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 بسم هللا الرحمن الرحیم

 يِ أْنُفِسِھْم َحتَّى يَتبیَنَّ َفاقِ َوفَسُنِريِھْم آياَتنِا فيِ اْال ((

ا ْلحَ  ِل َشْيٍء ك َعلىَ  أنَهُّ  كيَكِف برِب أَولمْ قُّ لُھْم أنَھُّ

 ))َشِھیدٌ 

 صدق هللا العلي العظیم   

 ) 53 ( اآلیة رقم" فصلت"سورة  
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 االھداء  
 

إلى حجة هللا على كل  إلى العالم الذي علمھ ال یبید

إلى من  خیر أھل األرض في كل الخصالإلى البشر 

إلى صاحب العصر  تتوق لھ نفوس المنتصرین

 والزمان اإلمام المنتصر

موالي....! عطوف أنت و ارحم من إلف أب وانعم بك 

من إمام عصر لم یمل یوما توسالتي   إلیك موالي اھدي 

  .ثمرة ھذا الجھد المتواضع
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 الشكر والتقدیر

 

نشكر هللا العلي القدیر الذي أنعم علینا بنعمة العقل 

  " سورة...وفوق كل ذي علم عليموالدین.القائل في  محكم التنزیل"

  العظیم. صدق هللا العلي

  76یوسف آیة 

 

 أستاذنا الفاضل الدكتور محمد علي مطر الوائلي....

للنجاحات أناس یقدرون معناه ولإلبداع أناس یحصدونھ ...لذا نقدر 
 جھودك المضنیة

تقدیرك...فلك منا كل الثناء و فأنت أھل للشكر والتقدیر فوجب علینا 
 التقدیر .

 أستاذنا الفاضل الدكتور صالح عبد الجبار صالح....

یا من أعطى وأجزل بعطائھ و سقى فروانا علما و ثقافة ... منك تعلمنا      
لمستحیل یتحقق و أن األفكار الملھمة تحتاج إلى من یغرسھا بعقولنا ا إن 

  فلك منا خالص الشكر واالمتنان .
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 أستاذنا الفاضل ھشام محمد مجید

.... 

قلبك ،عطاؤك القیم ھو عنوانك ....فلك منا كل  روحك المرحة ،صفاء   
  معاني الحب و التقدیر و الذي یساوي حجم عطاؤك الالمحدود.

 

جازع ، قاسم كاظم ، عبد عبد الحسین  علي أساتذتنا األفاضل (علي عبار،
  ،االمیر

 ) فارس ھنجاح ، فاطم عالء سعدي ، زھراء
….. 

مااجمل العیش بین اناس احتضنوا العلم وعشقوا الحیاة و تغلبوا  
مصاعب العلم.. لكم اساتذتي جزیل الشكر و االمتنان      على 

 على جھودكم .
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ABSTRAC 

The project is divided into the following sections: 

 1-Introduction  

2-Material balance  

3-Energy balance 

4-Design of equipment  

5- The required costs to set up this project and finally  

references on which this project was adopted. 
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Acrylic acid (IUPAC: propenoic acid) :-  is an organic 

compound with the formula CH2=CHCOOH. It is the 

simplest unsaturated carboxylic acid, consisting of a vinyl 

group connected directly to a carboxylic acid terminus. This 

colorless liquid has a characteristic acrid or tart smell. It is 

miscible with water, alcohols, ethers, and chloroform .  

Other names :-  

Acrylic acid -  Acroleic acid  - Ethylenecarboxylic acid 

Propene acid  - Propenoic acid  - Vinylformic acid 

  

  

  

      Fig (1-1 )                                           g (1-2 ) 
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 -  Table (1-1) Properties of acrylic acid –  

  

Chemical formula  C3H4O2  

Molar mass  72.06 g·mol 1  

Appearance   clear, colorless liquid  

Odor  acrid  

Density  1.051 g/mL  

Melting point  14 °C (57 °F; 287 K)  

Boiling point  141 °C (286 °F; 414 K)  

Vapor pressure    3 mmHg  

Acidity (pKa)  4.25  

Viscosity  1.3 cP at 20 °C (68 °F)  
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   Table (1-2) Hazards :-  

Main hazards  Corrosive (C),Dangerous for the 
environment (N)  

Flash point  68 °C (154 °F; 341 K)  

Autoignition temperature  429 °C (804 °F; 702 K)  

Explosive limits  
  

2.4%-8.02%  

NFPA 704  
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Brief history a bout acrylic acid   

Acrylic acid was rst prepared in 1847 by air oxida�on of 

acrolein. But it was not un�i the period of World War 11, 

when Reppe discovered its synthesis from acetylene and 

CO, in the presence of Ni compounds, that it gained 

importance in the chemical industry  

(Hancock, 1973). Interes�ngiy a�er the use of several other 

routes in manufacturing, it is the original method involvhg 

oxidation of acrolein, derived from the recently developed 

catalytic oxidation of propylene, which is currently the most 

favored industrial process for the manufacture of acqdic 

acid  

Acrylic acid is used prirnarily as a starting material in the 

synthesis of emulsion and solution polymers. Acrylic 

emulsion polymers were fkst used as coatings for leather in 

the early 1930s and have found wide u�lity as coa�ngs, 

finishes and binders of leather, textiles and paper; coatings 

in home and industry; and as adhesives,  

Although acrylic acid can be prepared from a variety of 

starting rnaterials, it is the route involving synthesis from 

propylene that occupies the most prominent position in the 

industry today. Until the late 1960s, the Reppe process and 

its several modified forms, using acetylene chemistry held 

centrestage in the manufacture of acrylic acid, when the 



 

