖 𝑥𝑖,𝑑

𝛼𝑖 − 𝜃
 =  𝑅𝑚 + 1 

𝛼i = the relative volatility of component i with respect to the reference component, 

usually the heavy key. 

Rm = minimum reflux ratio 

Xid = concentration of component i in the tops 

θ = the root of the equation 

θ is computed using  

∑
𝛼𝑖 𝑥𝑖,𝑓

𝛼𝑖 − 𝜃
 =  1 − 𝑞 

The value of θ must lie between the values of the relative volatility of the light and 

heavy key 

q = depends on the feed temperature 

𝛼𝐴𝑥𝑓𝐴

𝛼𝐴 − θ 
+

𝛼𝐵𝑥𝑓𝐵

𝛼𝐵 − θ 
+

𝛼𝐶𝑥𝑓𝐶

𝛼𝐶 − θ 
+

𝛼𝐷𝑥𝑓𝐷

𝛼𝐷 − θ 
+

𝛼𝐸𝑥𝑓𝐸

𝛼𝐸 − θ 
+

𝛼𝐹𝑥𝑓𝐹

𝛼𝐹 − θ 
= 1 − 𝑞 

where, 

q = 1.36 according to feed condition 

Components Inlet (A) α geometric mean 

Mol fraction 

VAM 0.11262777 1061.6415 

Carbon Dioxide 0.016476654 255.3040 

Oxygen 0.000268864 389.5640 

Water 0.128438269 1.8093 

Acetic Acid 0.709152039 1 

Ethylene 0.033036404 3.9484 

Sum 1  
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And: 

1061.6415(0.11262777)

1061.6415 − θ 
+

255.3040(0.016476654)

255.3040 − θ 
+

389.5640(0.000268864)

389.5640 − θ 
 

+
1.8093(0.128438269)

1.8093 − θ 
+

1(0.709152039)

1 − θ 
+

3.9484(0.033036404)

3.9484 − θ 
= 1 − 1.36 

 θ = common root = 1.517 

𝛼𝐴𝑥𝑑𝐴

𝛼𝐴 − θ 
+

𝛼𝐵𝑥𝑑𝐵

𝛼𝐵 − θ 
+

𝛼𝐶𝑥𝑑𝐶

𝛼𝐶 − θ 
+

𝛼𝐷𝑥𝑑𝐷

𝛼𝐷 − θ 
+

𝛼𝐸𝑥𝑑𝐸

𝛼𝐸 − θ 
+

𝛼𝐹𝑥𝑑𝐹

𝛼𝐹 − θ 
= 𝑅𝑚 + 1 

 

Components In Distillate (B) α geometric mean 

 
Mol fraction 

VAM 0.378019179 1061.6415 

Carbon Dioxide 0.055281366 255.3040 

Oxygen 0.000902183 389.5640 

Water 0.430921793 1.8093 

Acetic Acid 0.024034379 1 

Ethylene 0.1108411 3.9484 

Sum 1  

 

Minimum Reflux Ratio: 

 

1061.6415(0.378019179)

1061.6415 −  1.517
+

255.3040(0.055281366)

255.3040 − 1.517 
+

389.5640(0.000902183)

389.5640 − 1.517 
 

 

+
1.8093(0.430921793)

1.8093 − 1.517
+

1(0.024034379)

1 − 1.517 
+

3.9484(0.1108411)

3.9484 − 1.517 
= 𝑅𝑚 + 1 

 

Rm = 0.586 
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Actual Reflux ratio:  

The actual reflux ratio is calculated by multiplying the minimum reflux ratio with a 

factor between 1.1-1.5.  

Rm= 1.50(Rm) 

Rm= 1.50(0.586) 

R = 0.879 

Number of trays (N): 

Gilliland Correlation: 

X =
𝑅 − 𝑅𝑚𝑖𝑛

𝑅 + 1 
 

X =
0.879 − 0.586

0.879 + 1 
 

𝐗 = 𝟎. 𝟏𝟓𝟓𝟗 

Y = 1 − exp [(
1 + 54.5𝑋

11 + 117.2𝑋 
) (

X − 1

X0.5
)] 

 

Y = 1 − exp [(
1 + 54.5(0.1559)

11 + 117.2(0.1559) 
) (

(0.1559) − 1

(0.1559)0.5
)] 

Y = 1 −  0.4997 

 

Y = 0.5002 

Y =
𝑁 − 𝑁𝑚𝑖𝑛

𝑁 + 1 
 

 0.5002 =
𝑁 − 15

𝑁 + 1 
 

0.5002(𝑁 + 1) = 𝑁 − 15 

0.5002𝑁 + 0.5002 = 𝑁 − 15 

0.5002𝑁 − 𝑁 =  −15 − 0.5002 

−0.4998 𝑁 =  −15 .5002 

𝑁 = 31.01 ~ 31 
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Feed Plate Location: 

Kirkbride Equation is used for determination of were location of feed plate 

NR

NS
= [(

xHK,F

xLK,F
) (

xLK,W

xHK,D
)

2

(
W

D
)]

0.206

  

Also,  

N = NR + NS 

where,  

NR = number of plates in rectifying section 

NS = number of plates in stripping section  

xHK,F = Conc. of heavy key (Acetic Acid) in feed = 0.71098  

xLK,F = Conc. of light key (water) in feed = Water = 0.12845  

xLK,W= Conc. of light key in bottom = Water = 0.0018  

xHK,D= Conc. of heavy key in top = Acetic Acid = 0.02411  

D = 77.0550 Kmole/hr.  

W = 184.2685 Kmole/hr.  

Putting values, we calculate feed location. 

NR

NS
= [(

0.71098 

0.12845
) (

0.0018

0.02411
)

2

(
184.2685

 77.0550
)]

0.206

 

 

NR

NS
=  0.5845 

 

NR =  0.5845 ∗ NS 

N= 31 
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Rectifying Section Plates + Striping Section Plates = Total Plates 

NR + NS = 31 

Ns  = 31 - NR 

Put Ns in equation 

NR =  0.5845 ∗ NS 

NR =  0.5845(31 - NR) 

1.5845NR = 18.1195 

= 11.4  

Feed Stage = NR =  11 

 

7.5.8. Plate Efficiency: 

The designer is concerned with the actual performance of a distillation column, not the 

idealized performance assumed in theoretical models. Equilibrium is rarely achieved in 

a real column, so the concept of stage efficiency is used to quantify the difference 

between the actual and ideal performance 

 

 

Stage efficiency =
𝐵𝐶

𝐴𝐶
 =

𝐴𝑐𝑡𝑢𝑎𝑙 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡

𝑇ℎ𝑒𝑟𝑜𝑡𝑖𝑐𝑎𝑙 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡
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Principle Definitions of efficiency: 

Murphree plate efficiency: 

It is the ratio of the actual separation achieved to that which would be achieved in an 

equilibrium stage. 

EmV =
 𝑦𝑛 −  𝑦𝑛−1

 𝑦𝑒  −  𝑦𝑛−1
 

Where 𝑦𝑒 is the composition of the vapour that would be in equilibrium with the  

liquid leaving the plate. 

Point efficiency (Murphree point efficiency): 

If the liquid and vapor compositions are measured at a single spot on the plate, the local 

or point efficiency is given above. Emv 

Overall column efficiency: 

Eo =
 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑑𝑒𝑎𝑙 𝑠𝑡𝑎𝑔𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑑𝑒𝑎𝑙 𝑠𝑡𝑎𝑔𝑒𝑠
 

Methods for Prediction of plate efficiency: 

1. O’Connell’s correlation: 

2. Van Winkle’s correlation 

3. AIChE method: 

O'Connell's correlation, however, is utilized to forecast plate efficiency since it enables 

quick prediction of total column efficiency. 

The result of the relative volatility of the light key component (compared to the heavy 

key) and the overall column efficiency determines the molar average viscosity of the 

feed, which is computed at the average column temperature. 