15 
 

propylene oxidation method started to emerge as a viable 

alternative route. By the late  

1970s the cost and availability of acetylene made it an 

unattractive raw material for acrylate manufacture as 

compared to propylene. As a consequence dl commercial 

units  

based on acetylene were phased out and alrnost 95% of the 

world acrylic acid capacity is now based on propylene as a 

raw material. The cost and availability of propylene are 

expected to remah attractive and new acrylate capacity 

should continue to be propylene based in the foreseeable 

fùture 
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By the end of 2011, global energy production of acrylic acid 

is es�mated at 4.3 million tons, China and America hold half 

of the world production while the Middle East accounts for 

2% of world produc�on.  

  

  

Fig 1-3 
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Market Segment by Regions :-  

     North America (United States, Canada and Mexico)  

    Europe (Germany, France, UK, Russia and Italy)  

    Asia-Pacific (China, Japan, Korea, India and 

Southeast Asia)  

    South America (Brazil, Argentina, Colombia)  

    Middle East and Africa (Saudi Arabia, UAE, Egypt, 

Nigeria and South Africa)  

  

The world's largest producers of acrylic acid are as 

follows :  

 

1- BASF Germany, the world's largest producer with a 

produc�on capacity of more than one million tons 2- Dow 

Chemical Company  

3. Japan's Nippon Chokobai Company, thanks to the 

expansion of its produc�on capacity to 780,000 tons 

annually as the largest producer of material in Asia.  

4 - Arquima French company  

5 - Jingsu Jingang Chinese company  

6 - altasnie and alsahra from Saudi arab 

A look at the acrylic acid market in the three continents 

(America, Europe and Asia) with prices:   
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1. In America, the market situation is stable and the 

market witnessed a rise in prices during the fourth quarter 

of 2012 and the ton is sold in America at about 2380-2440 

dollars per ton. Mexico is the largest importer of the 

material from America, followed by Brazil and Belgium  

  

2. In Europe, the industry is facing severe weakness due 

to pressure of high values and very weak demand there and 

does not support the price of acrylic acid to rise. Article 

prices currently range between 2300 - 2430 dollars per ton. 

Indonesia, China and Japan are the biggest exporters to 

Europe, while Brazil and America are the largest importers 

of the material from Europe  

3 - Japan is the largest importer of material in Asia, the price 

of tons is about 1526 - 1767 dollars per ton in the Chinese 

market and in the Taiwan market. 
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Uses of acrylic acid 
price reaches about 1880 dollars per ton for immediate 

delivers  Acrylic acid is found in a variety of household and 

personal care products:  

  

1- Dental products  

2- Floor polish  

3- Paint  

4- Leather finishings  

5- Paper Coatings  

6- Plastics  

7- Textiles  
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Methods of preparation Of acrylic 

acid 

  

  

Fig 1-4 
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Manufacture of acrylic acid from propylene:-  

The propylene process has many variations. The first 

process involves the conversion of propylene to acrolein, 

separation of acrolein and unreacted propylene, and then 

conversion of acrolein to acrylic acid in the second catalytic 

oxidation step  

The acrylic acid industry has seen significant change over 

the past two decades. With the closure of acetylene-based 

and acrylonitrile-based plants in the 1990s, the produc�on 

of acrylic acid via two-stage propylene oxidation became 

the preferred and dominant method of production for 

acrylic acid producers, globally. Currently, licensors and 

technology holders of two-stage propylene oxidation 

technology are looking to improve their processes with new 

catalyst formulations, modifications to reactor design, 

and/or establishing operational bestpractices through 

newly optimized parameters. The next decade, however, 

will give rise to a new wave of technologies – particularly, 

bio-based routes to acrylic acid.  

  

This report focuses on the Bio-based Acrylic Acid in global 

market, especially in North America, Europe,  

Asia-Pacific, South America, Middle East and Africa. This 

report categorizes the market based on manufacturers, 

regions, types and applications.  
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Chapter Two 

Material Balance 
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DETAILED MATERIAL BALANCE 

Basis : 200 TPD of Acrylic Acid .  
 ( Plant works continuously for 24 hours a day )  

  

 CH2=CHCH3 + O2         CH2 = CHCHO + H2O  

          acrolein   

   

 CH2=CHCHO + ½ O2          CH2=CHCOOH  
          acrylic acid   

  

 Compound             Molecular weight   

  

  Propylene    42 
  Acrylic 
acid(AA)  

72 

  Acetic acid  
   

60 

  Acrolein     56 
  Oxygen    16 
  Carbon dioxide 44 
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 Propylene required to produce 200 TPD of AA  

  

    1  kmol of C3H 6    
:1 kmol of AA  

   42 kg/hr of C3H 6    
: 72 kg/hr of AA 

  

   C3H 6    required to produce 200 TPD of AA   
     = 200 x (42/72)  = 116.67 TPD of C3H 6      

  

     At a yield of 78%   
  kmol of C3H 6     required = 116.67 / 0.78 = 149.57 TPD   
                 = 148.38 kmol/hr  

  

  Oxygen required :  
   1 kmol of C3H 6     requires 3/2 kmol of O2   
   Hence O2 required = 3/2 x 148.38  kmol/ hr  
             = 222.57 kmol/ hr   

  

REACTOR I    
 Oxidation of Propylene to Acrolein .  