Eo = 51 −  32.5 ∗ log(μaαa) 

μa = the molar average liquid viscosity, mNs/m2 

αa= average relative volatility of the light key 

μaαa = 0.67 

Eo = 51 −  32.5 ∗ log(0.67) 
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Eo = 56.65% 

7.5.9. Plate Hydraulic Design: 

7.5.10. Selection of Plate Contactors: 

Different type of plate contactors is available some types of are given below: 

1) Sieve Plate 

2) Bubble cap Plate 

3) Valve Plate 

4) Dual Flow Plate 

 

Table 29: Selection of Trays 

Factors Sieve tray Valve tray 
Bubble cap                    

tray 

Dual flow         

tray 

Cost Low 
~1.2 times 

sieve trays 

~2-3 times of 

sieve trays 
Least 

Capacity High High Medium high Very high 

Efficiency High High High Medium 

Down turn ~50% ~25-30% 10% Least 

Entrainment Medium Medium High Low to medium 

Total Pressure 

Drop 
Lowest Medium High Low to medium 
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Maintenance Low Low to medium Relatively high Low 

Tendency of 

Fouling 
Low Low to medium 

High: prone to 

accumulating 

solids 

Extremely low 

Corrosion Effect Low Low to medium High Very low 

Information for 

Design 

Well 

known 

Proprietarily 

made, but 

easily 

accessible 

Well known 

There is some 

available data. In 

stability, 

enormous 

diameters are 

possible. 

 

Based on the comparisons made above, "Sieve Tray Configuration" is the 

configuration that is most appropriate for our project. 

7.5.11. Plate Design Procedure: 

1. Key performance criteria are evaluated after a preliminary plate layout as part of 

the iterative plate design process. Once a good design has been produced, the 

design is then changed as necessary. 

2. Based on the intended turn-down ratio, calculate the needed maximum and 

minimum vapor and liquid flow rates. 

3. Identify or calculate the system's physical characteristics. Choose a starting plate 

spacing that will affect the overall height of the column. Typically, plate spacings 

between 0.15 m (6 in.) and 1 m (36 in.) are utilized, depending on the column 

diameter and operating conditions. 

4. Calculate the column diameter taking floods into account. 

5. Choose the configuration for liquid flow. 
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6. 6. Sketch a preliminary plate plan that indicates the weir height, the downcomer 

area, the active area, the hole area, and the size of the hole. 

7. Evaluate the weeping rate; if it is not acceptable, go back to step 6. 

8. Determine the pressure drop between the plates; if it is too great, go back to step 

6. 

9. Inspect the backup of the downcomer; if it is too high, go back to step 6 or step 3. 

10. Specify the exact details of the plate arrangement, including the soothing zones and 

unperforated areas. Return to step 6 if the hole pitch is unacceptable. 

11. Recalculate the flooding percentage using the chosen column diameter. 

12. Determine whether the entrainment is appropriate; if it is, go back to step 4. 

 

Column Diameter: 

 FLV(BOTTOM) =
  𝐿𝑊

𝑉𝑊
√

𝜌𝑉

𝜌𝐿
 

 FLV(BOTTOM) =  0.6241  

 FLV(TOP) =
  𝐿𝑊

𝑉𝑊
√

𝜌𝑉

𝜌𝐿
 

 FLV(TOP) =  0.0205 

Tray spacing = 0.30 m 

Using Fig 11.27 (Sinnott, 2005) ( 

K1 (top) = 0.06 

K1 (bottom) = 0.03 

Correction for surface tension 

Flooding Velocity Calculation:  

Top uf  = 1.712   

Bottom uf = Bottom k1√
𝜌1 − 𝜌𝑣

𝜌𝑣
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Bottom uf =  0.7201  

 

Design for 80% flooding at mass flow rate 

 

Top uv  =  0.80 x 1.712  =  1.3696
𝑚

𝑠
 

Bottom uv  =  0.80 x 0.7201  = 0.57608
𝑚

𝑠
 

 

Maximum volumetric flow rate: 

Top mv =
Vm

ρv ∗ 3600
 

Bottom mv =
Vm

ρv ∗ 3600
 

Net Area: 

From Equation of Continuity we get,  

or,  

 mv =  AnVn 

Top An =  
mv

Vn
 

Top An =  0.524 

Bottom An =  
mv

Vn
 

Bottom An = 1.247 
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Column Cross-sectional Area: 

As First trail take downcomer area as 15% of total 

Top Ac =  
An

0.85
 

Top uf = Top k1√
𝜌1 −  𝜌𝑣

𝜌𝑣
 

Top Ac =  
0.524

0.85
 

Top Ac =  0.6164 

Bottom Ac =  
mv

0.85
 

Bottom Ac =  
1.247

0.85
 

Bottom Ac = 1.467  

Column Diameter 

Top DT = √
4 x 𝐴𝐶

𝜋
 

Top DT = √
4 x 0.6164

𝜋
 

Top DT =  0.8859 

Bottom DT = √
4 x 𝐴𝐶

𝜋
 

Bottom DT = √
4 x 1.467

𝜋
  

Bottom DT = 1.3666 

Liquid flow pattern: 

Maximum volumetric liquid rate =
𝐿𝑚

′

3600 ∗ 𝜌𝐿 (𝑏𝑜𝑡𝑡𝑜𝑚)
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Maximum volumetric liquid rate =
𝐿𝑚

′

3600 ∗  (𝑥𝑊𝐴𝑇𝐸𝑅 x 𝜌(𝐻2𝑂) + 𝑥𝐴.𝐴𝐶𝐼𝐷 x 𝜌(𝐴.𝐴𝐶𝐼𝐷))
 

 

Maximum volumetric liquid rate

=
11053.47963 

3600 ∗ [(0.000030 x 997) + ((0.9959 x 1050)]
  

Maximum volumetric liquid rate =
11053.47963 𝑘𝑔/ℎ𝑟

3600 ∗ [(0.0307076) + (1045.8)]
 

Maximum volumetric liquid rate =
11053.47963 

3764990.547
 

 

Maximum volumetric liquid rate =  2.9358 x 10−3  
m3

sec
 

 

The liquid flow pattern is single pass because the column diameter and maximum liquid 

flow rate both fall within this range. 

Provisional plate design: 

i. Column Area: 

Area of cirlce =  AC =
  𝜋𝐷𝐶

2

4
 

Area of cirlce =  AC =
  𝜋 ∗ 1.36662

4
 

 Ac = 1.467 m2 

 

ii. Downcomer Area: 

As first trial take downcomer area as 15 percent of total. 

Downcomer area = Ad = 0.15 x Ac  

Ad =  0.15 x 1.467 

Ad  =  0.22005 m2 
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iii. Net Area: 

An = Ac  - Ad 

An = 1.467 −  0.22005 

An = 1.24695 m2
 

iv. Active Area: 

Active area = Aa = Ac - 2Ad 

Active area = Aa =  1.467 - 2(0.22005) 

Aa = 1.0269 m2 

v. Area of Hole: 

 

Total hole area, Ah = 4.5 % Aa (Hole area is assumed to be 0.045 of the active area)  

Total hole area = 0.045 × 1.0269 m2
  

Total hole area = 0.04621 m2
  

Hole diameter = dh = 2.5 mm  

Plate thickness = 3 = mm 

Area of  one hole = Ah =
  π dh

2

4
 

Area of one holes = Ah =
  π x 0.00252

4
 

Ah = 4.90873 x 10−6m2 

vi. Number of Holes: 

Number of Holes =
𝑇𝑜𝑡𝑎𝑙 𝐻𝑜𝑙𝑒 𝐴𝑟𝑒𝑎   

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑜𝑛𝑒 ℎ𝑜𝑙𝑒
 

Number of Holes =
0.04621 

4.90873 𝑥 10−6
 

Number of Holes =  9430 

vii. Weir Length: 

=
 𝐴𝑑   

𝐴𝐶
x 100 
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=
0.22005    

1.467
x 100 

 𝐿𝑊  

𝐴𝐶
= 15 

 

From Figure 

 𝐿𝑊  

𝐷𝐶
= 0.8 

Weir length = 𝐿𝑊 = 0.8 ∗ 𝐷𝐶   

 

𝐿𝑊 = 0.8 ∗  1.3666 

𝐿𝑊 = 1.09328 𝑚 

Assume then verified by iterations: 

viii. Weir height: 

Weir height = Hw = 40 mm  

Check Entrainment: 

Actual Velocity =  
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒𝑠

𝑛𝑒𝑡 𝑎𝑟𝑒𝑎
 

un =  
 0.43148712   

1.24695
 

% Flooding =
𝑢𝑛 

𝑈𝑓
 

% Flooding =
0.54

0.7201
 

% Flooding =  0.7498 

% Flooding = 75 

 