  (From Literature)  

   CH2=CHCH3 + O2   
       CH2 = CHCHO + H2O  

          acrolein   
  

 

 Catalyst composition :  Ni. Fe. Zn. Bi.  or  Zn + Co (Fe 
promotion )  
 Contact time = 3.6 sec  
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Average temperature = 355 C 

Feed Composition :  C3H 6  :  Air  : Steam ::  1 : 7.75 
: 3.75  
Overall  conversion  of  C3H 6      = 100%   
Conversion to acrolein  = 70%   

 Conversion to AA        = 11%   

  

 C3H 6 fed = 148.38kmol/hr     
 Steam fed = 556.42 kmol/hr  
   Air fed  = 148.38 x 7.75 = 1149.94 kmol/hr  
   O2 entering  = 241.48 kmol/hr  

   N2 in = N2 out = 908.45 kmol/ hr  
   O2 used in the reactor = 148.38 kmol/hr  
   O2 left unreacted = 93.1 kmol/hr  
   Acrolein produced = 148.38 x 0.7 = 103.866 kmol/hr  
   AA produced = 148.0.11 = 16.32 kmol/hr  
   Steam produced = 103.866 kmol/hr  

 Side products produced (CO2 + Acetic acid)=48.38 x 0.19 = 
28.192  kmol/hr 
   ( in equal quantities )kmol/hr  
   Total steam leaving the reactor = 660.286  kmol/hr  
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REACTOR II  

     Oxidation of Acrolein to Acrylic acid  
     (From literature)    

      

   CH2=CHCHO + ½ O2             CH2=CHCOOH  

            acrylic acid   

  

 Catalyst composition :  Mo12  V1.9 Al 1.0 Cu2.2 ( support - Al 
sponge)  
 Contact time : 1 - 3 sec  

 Average temperature – 300 C  

 Acrolein  conversion - 100%  
 Yield of AA   -  97.5%   

  

    Feed:  
     O2   =   93.1 kmol/hr  
     N2   =   908.45 kmol/hr  
     Steam = 660.286 kmol/hr  

   Acrolein  = 103.866 kmol/hr  
    Acylic acid  = 16.32 kmol/hr  
   Acetic acid  = 14.096 kmol/hr  
    CO2   =  14.096 kmol/hr  

  

   AA formed in reactor II = 101.26 kmol/hr  
   By products formed = 2.5966 kmol/hr  
   O2 reacted   = 51.352 kmol/hr  
   O2 unreacted  = 41.167 kmol/hr  
   N2 in = N2 out = 908.45 kmol/hr  
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Total AA formed in 2 reactors = 101.26 + 16.32 = 
117.58 kmol/hr  

Total Acetic acid produced = 
15.3942 kmol/hr  

Total CO2 produced= 
15.3942kmol/hr  

  

ABSORBER:  

  

 Feed entering at the bottom of the absorber.  

      

   Acrylic acid = 117.58 kmol/hr   
   Acetic acid   = 15.38 kmol/hr   
   CO2              = 15.38 kmol/hr  
   O2                 = 41.167kmol/hr  
   N2                 = 908.47 kmol/hr  
   Steam            = 660.286 kmol/hr  
  
 
 
 

 

From literature:   

 Acrylic acid and acetic acid is absorbed using water as 
solvent.  

 Gases CO2 , O2 , N2  and small amount of steam leave the 
absorber at the top.  
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Assumptions :   
  90% of the steam entering gets condensed.  

  

  Solvent:  

  

   Water entering at the  top = 488.6 kmol/hr  

  

  

 Off gases leaving at the top :  

  

   CO2     =  15.38 kmol/hr  
   N2        = 908.4 kmol/hr  
   O2        = 41.167 kmol/hr  
   AA      = 1.1758 kmol/hr  
   Acetic acid  = 0.1539kmol/hr  

  

 Product liquid leaving at the bottom  of the absorber to 
recovery section:  

  

 Acrylic acid  =116.404 kmol/hr  
  Acetic acid    = 15.236 kmol/hr  
   water             = 1082.85 kmol/hr  

      

 Mol fraction of AA in the product stream = 0.0958= 9.58%
Weight fraction of AA in the product stream = 0.2911= 
29.11%   
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SOLVENT EXTRACTION COLUMN :  

  

Feed from the bottom of the absorber:  

        

Acrylic acid  = 116.404 kmol/hr  
  Acetic acid    = 15.236 kmol/hr  
    water    = 1082.85 kmol/hr  

  

 Solvent with high solubility for acrylic acid and acetic 
acid , and low solubility with  water is used to extract 
AA acid from absorber stream.   

  

    

 Assumption:  Solvent required for 99 .5% extraction of AA 
is 500 kmol/hr.  

  

 Recycled stream  from solvent recovery column and waste 
tower.  