FLV = 0.54, from figure ψ 

Entrainment = Ψ = 0.0015, well below 0.1 
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Check Weeping: 

Maximum liquid rate =
𝐿𝑚

3600
 

Lw = 6.349 kg/s 

Turn down ratio = 0.85 

Lwm = minimum liquid flow rate, 0.85 at turn down  

Lwm = 0.85 Lw 

Lwm = 0.85 (6.349) 

Lwm = 5.469 kg/s 

 

Weir Crest: 

Franci’s weir formula 

 how = 750 [
LW

ρL ∗ lw
]

2
3
 

Where, 

Iw = weir length, m,  

how = weir crest, mm liquid,  

Lw = liquid flow-rate, kg/s.  

maximum  how = 750 [
LW

ρL ∗ lw
]

2
3
 

maximum  how = 750 [
6.349

(1045.83) ∗ (1.09328)
]

2
3
 

maximum  how =  23.5181 mm liquid 

minimum  how = 750 [
LWO

ρL ∗ lw
]

2
3
 



      
 

134 

maximum  how = 750 [
 5.469

(1045.83) ∗ (1.09328)
]

2
3
 

maximum  how =  21.29 mm liquid 

At minimum rate hw + hwo = 40 mm + 21.29 mm  

= 61.29 mm liquid 

Finding K2 from figure 11.30 (Coulson and Richardson, Volume 6) 

 

 K2 = 30.3 

The minimum design vapor velocity 

 

uh =  
[K2 − 0.90(25.4 − dh)]

ρv

   
1
2

 

uh =  6.9278 m/s  

Actual minimum vapor velocity =
minimum vapor rate

Ah
  

Vmin = Min. vapor flow rate = 0.4314 kg/s  

Ah = 0.04621 m2 

Actual minimum vapor velocity =
0.4314

0.04621
 

Actual minimum vapor velocity = 9.335 m2 

The weeping velocity is less than the vapor velocity, hence it is above weeping point.  

 

Perforated Area:  

Width of calming zones: 75 mm  

Unperforated edges strip: 75 mm  
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 𝐿𝑊  

𝐷𝐶
= 0.8 

θ0 = 109° 

Angle Held by the Plate's Edge =180° – 109° = 71° 

Unperforated Edge Strips, Average Length 

=  π x (DC − 𝑤𝑒𝑖𝑟 ℎ𝑒𝑖𝑔ℎ𝑡) x 
Angle at edge of plate

180
 

Unperforated Edge Strips, Average Length =  π x (1.3666 − 0.075) x 
109

180
 

Unperforated Edge Strips, Average Length =  2.523m 

Area of unperforated Edge strips = 𝑤𝑒𝑖𝑟 ℎ𝑒𝑖𝑔ℎ𝑡 × 𝑀𝑒𝑎𝑛 𝑙𝑒𝑛𝑔𝑡ℎ 𝑒𝑑𝑔𝑒 𝑠𝑡𝑟𝑖𝑝𝑠 

=  0.075 x 2.523m 

= 0.1841 m2 

Mean Length of Calming Zone, approximately = (Column Dia - Weir Height) * sin
109

2
 

=  (1.3666 − 0.075) ∗ (sin
109

2
) 

= 1.0515 m 

Area of Calming Zones = 2 × (Mean length of Calming Zone × weir height) 

Area of Calming Zones = 2 x 1.0515 x 0.075 

Area of Calming Zones = 0.1577 m2 

Total Area for Perforations, Ap = Aa – Calming Zone Area – Area of Edge Strip  

= 1.0269 – 0.1577 – 0.1841 = 0.6851 m2 

Ah

Ap
=  

0.04621 

0.6851 
 

 = 0.06745 

IP

dh
=  3.2 
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The above calculated ratio is satisfactory as it lies between the range of 2.5 – 4.0 

IP

dh
=  3.2 

IP =  3.2 ∗ 2.5 mm 

IP =  0.008m or 8m 

 

Plate Pressure Drop: 

Maximum vapor velocity through hole: 

uh =  
volumetric flow rate at bottom

Ah
 

uh =  
2.9358 x 10−3 

0.04621 
 

uh = 0.0635 m/s 

Hole diameter = dh = 2.5 mm  

Plate thickness = 3 = mm 

Plate thickness

Hole diameter
 =  

3

2.5
= 1.2 

 

Orifice Coefficient = Co = 0.87 

 

Dry plate pressure drops (hd): 

hd = 51 [
uh

Co
]

2

[
ρv

ρL
] 

hd = 15.45 mm liquid 

Residual Head (hr.):  

hr =
12.5 x10−3

ρL
 

 

hr = 12 mm liquid  
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The total pressure drops across one plate (ht): 

ht = (how + hw)  + hd  +  hr 

ht = (61.29)  + 15.45 +  12 

ht =  88.74 mm liquid 

Pressure drops in Pascal:  

ΔPt =  9.81 x 10−3 ∗ ht ∗ ρL 

ΔPt =  921.36 Pa 

ΔPt =  0.00921 bar 

The pressure drop in bar is 0.00921 bar for one stage  

 

Overall Pressure Drop: 

ΔP =  Acural No. of Plates  x Δp 

ΔP =  29 x Δp 

ΔP =  31 x 0.00921 

Pressure drops across column  

ΔP =  0.28551 bar 

Downcomer Liquid Backup: 

hb = (how + hw) + ht +  hdc 

 

hb = Downcomer backup measured from plate surface  

hdc = Head loss in the downcomer  

The constriction at the downcomer outlet will be the primary source of flow resistance, 

and the equation can be used to predict head loss in the downcomer. (Coulson & 

Richardson Volume 6): 

hdc = 166 x [
Lwd

ρL ∗ Aap
]

2

 

Area under the apron:  
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Aap = Iw × hap 

So, we find hap; 

hap = hw − 10 

hap = 40 − 10 

hap = 30mm 

Aap = Iw × hap 

Aap = 1.09328 𝑚 ∗ 0.03 𝑚 

Aap = 0.032798 m2 

Because the space beneath the apron is less than the lower area ( Ad = 0.22005 m2), 

so it can be used in the head loss in downcomer equation:  

hdc = 166 x [
Lwd

ρL ∗ Aap
]

2

 

hdc = 4.9 ≈ 5 mm liquid 

 

Backup in Downcomer 

hb = (how + hw) + ht +  hdc 

hb = 61.29 +  88.74 + 5 

hb =  155.03 mm 

If hb < ½ (plate spacing + weir height) So plate spacing is acceptable 

155.03 mm < ½ (300 + 40) mm 

The plate spacing is acceptable as 155.03 mm < 170 mm 

Residence Time: 

tr =
Ad ∗ hbc ∗ ρL

Lwd
 

tr =
Ad ∗ hbc ∗ ρL

Lwd
 

tr = 4.8 sec 
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The residence time is greater than 3 seconds, hence it is feasible.  

Height of the column:  

HC = (Number of actual plates − 1)  ×  Hs +  (∆H) 

Where,  

Hc is the actual column height.  

Nact the actual number of trays.  

Hs the plate spacing.  

ΔH is the additional height.  

Take plate spacing as = 0.30 m  

Additional height = 15% of height required by trays.  

Hc = (31-1) × 0.30 + [(31-1) × 0.30× 0.15]  

Hc = 10.35 m 
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7.5.12. Specification Sheet: 

Table 30: Specification Sheet of Distillation Column 

 

 

 

 

 

 

 

 

 

Identification 

Item no. Equipment Name Operation Type 

C-102 Distillation Column Continuous Sieve Tray Type 

Function Separation of VAM from mixture 

Material Handled Feed Top Bottom 

Quantity 14681.409 kg/hr. 3639.3907 kg/hr. 11042.018 kg/hr. 

Composition of 

VAM 

 
17.03% 

 
68.70% 

 
0% 

Temperature 34.5 °C 75 °C 129 °C 

Pressure 4 bars 1.1 bar 1.3 bar 

Design 

Data 

Number of Trays 29 Condenser Duty 1.146 MW 

Feed Plate located 11 Reboiler Duty 1.932 MW 

Reflux Ratio 0.879 Flooding Velocity 0.7201 m/sec 

Tray Spacing 0.30 m Tray Efficiency 65% 

Diameter 1.35 m Column Efficiency 56.65% 

Height 10.35 m Flow Arrangement Cross flow single 

pass 

Pressure Drop 0.0092 bar   
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Chapter 8 

Process Control & Instrumentation 



      
 

142 

8.1. Process Instrumentation: 

 

For Instrumentation on various equipment’s and pipeline of plants, 

following instrument are frequently used.  