  

   Acrylic acid  = 0.53 kmol/hr  
   Acetic acid   = 0.08 kmol/hr  
   Water          = 129.94 kmol/hr  

  

 Total Acrylic acid in = 116.934 kmol/hr  
 Total Acetic acid in = 15.316 kmol/hr  
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 Total water in  = 1212.79 kmol/hr  

  

 Extract phase contains (to solvent recovery plant):  

  

   Acrylic acid = 0.995 x 116.404 = 115.83 kmol/hr.  
   Acetic acid   = 15.16 kmol/hr  
   Water          = 21.657 kmol/hr  
   Solvent       = 488.5 kmol/hr  

  

 Raffinate phase contains ( to waste tower):  

  

   Acrylic acid = 1.104 kmol/hr  
   Acetic acid   = 0.156 kmol/hr  
   Water           = 1191.13 kmol/hr  
   Solvent       = 11.5 kmol/ hr  
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SOLVENT RECOVERY COLUMN :  

  

Assumption: Complete recovery of solvent occurs.   
           Bottom product contains only acetic acid and acrylic 
acid.    

  

 Feed  :  Extract phase from the liquid-liquid extractor:  

  

   Acrylic acid = 115.83 kmol/hr.  
   Acetic acid   = 15.16 kmol/hr  
   Water          = 21.657 kmol/hr  
  Solvent       = 488.5 kmol/hr  

Upstream contains (recycled to extraction column) :  

   Solvent    = 488.5 kmol/hr  
   Acrylic acid  = 0.53 kmol/hr  
   Acetic acid   = 0.08 kmol/hr  
   Water        = 21.657 kmol/hr  

 

  Column bottoms contain ( to acid tower ) :  

   Acrylic acid  = 115.3 kmol/hr  
   Acetic acid   = 15.08 kmol/hr  

  

  
 
 
 

 



 

32 
 

WASTE TOWER   

  

Assumption : Bottom product contains  water and all 
acrylic acid , acetic acid        entering the column.  

      

 Feed :    Raffinate phase from the liquid-liquid extractor.  

  

   Acrylic acid = 1.104 kmol/hr  
   Acetic acid   = 0.156 kmol/hr  
   Water           = 1191.13 kmol/hr  
   Solvent       = 11.5 kmol/ hr  

  

 Column bottom stream ( to waste water treatment plant)  

    

   Water   = 1082 .845 kmol/hr  
   Acetic acid   = 0.156 kmol/hr  
   Acrylic acid  = 1.104 kmol/hr  

  

 Column overhead stream ( recycled to extraction column)  

  

   Solvent   = 11.5 kmol/hr  
   Water   = 108.2 kmol/hr  
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ACID TOWER ( Designed as a major equipment )  

  

Assumption : Top product is 95 wt. % acetic acid   
   Bottom product is 99.5 wt.% acrylic acid.  

   

  Feed :   
  Acrylic acid  = 115.3 kmol/hr  
   Acetic acid   = 15.08 kmol/hr  

  

  Top product   
   Acetic acid  = 14.883 kmol/hr  
   Acrylic acid  = 0.14 kmol/hr  
 

Acetic acid produced = 21.67 TPD  at 95 % purity   
  Bottom product   
   Acrylic acid  = 115.16 kmol/hr  
   Acetic acid   = 0.197 kmol/hr 
   

 
 

Acrylic acid produced = 200 TPD at 99.5% purity  
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Chapter three 

Energy Balance 
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3.1 Energy balance on Reactor(R-101) :  

  

Qair =0  

  

Q propylene =0  

  

E.B.( Steam )  

from Table ( 3-2 ) at Tavg =373+298/2 =335.5K  

Cp= 34.698 kj/kg.k 

  

Q= m ×Cp×(Tin-Tref)  

  

Q=556.42×34.698×(298-373)  

  

=-1447999.54 KJ  

  

Qin=-1447999.54 KJ  
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Cp acr=70.5 Kj/Kg.k  

Qacr=mcp T  

= 549191.5 KJ  

  

Cp N2=29.4 kj/kg.k 

QN2=mcp T  

=1214803.965 KJ  

Cp O2 =29 kj/kg.k 

QO2=207427.6 KJ	 

  

Hr= Hf product - Hf react  

  

Hr=295.9 KJ/Kmol  

	 

Qout=1971423.065	KJ	  
 

 

 

Hr + Q = Qout- Qin  

  

Q=3419126.8 KJ  
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3.2 Energy balance on Fluidized Gasilication(R-

102)  

	 

	 

Qin=Qout=1971423.1	KJ  

	 

Q	acr	=mcp T	 

	 

Cp	acr=155.79	kj/kg.k 

	 

Q	acr=4579303.91	KJ	 

	 

	 

QN2=mcp T	 

	 

QN2=7536819.158	kj 

	 

Qo2=348528.46	KJ 
 

Hr=242.51	Kj/kmol 

	 

Qout=12464651.5	KJ	 

	 

Hr + Q = Qout- Qin 	 

	

Q=10492985.92	KJ 
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3.3 Energy balance on Heat Exchanger(E-101)  

Qair =0  

  

Q propylene =0  

  

E.B.( Steam )  

from Table ( 3-2 ) at Tavg =373+298/2 =335.5K  

 

Cp= 34.698 kj/kg.k 

  

Q= m ×Cp×(Tin-Tref)  
 

 

 

Q=556.42×34.698×(298-373) 

 

=-1447999.54 KJ   

Qin=-1447999.54 KJ  
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Qout=Qacr + QN2 + QO2  

Qacr=549191.5 KJ   

QN2=1214803.965 KJ  

  

QO2=207427.6 KJ	 

  

Hr= Hf product - Hf react  

  

Hr=295.9 KJ/Kmol  

 

Qout=1971423.065	KJ	  

Hr + Q = Qout- Qin  

  

Q=3419126.8 KJ 
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3.4 Energy balance on Heat Exchanger(E-102)  

  

Qin=Qout=1971423.1	KJ  

	 

Q	acr	=mcp T	 

	 

Cp	acr=155.79	kj/kg.k 

	 

Q	acr=4579303.91	KJ	 

	 

	 

QN2=mcp T	 

	 

QN2=7536819.158	kj 
 

 

 

Qo2=348528.46	KJ 

  

Hr=242.51	kj/kmol 

	 

Qout=12464651.5	KJ	 

	 

Hr + Q = Qout- Qin  

	 

Q=10492985.92	KJ/hr	 
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Chapter  Four 

Equipment design 
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Introduction  
From papers :The reaction is first order reaction and 
the reaction constant for 1 hr equal to 23.4 hr-1. 

Gas-solid reaction,the reactor is Fixed bed reactor. 
The fixed beds of concern here are made up of 
catalyst particles in the range of 5mm dia.The catalyst 
in a reactor may be loaded as several packed tubes in 
a single shell.  
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4.1Reactor design calculation Reaction 
time =1hr  

WN2 =12718 Kg,    x 
=0.63  

WO2=1489.6 Kg,     
x=0.08 

Wacrylic acid=5816.49 
kg,  

  
x=0.29 

Wtotal=20024.09 kg    x=1  
ρAcrylic acid=8.39 kg/m3 ρOxygen =9.69452 

kg/m3 ρNitrogen =18.338 Kg/m3 

ρMixture=(0.63*18.338)+(0.08*9.69452)+(0.29*8.3

9) =14.699 Kg/m3 

V=  

 VAcrylic acid=5816.49 / 8.39=693.2m3 =693.2*103 L 

Voxygen= 1489.6 / 9.69452=153.5m3 =153.5*103 L 

VNitrogen= 12718/ 18.338=693.5m3 =693.5*103 L  

VTotal=1540.2*103 L 

CAo  kmol/L 
FAo =148.38 kmol  

CA=CAo (1 – XA) = 0.096 (1 – 0.29)=0.0684 kmol/L       
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First order system (from paper)  

ƹA  = -0.111  

 

V= ) ln(1 – XA) - ƹA XA]  
K=6.5 × 10 – 3 s – 1 =23.4 hr-1 

V= (- (1 - 0.111) ln(1 – 0.29) – (-0.111*0.29)]  

V= 17.769 m3  

V=  
Z=3d   

V=  

4	 

 

d=1.96m  

Z=3*1.96=5.88 m      



 

45 
 

Mechanical design 
1-Cylinderical section 
P=9 bar 
Design pressure take 10% above operating pressure 
P=9.1 bar 
P=0.91 N/mm2 
Design temperature=150oC 
From table13.2(vol.6 ) (page 809) typical design 
stress (f )=135  
N/mm2 

The material is stainless steel 

e = (13.39a)vol.6 page(812) 

(2 j f	–	P)	shell 

thickness in [mm] 

p=maximum working pressure [N/mm2] 
D=wide diameter of shell [mm] 
f=maximum allowable working stress 
[N/mm2] 
j=weld efficiency factor (max. =0.8) (From table 

13.3 (vol.6))  e = e =  8.29 mm 

Add corrosion allowance = 2mm 
e= 8.29 mm+2mm  
e =10.29 mm  
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2-Domed head 
Flat plates are used as covers for manways, and as the 
channel covers of heat exchangers. Formed flat ends, 
known as “flangeonly” ends, are manufactured by 
turning over a flange with a small radius on a flat 
plate, Figure 13.9a. The corner radius reduces the 
abrupt change of shape, at the junction with the 
cylindrical section;which reduces the local stresses to 
some extent: “Flange-only” heads are the cheapest 
type of formed head to manufacture, but their use is 
limited to low-pressure and small-diameter vessels. 
Standard torispherical heads (dished ends) are the 
most commonly used end closure for vessels up to 
operating pressures of 15 bar. They can be used for 
higher pressures, but above 10 bar their cost should 
be compared with that of an equivalent ellipsoidal 
head. Above 15 bar an ellipsoidal head will usually 
prove to be the most economical closure to use. A 
hemispherical head is the strongest shape; capable of 
resisting about twice the pressure of a tori spherical 
head of the same thickness. The cost of forming a 
hemispherical head will, however, be higher than that 
for a shallow tori spherical head. Hemispherical heads 
are used for high pressures  . 
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Fig.4.1 Domed heads  
(a)Hemispherical  
(b)Ellipsoidal  
(c) tori spherical       
Standard dished head (tori sphere) 
A head of this size would be formed by pressing 
J=0.8 

 e =      Eq.(13.44) vol.6 Page(816) 

where Cs = stress concentration factor for tori 
spherical heads  

Cs = )  