1. Temperature Sensors  

2. Pressure Gauges 

3. Flowmeters  

4. Level measuring instruments 

5. Concentration measuring instruments 

6. Safety 

Objectives: 

The main objective of instrumentation and process control are:  

Safety: 

➢ Keep process variables within defined safe operating limits.  

➢ To distinguish risky circumstances as they create and to give 

cautions and programmed shut-down frameworks.  

➢ To e interlocks and alarms and thus prevent accidents.  

Smooth production:  

➢ To meet the product specifications  

Quality: 

➢ To ensure that the product meets the required quality standard 

Economics:  

➢ To work at the most minimal creation cost, in a run of the mill substance 

preparing plant these targets are accomplished by a blend of programmed 

control, manual observing and research center examination.  
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Figure 13: P&ID of Vinyl acetate Monomer Production
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Instrumentation On Vinyl Acetate Monomer Plant: 

Temperature Measuring Instruments: 

TT-01 to TT-11: 

Table 31: Selected temperature measuring instruments 

Instrument 

Name 

Reason 

RTD RTD with stainless steel because temp is low and stainless 

steel is economical. 

RTD is robust and has liner response to temp less than 700℃. 

RTD is widely used in industry due to its robustness and linear 

response  

 

Table 32: Unselected temperature measuring instruments 

Instrument 

Name 

Reason 

Thermocouple Thermocouple: its range is high 750-1250℃ and expensive then 

RTD with stainless steel 

Pyrometer Pyrometer: NO radiation involves in our process 

Thermistor Thermistor: use only for lab scale. Not used in industry on 

equipment’s 

 

Pressure Measuring Instruments: 

PT-01 to PT-20: 

Table 33: Selected temperature measuring instruments 

Instrument 

Name 

Reason 

Pressure 

Differential Cell 

All pressure differential cell with isolated diaphragm because it 

is highly accurate, stable and rugged.  
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Table 34: Unselected temperature measuring instruments 

Instrument 

Name 

Reason 

Vibrating Wire It is sensitive. the output generated is nonlinear which can 

cause control problem. It cannot handle high pressure or 

pressure spikes. it is mostly used in lab scale 

Strain Gauge:  It is not an instrument that means it cannot transmit electrical single. 

it is only for lab use 

 

Flow Measuring Instruments: 

FT 01 to FT-02, FT-15, FT-22 TO FT-25: 

Table 35: Selected flow measuring instruments 

Instrument 

Name 

Reason 

Ultrasonic 

Flowmeter 

It is used for liquid acidic fluids. We have acetic acid so we use 

ultrasonic flowmeter 

Its diaphragm is not directly in contact with acid to prevent 

corrosion 

 

Table 36: Unselected flow measuring instruments 

Instrument Name Reason 

Vortex 

Flowmeter 

We don’t use it due to acidic medium 

Coriolis 

Flowmeter 

We don’t use it because it is expensive and use mostly for 

gases 

Electromagnetic 

Flowmeter 

We don’t use it because we don’t have IONS in our process 

Turbine 

Flowmeter 

We don’t use it because turbine has low flowrate accuracy. 
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FT-03 to FT-14 and FT-16 to FT-21: 

Table 37: Selected measuring instruments 

Instrument 

Name 

Reason 

Coriolis 

Flowmeter 

It is used for mix acid and basic vapors. 

It is best for gases and have high accuracy. 

It is robust and most commonly used in industries 

 

Table 38: Unselected measuring instruments 

Instrument 

Name 

Reason 

Vortex 

Flowmeter 

We don’t use it due to acidic medium 

Ultrasonic 

Flowmeter 

We don’t use it because it is suitable for acidic liquids. 

Electromagnetic 

Flowmeter 

We don’t use it because we don’t have IONS in our process 

Turbine 

Flowmeter 

We don’t use it because turbine has low flowrate accuracy. 

 

FT-23 to FT-24: 

Table 39: Selected measuring instruments 

Instrument 

Name 

Reason 

Vortex 

Flowmeter 

It is used for liquid and gases as well at low pressure and 

temperature. 

 

 

Table 40: Unselected measuring instruments 
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Instrument Name Reason 

Coriolis 

Flowmeter 

We don’t use it because it is expensive and use mostly for 

gases 

Ultrasonic 

Flowmeter 

We don’t use it because it is suitable for acidic liquids. 

Electromagnetic 

Flowmeter 

We don’t use it because we don’t have IONS in our process 

Turbine 

Flowmeter 

We don’t use it because turbine has low flowrate accuracy. 

 

Level measuring instruments: 

LT-01: 

Table 41: Selected Level measuring instruments 

Instrument 

Name 

Reason 

Guided Wave 

Radar 

Guided wave Radar are reliable and accurate level measurement 

instruments that require little maintenance. They have no 

moving parts, making them ideal for harsh environment. GWR 

can measure both level and interface between two media and 

they are not affected by media density, varying temperatures and 

pressures. 

 

Table 42: Unselected Level measuring instruments 

Instrument 

Name 

Reason 

Indirect sensors- 

Bubble risers  

This method can be used to measure the level of corrosive 

liquids, the material of the tube can be chosen to be corrosion-

resistant. So, the method is suitable for use in harsh environment  

Indirect sensors- 

Resistive Tapes 

The sensor is cost effective option for measuring the level of 

corrosive liquids or slurry. However, it is not rugged or accurate 

and it is prone to humidity problems. The measurement accuracy 
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is also dependent on material density and sensor is not 

recommended for use with explosives and flammable liquids.  

 

Concentration Measuring Instruments: 

CT-01 to CT-02: 

Online Analyzer should be used. 

A probe-based analyzer is selected as they are non-destructive and give readings in 

real time. 

Table 43: Selected concentration measuring instruments 

Instrument 

Name 
Reason 

Gas analyzer 

Gas analyzer can measure many types of components in the 

line. Gas analyzers work on NDIR (Nondispersive Infrared 

sensor). 

 

Offline analyzers are not allowed.  

 

Table 44: Unselected concentration measuring instruments 

Instrument Name Reason 

Spectroscopy  Spectroscopy cannot be used as it is mostly used for discrete 

sampling.  

 

Gas 

Chromatography  

Gas chromatography can be used but it is not preferred as it 

destroys the sample.  

HPLC  HPLC should not be used as the phase of the line is gas phase. 
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Safety: 

Relief Valve: 

We use 2 relief valves: 

1st relief valve is in the reactor and then it connects with the inlet stream. It is because 

reactor has high pressure so if there are any spikes in pressure or temperature it releases 

them and maintain it accordingly so no accident can happen. 

2nd relief valve is in the mixer has it also has high pressure. 

Safety on instruments: 

We used butt weld and then attached a globe wall. the function of globe wall is 

whenever our sensor is not working properly and needs to be repair, we turn off the 

flow by shutting globe wall and then we can easily remove the sensor and replace it 

After globe wall we use Bleeder valve so if there is any backflow it releases it. 

After bleeder valve our sensor/transmitter is installed. 
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8.2. Process Control 
 

➢ Control Loops:  

For instrumentation and control of various areas and gears of plants, following control 

circles are frequently utilized.  

1. Control loop of feedback  

2. Control loop of feedforward  

3. Ratio control system  

4. Auctioneering control system  

5. Control loop of split range  

6. Control loop of cascade  

➢ Control system elements:  

Control system has following elements:  

➢ Process:  

Set of operations to achieve a desired result, by specific steps is called process.  

➢ Computing devices:  

Every piece of framework control, estimating component is highly significant. On the 

off chance that estimations are not made appropriately the rest of the framework can't 

work acceptably, likewise the deliberate variable is picked to speak to the ideal 

conditions all the while.  

➢ Controller:  

Controller is a system which is used to regulate the process.  

➢ Final control element:  

The final element which controls the varying process with basic control system is called 

final control element.  