Crown radius Rc = Di =1.96 m 
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Knuckle radius(R k) 

=6%(Rc)=0.1176m Cs =

1 

e =  mm  
add corrosion allowance 
= +2   e=16.6 mm  
 
3-Design Flat head 
Though the fabrication cost is low, flat ends are not a 
structurally efficient form, and very thick plates 
would be required for high pressures or large 
diameters. The design equations used to determine the 
thickness of flat ends are based on the analysis of 
stresses in flat plates. Values for the design constant 
Cp and the nominal plate diameter De are given in the 
design codes and standards for various arrangements 
of flat end closures. The values of the design constant 
and nominal diameter for the typical designs shown in 
Figure 13.9 (vol6).Bolted cover with a full face 
gasket (see Section 13.10), take Cp =0.4 and De equal 
to the bolt circle diameter.  
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Fig 4.2 Bolted Cover 

 e = Cp *De *    Eq.(13.42)vol.6 Page(815)  

De =diameter let= 1.96 m         
Cp =a design constant, dependent on the edge constant  
For Bolted cover=0.4  

e=0.4*1.96*1000*√0.91/135 
=64.36mm    

 corrosion allowance =2mm  

e= 66.36mm 

3-weight load 
The major sources of dead weight loads are: 
1. The vessel shell. 
2. The vessel fittings: manways, nozzles. 
3. Internal fittings: plates (plus the fluid on the plates); 

heatingand cooling coils. 
4. External fittings: ladders, platforms, piping. 
5. Auxiliary equipment which is not self-supported; 

condensers,agitators. 6. Insulation. 
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7. The weight of liquid to fill the vessel. The vessel 
will be filled with water for the hydraulic pressure 
test; and may fill with process liquid due to 
misoperation. 
Note: for vessels on a skirt support, the weight of the 
liquid to fill the vessel will be transferred directly to 
the skirt. The weight of the vessel and fittings can be 
calculated from the preliminary design sketches. The 
weights of standard vessel components: heads, shell 
plates, manways, branches and nozzles, are given in 
various handbooks;  
Megyesy (2001) and Brownell and Young 
(1959). For a steel vessel, we use the 
equation :  

Wv =240*Cv*Dm(H+0.8* Dm)*t    
Eq.(13.76)Vol.6(Page 833) Where: 
Wv= total weight of the shell, excluding internal 
fittings, such as plates(N), 
Cv = a factor to account for the weight of nozzles, 
man ways, internal supports, etc ; which can be 
taken as : = 1.08 for vessels with only a few 
internal fittings,       
= 1.15 for distillation columns, or similar vessels,with 
several manways, and with plate support rings, or 
equivalent fittings. H = height, or length, between 
tangent lines (the length of the cylindrical section), m, 
g =gravitational acceleration, 9.81 m/s2, 
t =wall thickness, 8mm 

Dm = mean diameter of vessel = (Di + t*10-3), m. 
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Let H =4.95 m 

Dm=(1.96 + 8*10-3 ) = 1.968m 

Wv=240*1.15*1.968*(4.65+0.8* 1.968)* 8*10-3 

Wv =27.04715 KN 

Wv=27047.15 N  

Weight of plates: 

Plate area =  
Weight of a plate (see page 761 vol .6) =1.2 *Area 
=3.612 KN  
2 plates = 2*  Weight of a plate =7.224 KN 

 Shell        27.04715 KN 
 Plates         3.612KN    

 ـــــــــــــــــــــــــــ

  30.659KN 

4-skirt supports 
The method used to support a vessel will depend on 
the size, shape, and weight of the vessel; the design 
temperature and pressure; the vessel location and 
arrangement; and the internal and external fittings and 
attachments. Skirt supports are used for tall, vertical 
columns; Figure 13.23 (vol .6).The supports must be 
designed to carry the weight of the vessel and 
contents, and any superimposed loads, such as wind 
loads. Supports will impose localized loads on the 
vessel wall, and the design must be checked to ensure 
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that the resulting stress concentrations are below the 
maximum allowable design stress. Supports should be 
designed to allow easy access to the vessel and 
fittings for inspection and maintenance. For straight 
cylindrical skirt ϴ=90o 
made of carbon steel.  

 
Fig.4.3 Typical skirt–support design(a)Straight 
skirt(b)Conical skirt  

Wind loading 
Take dynamic wind pressure(Pw)=1,280 N/mm2 

Deff =Ds + Ds*[t + e] 
Assume t=70mm 

Deff =[1.96+1.96 [(70+0)* 10-3]]=2.09 m  

Fw Loading (per linear meter)=Pw*Deff 

Fw=1280*2.09=2675.2 N/m  
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 Mx 32774.5 N.m 

Bending moment at base of skirt 
Take height of skirt =52m 
Height of reactor =4.95m 
Total height =4.95+52 =56.95m 

Bending Ms= Mx*  

Bending Ms  

   Eq.(13.88) vol.6 Page(846) 
δbs =bending stress in the skirt 
Ms =maximum bending moment 
Ds=inside diameter let =1.591m 