➢ Temperature Measurement & Control:  

Temperature is measured and controlled at the inlet and outlet streams of different 

equipment, such as coolers, heaters & heat exchanger. Different devices are used such 

as thermocouples, RTD etc.
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Figure 14: Process Control Diagram of Vinyl Acetate Monomer Production
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Reactor: 

Controlled Variables: 

➢ Temperature inside the tubes of the reactor 

➢ Pressure of the reactor 

Manipulated Variable: 

➢ Flowrate of the flue gases in the shell of the reactor 

Use Loops: 

Feedback loop: 

Feedback loop are also applied to the reactor, they play a crucial role in 

regulating the process variable. These loops constantly measure the process variable, 

compare it to the setpoint, and modify the control output to ensure the process variable is 

regulated at the desired level. 

Heat Exchanger: 

Controlled Variables: 

➢ Temperature  

➢ Pressure 

➢ Product Composition 

Manipulated Variable: 

➢ Flowrate 

Use Loops: 

Feedback loop: 

Feedback loops are used to handle changing conditions dynamically. At the top 

of the feed inlet, we have feedback loop which are pressure transmitter transmitting the pressure 

to the flow indicated controller which then controls the flowrate. It is necessary to maintain the 

pressure of the system and feedback control loop is used. 
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Cascade loop: 

➢ Cascade loops are also commonly used in superheater. This feature is particularly 

useful when there is a significant delay between control action and the effect on the 

mixture.  

➢ Temperature of the outlet streams of superheater must be controlled in order to 

assure their correct performance and achieve the desired operating conditions in 

downstream or upstream process units.  

Separator: 

Controlled Variables: 

➢ Temperature  

➢ Pressure 

➢ Level 

Manipulated Variable: 

➢ Flowrate of Process fluid (inlet) 

➢ Flowrate of Gas flowrate (product) 

➢ Flowrate of Liquid flowrate (product) 

Use Loops: 

Feedback Loop: 

➢ The level of the separator is necessary to maintain to avoid the flooding and over 

pressure of the separator. 

➢ The pressure of the vessel is necessary to maintain due to safety and if the pressure 

is not optimal, the separation of gas and liquid can be inefficient and proper 

separation does not occur. 

➢ The temperature and flow are controlled by a cascade loop. The temperature of the 

outlet gas is measured and sent to the temperature controller.  

➢ The flowrate controller sends a signal to the control valve the the flowrate is 

changed according to the signal by the controller. 
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Absorber: 

Controlled Variables: 

➢ Pressure 

➢ Product Composition 

➢ Level of absorber 

Manipulated Variable: 

➢ Flowrate 

 

Use Loops: 

 

Feedback Control: 

The feedback control loop is applied in controlling the pressure of the vessel and the level of 

the vessel. Feedback loops respond dynamically and handle changing conditions.  

Cascade Loop: 

➢ The composition of the bottom solvent is maintained by transmitting the value to 

the flow controller and manipulating the flowrate at the desired setpoint of the 

inlet gas. 

➢ The flowrate of the inlet gas is transmitted to the flow controller. 

➢ By taking control action earlier in the process, the cascade loop can help reduce or 

eliminate the impact of the delay.  

Distillation Column: 

Controlled Variables: 

➢ Temperature at top of column 

➢ Pressure of column 

➢ Bottom liquid level 

➢ Bottom temperature 

➢ Product Composition 

➢ Reflux ratio  

➢ Reflux Drum Level 



 

 
 

155 

Manipulated Variable: 

➢ Top outlet vapor flowrate 

➢ Bottom liquid flowrate 

➢ Feed flowrate 

➢ Outlet flowrate of drum 

Use Loops: 

 

Feedback Loop: 

To regulate the distillation column, multiple control loops are used. Feedback 

loops respond dynamically to changing conditions and adjust temperature, pressure, flow, and 

level to maintain the desired set points. 

Ratio control loop & cascade: 

A ratio control loop is a feedback control system that is designed 

to maintain a specific ratio between two process variables. In the case of a distillation column, 

the ratio control loop is used to maintain the desired reflux ratio that is 6.5 by adjusting the 

flow rate of either the reflux or the distillate. 

Cascade Loop: 

The temperature of the bottom is important to be maintained at 113 degrees 

Celsius. The reading of the bottom is transmitted to a temperature controller (primary loop) 

and the flow of the steam inlet of the reboiler is transmitted to the flow controller (secondary 

loop). The flow controller takes its setpoint from the temperature controller and the temperature 

setpoint is provided manually. The flow controller adjusts the steam inlet flowrate accordingly. 
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Chapter 9 

Cost Estimation 
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Total Capital Investment: 

The total capital investment includes: 

• Prime/Direct Cost 

• General and Administrative/Indirect Cost. 

• Fixed capital investment. 

• Working capital. 

Cost Estimation: 

Firstly, we find the purchased cost of every equipment in the plant. 

9.1. Cost Estimation of the reactor: 

 

Volume of the reactor = 10.291 m3 

So, by using equation from (Towler and Sinnott second Edition): 

Ce = a + b (S)n 

Ce = Purchased cost of the equipment. 

a & b= Cost constants (from Table 7.2). 

S = equipment capacity. 

n = exponent for that type of equipment. 

So Purchased cost of the reactor is,  

= 61500 + 32500 (10.291)0.8 = $271321.227. 

Material factor of stainless steel (316) from Table 7.6 = 1.3 

Combined cost of equipment including Purchased cost and material factor 

= 1.3*271321.227 

= $352717.595. 

Installation factor of reactor (From Table 7.4) = 2.5. 

So total cost of reactor is = 2.5*241696.3 = $881793.989. 
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9.2. Cost Estimation of the Heat Exchangers: 

 

Area of the Heat exchanger is = 15.6170m2 

Cost constants (from Table 7.2) 

Purchased cost of Heat exchanger = Ce = a + b (S)n 

= 28000 + 54 (15.6170)1.2 = $29461.204 

Material factor of stainless steel (316) from Table 7.6 = 1.3 

Combined cost of equipment including Purchased cost and material factor 

= 1.3*29461.204 

$ = $38299.565. 

Installation factor of Heat exchanger (From Table 7.4) = 3.5 

Total cost of heat exchanger = 3.5*$38299.565 = $134048.478 

Cost Estimation of the Flash Separator: 

Pressure in the column = 4.81 bar = 481000N/m2 

Length of the column = 2.3394m. 

Diameter of the column = 0.37186m. 

Maximum allowable stress = 1422.5*105N/m2 (from Table 14.2 Towler and Sinnott second 

edition). 

No radiography is done for welding test. 

So, Efficiency is = 0.90. 

Now, we find the minimum thickness of the shell so we can calculate the mass. 

ts = 
𝑃∗𝐷

2𝑆𝐸−𝑃
 

ts = 
481000∗0.37186

2∗1422∗105∗0.90−481000
 = 0.0007m = 0.7 mm 

Mass of column, 

= π*0.0007m *0.37186*2.3394m*8000kg/m3 = 15.29kg 
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Where ρ =8000kg/m3 is the density of the stainless steel (304). 

Purchase cost of the flash drum = 17400 + 79*(15.29)0.85 = $1820236 

Material factor for stainless steel (304) (from Table 7.6) = 1.3 

Combined cost of equipment including Purchased cost and material factor = 1.3*1820236 

= $23663.07. 

Installation factor for column (from Table 7.4) = 4 

Total cost of absorber = 4*23663.07= $94652.3 

9.3. Cost Estimation of Absorber: 

 

Pressure in the column = 4bar = 400000N/m2 

Length of the column = 15.243m. 

Diameter of the column = 3.56m. 

Maximum allowable stress = 1422.5*105N/m2 (from Table 14.2 Towler and Sinnott second 

edition). 

No radiography is done for welding test. 

So, Efficiency is = 0.90. 

Now, we find the minimum thickness of the shell so we can calculate the mass. 

ts = 
𝑃∗𝐷

2𝑆𝐸−𝑃
 

ts = 
400000∗3.56

2∗1422∗105∗0.90−400000
 = 0.005572m = 5.572 mm 

Mass of column, 

= π*0.005014m*3.56m*15.243m*8000kg/m3 = 683kg 

Where ρ =8000kg/m3 is the density of the stainless steel (304). 

Purchase cost of the absorber = 17400 + 79*(683)0.85 = $37671.44 

Material factor for stainless steel (304) (from Table 7.6) = 1.3 

Combined cost of equipment including Purchased cost and material factor = 1.3*37671.44 
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= $48972.877. 

Installation factor for column (from Table 7.4) = 4 

Total cost of absorber = 4*48972.877= $195891.488 

No. of Trays = 17 

Purchased cost of one tray (Sieve tray) = 130 +440*(3.56)1.8 =$4455.76 

Purchased cost of 17 sieve trays = 17*4455.76 = $75747.96 

Material factor for stainless steel (304) (from Table 7.6) = 1.3 

Combined cost of equipment including Purchased cost and material factor = 1.3*75747.96 

= $98472.351 

Installation factor of Trays (From Table 7.4) = 2.5. 

Total cost of Trays = 2.5*33371.481 = $246180.870 

Total cost of Absorber with Trays = $195891.488 + $246180.870  

= $442072.36 

9.4. Cost Estimation of Multicomponent Distillation column: 

 

Pressure in the column = 1.2 bar = 120000N/m2 

Diameter of the column = 1.35 m 

Length of the column = 9.66 m. 

No radiography is done for welding test. 

Maximum allowable stress = 1422.5*105N/m2 (from Table 14.2 Towler and Sinnott second 

edition). 

So, Efficiency is = 0.56. 

Now, we find the minimum thickness of the shell so we can calculate the mass. 

ts = 
𝑃∗𝐷

2𝑆𝐸−𝑃
 

ts = 
120000∗1.35

2∗1422∗105∗0.56.−120000
 = 0.001017m = 1.017mm 
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Mass of column, 

= π*0.001017m*1.35m*9.66m*8000kg/m3 = 333.159kg 

Where ρ =8000kg/m3 is the density of the stainless steel (304). 

Purchased cost of Multicomponent distillation column = Ce = a + b (S)n  

Cost constants (from Table 7.2) 

Ce = 17400 + 79*(333.159)0.85 = $28412.3728 

Material factor for stainless steel (304) (from Table 7.6) = 1.3 

Combined cost of equipment including Purchased cost and material factor = 1.3*28412.3728 

 = $36936.084 

Installation factor for column (from Table 7.4) = 4 

Total cost of Multicomponent distillation column = 4*36936.084 

 = $147744.339 

No. of Trays = 29 

Purchased cost of one tray (Sieve tray) = 130 +440*(1.35)1.8 =$885.185 

Purchased cost of 29 sieve trays = 29*885.185 = $25670.37 

Material factor for stainless steel (304) (from Table 7.6) = 1.3 

Combined cost of equipment including Purchased cost and material factor = 1.3*25670.37 

= $33371.481 

Installation factor of Trays (From Table 7.4) = 2.5. 

Total cost of Trays = 2.5*33371.481 = $83428.703 

Total cost of Multicomponent distillation column with Trays = $147744.339 + $83428.703 

 = $231173.042 

9.5. Cost Estimation of Decanter: 
 

Volume of the decanter = 10 m3 

So, by using equation from (Towler and Sinnott second Edition): 
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Ce = a + b (S)n 

Ce = Purchased cost of the equipment. 

a & b= Cost constants (from Table 7.2). 

S = equipment capacity. 

n = exponent for that type of equipment. 

So Purchased cost of the reactor is,  

= 12800 + 73 (10)0.85 = $13316.80. 

Material factor of stainless steel (316) from Table 7.6 = 1.3 

Combined cost of equipment including Purchased cost and material factor 

= 1.3*13316.80 

= $17311.84 

Installation factor of decanter (From Table 7.4) = 4. 

So total cost of decanter is = 4*17238.77 = $69247.36. 

9.6. Cost Estimation of Vaporizer: 

 

Volume of the vaporizer = 17 m3 

So, by using equation from (Towler and Sinnott second Edition): 

Ce = a + b (S)n 

Ce = Purchased cost of the equipment. 

a & b= Cost constants (from Table 7.2). 

S = equipment capacity. 

n = exponent for that type of equipment. 

So Purchased cost of the vaporizer is,  

= 330+36,000(17)0.55 = $171350.98 

Material factor of stainless steel (316) from Table 7.6 = 1.3 

Combined cost of equipment including Purchased cost and material factor 
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= 1.3*171350.98 

= $222756.28. 

Installation factor of vaporizer (From Table 7.4) = 2. 

So total cost of vaporizer is = 2*17238.77 = $445512.56. 

 

9.7. Cost Estimation of Pumps: 

 

Purchase cost of the Pump = 8000 + 240*(3.6)0.9 = $8760.12 

Purchase cost of 5 Pumps = 5*8760.12 = $43800.6 

Material factor for Aluminum and Bronze (304) (from Table 7.6) = 1.07 

Combined cost of equipment including Purchased cost and material factor = 1.07*43800.6 = 

$46866.642.  

Installation factor of Pumps (From Table 7.4) = 4 

Total cost of Pumps = 4*46866.6 = $187466.4 

Direct Cost 

Purchase equipment cost= E = $2485966.489 

• Installation cost, 39%E = $969526.9307 

• Instrumentation (installed),43%E =$1068965.59 

• Piping (installed), 31%E = $770649.6116. 

• Electrical (installed), 10%E = $248596.6489. 

• Building (including services), 15%E =$372894.9734. 

• Yard improvements, 12%E = $298315.9787. 

• Service facilities (installed), 55%E = $1367281.569. 

Total Direct cost = D = $5096231.302 
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Indirect Cost 

• Engineering and supervision, 32%E = $795509.2765 

• Construction expenses, 34%E = $845228.6063 

• Legal expenses, 4%E = $99438.65956 

• Contractor’s fee, 19%E = $472333.6329 

• Contingency, 37%E = $919807.6009 

Total Indirect cost = I =$3132317.776 

Total Capital Investment 

Fixed capital investment = Direct cost + indirect cost 

= $5096231.302 + $3132317.776 

F.C.I = $8228549.079 

Working capital 18% of F.C.I = $1481138.834 

Total Capital investment = Fixed Capital investment + Working Capital Cost. 

T.C.I = $7596477 + $1367365.9 = $8963842.9 

Product Cost: 

Let us assume that fixed capital investment is depreciated using straight line method for 20 

years. The salvage value at the end of plant is assumed to be 5% 

Depreciation = D = (V-Vs)/N 

Where, 

V = F.C.I 

Vs = 0.05*F.C.I 

Vs = $379823.8 

N = no. of years = 20 

So, D = $360832.66 

Total Product cost = Total Capital investment – Depreciation 

T.P.C = $8603010.24. 

• Fixed charges (12% of T.P.C) = $1032361.23 
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• Direct product Cost (55% of T.P.C) = $4731655.6 

• Plant overhead (10% of T.P.C) = $860301.02 

• Manufacturing Cost = Direct product cost + Fixed charges + plant Overhead 

Manufacturing cost = $6624317.8 

General Expenses: 

General Expenses = Administrative Cost + Distribution and selling cost + research and 

development cost 

Administrative Cost 

It is usually 2-6% of total product cost 

Administrative cost = 4% of total product cost 

Administrative cost = $344120.4 

Distribution and Selling cost: 

Typically, 2-20% of the overall cost of the product goes towards distribution and marketing 

expenses, which include the cost of sales offices, salespeople, shipping, and advertising. 

Consider the distribution and Selling cost = 12% of total product cost. 

Distribution and Selling cost = $1032361.2 

Research and Development Cost: 

It is about 5 % of total product cost. 

Research and Development Cost = $430150.5. 

Financial (interest): 

It is about 0-10% of total Capital Investment. 

Consider interest is 6% of total capital investment. 

So, interest is = $537830.6 

Then, 

General Expenses =$1806632.1. 

So, 
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Total Product cost = Manufacturing cost + General Expenses 

Total Product cost = $8430949.9 

Gross Earing/ Income: 

Wholesale selling price of VAM per ton = $1867. 

Total income = selling price*quantity of product manufactured  

Total income = 1867*10,000 

Total income = $18670000 

Gross income = Total income – Total product cost 

Gross income = $18670000 - $8430949.9 

Gross income = $10239050.1. 

Taxes (40% of Gross income) = $4095620.04 

Net profit = Gross income – Taxes 

Net profit =$10239050.1 - $4095620.04 = $7043430.1 
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Chapter 10 

HAZOP  
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HAZOP: 

HAZOP is a technique that has been developed over the past few decades to identify potential 

hazards and compatibility problems that may arise due to deviations from the design in both 

new and existing process plants. It involves conducting a systematic study to clarify the impact 

of deviations on the plant's processing. Often, too much emphasis is placed on identifying 

hazards to the detriment of potential problems. However, it is in this latter area where the 

benefits of a HAZOP study are usually the greatest. 