2929.45 N/mm2 

+ts) ts  
δw= the dead weight stress in the skirt 
ts= thickness=6mm W=total 
weight 

Approximate weight= g = 

 N 

Total Weight = Approximate weight + Total weight 
of vessel Total weight = 146438.74 N+27047.15N = 
173485.89 N 

Eq.13.89vol.6page(846) 

 N/mm2 
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δw(operating)   Eq.13.89 vol.6page(846) 

δw(operating) N/mm2 

(compressive) 

Criteria design: 

 maximum δs(comp.)= δbs + δw(test)   Eq.13.87 vol.6 
Page(846)  

2929.45+3953.58= 6883.03 N/mm2  

maximum δs(tensile)= δbs – δw(operating)      

Eq.13.86 vol.6 Page(846) = 2929.45+4683.81 

=7613.26 N/mm2 Analysis of stresses: 

N/mm2 

 N/mm2 

 

Dead weight stress: 

 

=δw 
Eq.13.65 vol.6 page (829)  

	 

 N/mm2 
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Bending stress: 
Do =1,960+2*4.2=1,968.4mm 

 Iv  *(Do
4 – Di

4)  Eq.13.67 vol.6 page (830) 

 – 1,9604) =3.49 m4 

  + t)       Eq.13.66 vol.6 page (830)  

3.765 N/ mm2 

Base ring and anchor bolts 
Bolt circle diameter =1.44m 
Circumference of bolt circle = 1.44*Π  

Number of bolt required = 0.6 1000	Π 

Closest multiple of 4= 8 bolt 

Take both design stress = 125N/mm2 

Ms=53167.47KN.m 
Take W = Weight of vessel (operating valve)=
27047.15	N  

 Ab  – W)   Eq.13.92 vol.6 Page(848) 

where Ab = area of one bolt at the root of the 
thread, mm2, Nb = number of bolts,  
fb = maximum allowable bolt stress, N/mm2; 
typical design value 125 N/mm2 (18,000 psi), Ms 
= bending (overturning) moment at the base, 
Nm, 
W = weight of the vessel, N, 
Db = bolt circle diameter, m       
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Ab mm2 

Bolt root dia. = mm 
Total compressive load on the base ring per unit 
length 

 Fb   Eq.13.93 vol.6 Page(848) 

Fb  N/m 
 
Taking the bearing pressure as 5 N/mm2 

 Lb   Eq.13.94 vol.6 Page(848)  
where Lb =base ring width, mm (Figure 13.29 
vol.6), fc = the maximum allowable bearing 
pressure on the concrete foundation pad, which 
will depend on the mix used, and will typically 
range from 3.5 to7 N/mm2 (500 to 1000 psi).  

 
Fig.4.4 Flange ring dimensions Taking the bearing 
pressure as 5 N/mm2 

 Lb =4.201mm 
Take the skirt bottom diameter as 4m 

Skirt base angle ϴs
oC 
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Keep the skirt thickness the same as that calculated 
for the cylindrical skirt. Highest stresses will occur at 
the top of the skirt; where the values will be close to 
those calculated for the cylindrical skirt. Sin 73  
=0.96, so this term has little effect on the design 
criteria.  
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Chapter Five 

Cost Estimation 
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COST ESTIMATION  

 

   

Therefore present fixed capital investment  

Present cost = original cost (  index value at present time/ 
index value at time original cost was obtained)  

  

  

Present cost = 500000 * 1.32  

  

                     = 660000$  
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Estimation of total investment cost:  

  

1- Direct cost:  

  

a- Purchased equipment cost:  

  

(15 - 40% of FCI ) Assume      %     of    FCI  

  

= FCI *   %  

  

Assume : 30%  

  

= 660000*0.3  

  

= 198000$  

  

  

   

b- Installation cost:  

  

(35 - 45% of   PEC) Assume %     ,where PEC , 

Purchased equipment cost  

  

= PEC  *  %  
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Assume : 30  

  

= 660000 * 0.3  

  

= 198000$  

  

c- Instrument and control installed:(6 -30% of PEC) 
Assume    % of  PEC  

  

=  PEC  *  %  

  

Assume : 20%  

  

= 660000 * 0.2  

  

= 132000 $  

  

d- Piping installation cost:(10 -80% of  PEC) Assume    %    

  

=  PEC  *  %  

  

Assume : 70%  
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= 660000 * 0.7  

= 462000 $  

  

  

e- Electrical installation cost:(10 - 40% of  PEC) Assume 
% of   PEC   

  

=  PEC  *  %  

  

Assume : 30%  

  

= 660000 * 0.3  

  

= 198000$  

  

f- Building process and auxiliary (10-70% of PEC) 
Assume    %  

  

=  PEC  *  %  

  

Assume : 60%  

  

= 660000 * 0.6  

=396000$ 
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g- Service facilities:(30-80% 0f PEC) Assume    %  

  

=  PEC  *  %  

  

Assume : 70%  

  

= 660000 * 0.7  

  

=462000$  

  

  

  

h- Yard improvement:(10-15% of PEC)  Assume     %  

  

=  PEC  *  %  

  

  

Assume : 12%  

  

= 660000 * 0.12  

  

=79200$  
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i- Land:( 4-8% of PEC) Assume    %  

  

=  PEC  *  %  

  