Algorithm: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Record consequences and causes  

Suggest remedies 

Select a study node 

Divide section into study nodes 

Use all appropriate guideline 

and parameter combinations. 

Exist any risks or functional 

issues? 

 

Need more information 

HAZOP 

REPORT 

NO 

YES 

NOT SURE 
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10.1. Reactor: 

 

Table 45:  HAZOP Study on Reactor 

Guide Word Deviation Causes Consequences Action 

Flow 

NO No heating Flue gas value 

malfunction 

Temperature 

decreases in 

reactor 

Install 

temperature 

alarm (TAH) 

REVERSE Reverse heating 

flow 

Failure of 

heating media 

source resulting 

in backward 

flow 

Less heating, 

Possibility 

runaway reaction 

Install check 

value 

MORE More cooling 

flow 

Control valve 

failure,  

Operator fails to 

take action on 

alarm 

Too much 

heating, off spec 

product and shut 

down of 

reactor/explosion 

 

Install control 

valve and 

instruct the 

operators on 

procedure 

AS WELL AS Reactor product 

in tubes 

More pressure 

in reactor 

Off-spec product Check 

maintenance 

procedures and 

schedules 

OTHER THAN Another 

material beside 

heating media 

Water source 

contaminated 

May be heating 

ineffective 

If less heating, 

(TAH) will 

detect 

Temperature 

LOW Low heating Low heating 

media supply 

Reaction rate 

slow down 

Install high 

level alarm and 

instruct 

operators 

HIGH More heating More heating 

media supply 

Reactor may 

explode 

Install a control 

valve and low-

level alarm 

Pressure 

LOW Low pressure Partially 

plugged heating 

line 

Diminished 

heating, 

Possible 

runaway 

Install 

controller 

with 

maintenance 
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procedure 

HIGH High pressure Control Valve 

fails open. 

Controller fails 

and open valves 

Reactor 

Overheat, 

Reaction stops 

As above 

Instruct 

operator 

and update 

procedure 

 

10.2. Heat Exchanger: 

 

Table 46: HAZOP Study on Heat Exchanger 

Guide Word Deviation Causes Consequences Action 

Flow 

NO Cooling fluid 

flow 

Failure of 

cooling water 

inlet valve to 

closed 

Process fluid 

temperature not 

lowered 

accordingly 

Install 

temperature 

indicator before 

and after the 

process 

MORE Cooling water 

flow 

Failure of 

cooling water 

inlet valve to 

open 

Process fluid 

temperature too 

low 

Install 

temperature 

indicator before 

and after the 

process 

LESS Cooling water 

flow 

Pipe leakage Process fluid 

temperature not 

lowered 

accordingly 

Installation of 

flow meters 

Temperature 

LOW Tube side 

temperature 

High flowrate of 

cooling water 

Process fluid 

temperature too 

low 

Install (TIA) 

HIGH Tube side 

temperature 

Tube side outlet 

valve fully 

opened 

Tube damage, 

Rupture 

High temperature 

alarm must be 

installed 

Pressure (Shell side) 

LOW Shell side 

pressure 

Pump tip No significant 

effects 

Not applicable 

HIGH Shell side 

pressure 

Shell side 

discharge valve 

fully opened 

Shell side will be 

over pressurized 

Install high 

pressure alarm 

Pressure (Tube side) 

HIGH Tube side 

pressure 

Shell side 

discharge valve 

fully opened 

Tube maybe 

rupture 

Install high 

pressure alarm 
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10.3. Flash Separator: 

 

Table 47: HAZOP Study on Separator 

Guide 

Word 

Deviation Causes Consequences Action 

No, Not, 

None 

 

Flow  Pipe ruptures 

Close outlet valve 

Control valve failure 

No separation 

occurs  

Install alarm/ 

sensor 

Install 

Automated 

Open & 

Closure of 

valve 

Less 

 

 Flow Valve Partially closed 

Pipe leakage 

Not Separation 

proceeds 

Separator not 

work efficiently 

Install 

Flowmeter 

More 

 

Flow  Failure of control 

valve, 

The operator failed to 

take appropriate action 

to address the alarm 

 

Fluid damage the 

diverter of 

separator 

Install 

flowmeter 

 

 

10.4. Absorber: 
 

Table 48: HAZOP Study on Absorber 

Guide Word Deviation Causes Consequences Action 

Pressure 

HIGH More pressure Gas flow high Equipment damage 

& safety hazard 

Install pressure 

gauge 

Temperature 
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LOW Low temperature Decreased heat 

input  

Blockage due to 

heating  

Increase heating 

capacity 

HIGH More temperature Increased, 

malfunction of 

temperature 

control 

Reduced efficiency 

of absorption 

Adjust flowrate 

by using a 

controller 

Level 

HIGH High liquid level Liquid flowrate 

too high 

Risk of equipment 

damage 

Level control, 

automatic 

shutdown system 

LOW Low efficiency of 

absorption 

Inadequate liquid 

gas contact 

Reduced product 

quality 

Modify packing 

and adjust 

flowrate 

 

10.5. Storage Tank: 

 

Guide Word Deviation Causes Consequences Action 

No, Not, None 

 

No Flow level Failure of 

process flow 

inlet valves 

Product offset Installation 

check valves 

Less, Low  

 

More Flow 

level 

Pump stops Possible damage 

to pump 

Pump 

shutdown 

automatically 

when level is 

too low 

More, High 

 

High Flow 

level 

Failure of the 

level control 

system and 

pump stops 

Overflow 

could cause. 

Overflow would 

be contained by 

secondary 

containment 

system 

Inlet valve, 

level control 

system and 

pumps are 

inspected. 

There is a 

redundant level 

control system 
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10.6. Distillation Column: 

 

Table 49: HAZOP Study on Distillation Column 

Guide Word Deviation Causes Consequences Action 

No, Not, None 

 

No flow Pipe blockage 

Control valve 

failure 

Pump Off 

Column dry out 

Possible 

dangerous 

concentration 

No operation 

Install low level 

alarm, 

Check 

maintenance 

procedure and 

schedule 

Less, Low  

 

Less flow Pipe leakage 

Valve half open 

Column dry out 

Changes in 

product quality 

Install low level 

alarm 

Check 

maintenance 

procedure and 

schedule 

Low pressure line leakage Low efficiency 

of separation 

Loss of products 

Install pressure 

indicator 

More, High 

 

More flow Control valve is 

fully opened, 

Increase 

pumping 

capacity, 

Control valves 

failure 

Flooding in the 

column 

Install high level 

alarm 

High pressure Pressure 

indicator 

controller fail 

Low efficiency 

of separation 

Rupture of 

column or other 

related 

equipment 

Product loss 

Install high 

pressure alarm 

Install pressure 

relief valve 

High 

temperature 

High steam 

pressure, 

Instrumentation 

failure 

Separation 

cannot be done 

Changes in 

product quality 

Install 

temperature 

indicator 
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Chapter 11 

Simulation 
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11.1. Properties: 

11.1.1. Selected Components: 

First of all, we select the components:  

 

Figure 15:  Selected Components 

11.1.2. Base Method: 

 

Figure 16: Property Method Selection 

• We use NRTL-HOC as a property package. 

The decision to select the NRTL-HOC model was based on the composition of the 

liquid phase, which primarily consists of vinyl acetate (a polar), water (polar), and 

acetic acid (polar). Given that these compounds are well-known and interaction 

parameters are available, it was crucial to choose a model that could accurately 

represent their behavior. In this regard, extensive research, including consultation of 

the Alexandre D. Dimian book, was conducted, considering various models such as 
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NRTL, UNIQUAC, and their variations. Ultimately, the NRTL-HOC model was deemed the most appropriate choice to ensure precision when 

dealing with these specific components.  

11.2. Simulation: 

 

Figure 17: Flowsheet of VAM plant
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11.2.1. Decanter: 

 

Feed Specifications: 

DECANTERIN

AQUEOUS

ORG

VENT
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Decanter Specifications: 

 

Stream Results of Decanter: 

 

11.2.2. Separator: 

 

Figure 18:Simulated Figure of Separator 
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Feed Specifications: 

 

Separator Specifications: 

 

Stream Results of Separator: 
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11.2.3. Distillation Column: 

 

Figure 19:Simulated Figure of Distillation Column 

Feed Specifications: 

 

Distillation Column Specifications: 
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Stream Results of Separator: 

 

11.2.4. Mixer: 

 

Figure 20: Simulated Figure of Mixer 

S18 Specifications: 
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S19 Specifications: 

 

Stream Results of Mixer: 

 

11.2.5. Heat Exchanger: 

 

Figure 21: Simulated figure of Heat Exchanger 
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Hot Stream Specifications: 

 

Cold Stream Specifications: 

 

Heat Exchanger Specifications: 
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Stream Results of Mixer: 

 

 

11.2.6. Reactor: 

 

Feed Specification: 
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Reactor Specification: 

 

Reactor Configuration: 

 

Reactions: 
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Coefficient and Exponent: 

 

Stoichiometry of Reactor: 

 

Kinetic of Reactor: 
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Stream Results: 

 

 

 

 

 

 



 

 
 

188 

 

 

 

 

 

 

 

Chapter 12 

Layout 
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The lucrative erection and performance of a process unit based on how good the plant 

equipment are defined on the process flow sheet. The primary elements to be appraised 

are following that must be in mind in designing plant layout are as follows: 

➢ Economic compensation; erection and operation cost 

➢ The process prerequisites 

➢ Ease of operation 

➢ Ease of maintenance 

➢ Safety 

➢ Future expansion 

12.1. Economic Compensation: 

The price of erection could be decreased by selecting an arrangement that 

provides the smallest path of joining pipes across instruments and by selecting 

minimum price of steel art. That would not be the primarily ideal joining for functioning 

and preservation. 

12.2. Process Pre-requisite: 

The necessary equipment must be installed ideally in the process. Even the fitting 

of the small accessories should be in such manner that they will cover the minimum 

space. 

12.3. Ease of operation: 

Equipment which are necessary for operation must be present at suitable position. 

Necessary valves and instruments should also be at ease position and height. Enough 

place for work should be provide so that the excess on equipment is easy. 

12.4. Ease of Maintenance: 

For maintenance all the equipment sited properly for example distillation 

columns have re-boilers and condensers which can be replaced in case of any failure. 

Similarly, other equipment’s which are needed to be maintained such as heat 

exchangers and pumps, compressors should be present at ease position. 
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12.5. Safety: 

Protective restrictions should be designed necessarily for separating the risky 

appliances for lessen the effect any discharge. Minimum three emergency exists should 

be installed to the explosive process site. Highly hazardous storage must be well 

protective. 

12.6. Future Expansion: 

Equipment should be located so that it can be conveniently tied in with any future 

expansion of the process. Space should be left for the pipes for future needs, and service 

pipes over-sized to allow for future requirements to control and for safety issues. 

 

Figure 22: Layout display of VAM plant 
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Chapter 13 

Sustainability Development Goals 
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The United Nation 17 Sustainability development goals are given as: 

 

1. End poverty in all its form. 

2. Eradicate famine and hunger. 

3. Guarantee healthy lives and promote well-being for all. 

4. Ensure education and learning opportunities for all. 

5. Ensure that women and girls have the same rights and opportunities as men.  

6. Provide availability of water and sanitation. 

7. Ensure access to affordable, reliable, sustainable and modern energy for all 

8. Promote sustained, inclusive and sustainable economic growth, full and 

productive employment and decent work for all 

9.  Build resilient infrastructure, promote inclusive and sustainable industrialization 

and foster innovation 

10.  Reduce inequality within and among countries 

11. Make cities and human settlements inclusive, safe, resilient and sustainable 

12.  Ensure sustainable consumption and production patterns 

13. Take urgent action to combat climate change and its impacts 

14. Conserve and sustainably use the oceans, seas and marine resources 

15. Protect, restore and promote sustainable use of terrestrial ecosystems 

16. Promote peaceful and inclusive societies for sustainable development 

17. Strengthen the means of implementation and revitalize the global partnership 

 

✓  

 

 

 

✓  

 

✓  

 

 

 

✓  

 

 

 

✓  
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The Sustainable Development Goals (SDGs) are a set of laws and regulations that 

attempt to achieve various development objectives for the benefit of the planet and its 

inhabitants. Industries have a great deal of potential to support a variety of SDGs 

through their core business operations by offering products and services that support 

the SDGs both domestically and internationally. Some of the few SDGs that will be 

met by our initiative:  

Table 50: Sustainability development goals 

Sr.No Goal SDGs Related to our project 

1 

Goal 1: 

No Poverty. 

 

The objective is to 

remove poverty  

Unemployment and poverty is 

reduced by installation of these 

types of chemical Plants. 

Chemical process industries 

play a critical role in Job 

creation. 

2 

Goal 8: 

 Decent work 

and economic 

growth 

The objective is to 

create favorable 

conditions that promote 

the availability of 

quality jobs, which in 

turn stimulate economic 

growth. 

 

Our project will follow this 

goal as an entrepreneurial 

opportunity creates more job 

opportunities for society, and 

economic growth will be 

improved by ensuring: 

- Youth employment and 

training of low-wage 

employees will boost 

economic growth. 

- Improving workforce 

training will boost the 

plant's overall output. 

- Moreover, higher grade 

machinery will be used 

to increase production. 

3 

Goal 9:  

Industry 

innovation and 

infrastructure. 

This objective is to 

encourage fair and 

sustainable industrial 

growth, with a focus on 

increasing employment 

opportunities and 

contributing to the 

overall economic growth 

of a country. It includes 

This objective is critical to the 

project since exporting VAM 

will attempt to enhance the 

country's economy and grow 

GDP. 

- Productivity can be 

increased by creating a 

strong and resilient 

infrastructure of the 
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specific targets such as 

doubling the industrial 

sector's share of 

employment and GDP, 

particularly in 

underdeveloped nations. 

industry, it will promote 

economic growth and 

improve access to 

enterprises 

- Moreover, 

improvement in 

infrastructure and 

enhancement in 

research could be 

implemented for better 

sustainability and 

economic growth. 

4 

Goal 12: 

Responsible 

consumption 

and 

production. 

Sustainable 

consumption and 

production aim to 

achieve better and more 

efficient use of 

resources while 

reducing environmental 

impacts. It involves the 

use of environmentally 

friendly products and 

services and promoting 

lifestyles that are 

sustainable and less 

wasteful. 

Sustainable consumption and 

production are a main goal that 

the project relates to. 

Responsible consumption of 

energy and raw material will 

implement this goal. Heat & 

energy integration research of 

the entire plant will decrease 

the cost needed for energy and 

improve the resource 

efficiency. The cost saved can 

be utilized in further research.  

Separation and purification of 

the raw material (in our case, 

oxy acetylation) will further 

improve resource efficiency 

and sustainability. 

5 

Goal 17: 

Partnerships 

for the goals. 

In order to achieve 

sustainable 

development, the 

declaration emphasizes 

the necessity of 

enhancing 

implementation 

mechanisms and inter-

national collaboration. It 

draws attention to the 

significance of global 

support and investments 

for the advancement of 

new technologies. 

Partnerships with various firms 

in several countries help 

improve exports and trades of 

the product. Since VAM 

market will grow at 4-5% 

(CAGR), the demand of VAM 

will increase and by increasing 

partnerships, export of VAM 

will increase. Global trade of 

VAM will target the GDP of 

Pakistan and will promote 

economic growth. 
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Appendix A: LMTD correction factors for 1-2 exchangers 
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Appendix B: Tube sheet layouts Triangular Pitch 
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Appendix C: Heat Exchanger and Condenser tube data 
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ppendix D: Design vapour velocity factor for vertical separators 

 

 

Appendix E: Flooding velocity, sieve plates 
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Appendix F: Selection of liquid-flow arrangement 
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Appendix G: Entrainment correlation for sieve plates 
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Appendix H: Weep-point correlation 
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Appendix I: Relation between downcomer area and weir length 
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Appendix J: Relation between angle subtended by chord, 
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Appendix K: Relation between hole area and pitch 
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Appendix L: Discharge coefficient, sieve plates 
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Appendix M: Materials cost factors, fm, relative to plain carbon steel 

 

 

Appendix N: Installation factors proposed by Hand (1958) 
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Appendix O: Purchased equipment cost for common plant equipment 
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