Assume : 6%  

  

= 660000 * 0.06  

  

= 39600$  

  

Therefore direct cost = a + b + c + d + e + f + g + h + i  

  

Dc = 2164800$  
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                              Indirect cost:   

Expenses which are not directly involved with 

material and labour of actual installation or 

complete facility a- Engineering and supervision(5-

30% of DC) Assume   %   

=  DC  *  %  

Assume : 20%  

= 2164800 * 0.2 = 

432960$ b- Construction 

expenses: (10% of DC)  

=  DC  *10%  

2164800 * 0.1 = 216480 c-  

Contractors fee(2-7% 0f 

DC) Assume  6 %    
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=  DC  *  %  

  

Assume : 6%  

  

= 2164800 * 0.06  

= 129888 $  

d- Contingency: (8-20% of DC) Assume   %  

  

=  DC  *  %  

2164800 * 0.1  

= 216480$  

  

Therefore total indirect cost = a + b + c + d  

  

  

IC = 995808 $  
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Fixed capital investment  

  

  

Fixed capital investment(FCI) = DC+IC  

  

FCI = 2164800 $ + 995808 $  

FCI =3160608 $  

  

Working capital investment: 10 -20% of FCI  Assume 
15%  

  

= FCI * 15%  

  

3160608 $ * 0.15  

  

= 474091.2 $  
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  2-   Total capital investment  

  

Estimation of total product cost(TPC):   

  

Fixed charges:  

  

a- Depreciation: (10% of FCI for machinery)  

= FCI  *   10%  

  

3160608 $ * 0.1  

  

=316060.8  

  

b-Local taxes: (3-4% of TPC= FCI) Assume %    

  

= (TPC= FCI) * %  

  

3160608 $ * 0.3  

  

= 948182.4 $  
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c- Insurances(0.4-1% of FCI) Assume   %    

  

  

 = FCI  *   %  

Assume :0.9%  

  

= 3160608 * 0.009   

  

= 28445.472 $  

  

d-Rent: (8-12% of FCI) Assume  %  

  

= FCI  *   %  

  

Assume : 10 %  

3160608 * 0.1  

= 316060.8 $  
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Therefore total fixed charges =  a + b + c + d  

  

= 1608749.472 $  

  

But, Fixed charges = (10-20% of TPC) Assume 20%   

  

Therefore Total product cost =  total fixed charges / 0.2  
or * 100/20  

  

Direct production:  

  

a- Raw material: (10-50% 0f TPC) Assume %  

Assume 30%  

= 3160608 $ * 0.3  

= 948182.4 $  

b- Operating labor(OL): (10-20% of TPC) Assume %  

Assume : 15%  

3160608 * 0.15  

= 474091.2$  
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c- Direct supervisory and electric labor (10-25% of OL)  
Assume  %  

Assume 20%  

= 474091.2$ * 0.2  

= 94818.24 $  

  

d- Utilities  (10-20% of TPC) Assume %    

Assume : 15%  

3160608$ * 0.15  

= 474091.2$  

  

e- Maintenance (2-10% of FCI) Assume %  

Assume 7 %  

  

= 3160608 $ * 0.07 

= 221242.56 $  

f- Operating supplies (OS): (10-20% of maintenance) 
Assume  %  
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Assume 15%  

  

= 221242.56$ * 0.15  

  

=33186.384$  

  

g- Laboratory charges (10-20% of OL) Assume %  

  

= 474091.2 $* 0.15  

  

=71113.68$  

  

h- Patent and royalties (2-6% of TPC) Assume %    

Assume 4%  

=3160608$ * 0.04  

=126424.32 $  

Plant overhead cost: 50-70% of (OL+OS+M) Assume 
%  
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Assume 60 %  

  

=0.6 *( 474091.2 +33186.384 + 221242.56)  

  

=437112.0864$  

  

General expenses:  

  

a- Administration cost: (40-60% of OL)  ASSUME  %  

  

Assume 50%  

  

= 474091.2 * 0.5  

  

= 237045.6 $  

  

  

b- Distribution and selling price (2-30% of TPC) Assume 
%  
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Assume 10%  

  

= 3160608 $ * 0.1  

  

=316060.8$  

  

c- Research and development cost: (3% of TPC)  

  

=3160608 $ * 0.03  

  

= 94818.24$  

  

Therefore general expenses(GE) = A + B +  C  

  

=647924.64$  

Therefore manufacturing cost(MC) = Product cost +fixed 
charges +Plant overhead expenses  

= 10089608.9$  
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Total production cost:  

  

Total production cost= MC + GE   

  

= 10089608.9$ + 647924.64$  

  

= 10737533.54$  

 

 

 

 

 

 

 

  

 

Price per unit = 225 $ 

Gross earnings and rate of 

return: The plant is 
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working for say 320 days a 

year Selling price =  

Total income =produce day rate * number production 
days(in year) *price per unit  

T=2000 * 24 *225 

=10800000 $ 

 

 

Gross profit =Total income - total product  

= 10800000 $ - 10737533.54$ 

=62466.5 $  

Tax =50%  

Net profit= Gross profit – (Gross profit * 50%)  

= 31233.25$ 

Rate of return =net profit/total capital investmen   

=     0.0194 

Reference 
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