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  اهداء

  اىل من د� ف�دىل فاكن قاب قوسني او ادىن ... اخلامت محمد املصطفى (ص)

  اىل خفر الورى ...موال� �يل املرتىض(ع)

  اىل ا�ن �دجية الكربى ...موال� فاطمة الزهراء(ع)

  ...س�ید� احلسن ا�تىب(ع)اىل املسموم �دوا� وظلام 

  اىل املذبوح من القفى ...س�ید� ايب عبد هللا احلسني(ع)

اىل من مئ� �رض قسطا و�دال بعام ملئت ظلام وجورا ...ح�ی��ا املهدي املنتظر 

  (جع)

  هندي لمك �د� هذا......

  

  

  

  

  

  

  

  



  

  

  شكر وتقد�ر 

ونه ،ولو ال ا�د بیض ام�دت اجلهد ان �رى النور لو ال  الفضل هللا وعمااكن لهذا 

ملسا�دتنا وذ�لت الصعو�ت اليت ا�رتضت طریق املرشوع و البد لنا يف هذه احلا� 

ان نقف وقفة تقد�ر وا�رتام للك من شارك يف اخراج هذا املرشوع بصورته ا�هنائیة 

.  

ونقدم شكر� وجزیل ام�نا� الس�تاذ� الفاضل ا�كتور هشام محمد جمید وا�ي رافق 

طواتنا يف هذا ا�رب الطویل فمل یب�ل بوق�ه ونصاحئه اليت اكن نرباسا ا�ر لنا خ

  طریق املرشوع وذ�ل وعورته .

 وللك اساتذتنا �فاضل ..
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chapterone: introduction  

 



Introduction  

The rst commercial technology, dating from the late 1920s, was the 

electrolysis of water to produce pure hydrogen. In the 1960s, the 

industrial production of hydrogen source  shifted slowly towards a 

fossil-based feedstock, which is the main for hydrogen production 

today.  

Feedstocks  

Hydrogen can be produced from a variety of feedstocks. These 

include fossil resources, such as natural gas and coal, as well as 

renewable resources, such as biomass and water with input from 

renewable energy sources (e.g. sunlight, wind, wave or hydro-

power). A variety of process technologies can be used, including 

chemical, biological, electrolytic, photolytic and thermo-chemical  

 

 

 

 

 

 

 

 



Physical properties of hydrogen: 

– Hydrogen is a colorless, odourless and tasteless gas which is 

sparingly soluble in water. 

– Hydrogen is the lightest gas. 

– Density: 0.8987 gram per litre 

– Boiling point: -253oC 

– Melting point: -259oC 

– It can be liquefied and solidified at low temperature and high 

pressure.-  

 

  

  

  

  

  

  

  

  

  

  

  



Chemical properties 

1-Combustibility: Hydrogen is a inflammable and combustible gas. 

It is non supporter of combustion.It gives pale blue flame in air or 

oxygen to form water. So, hydrogen is also called water gas 

2-Dissociation: Hydrogen is quiet stable to its high bond energy. It 

dissociates into atomic hydrogen atoms when heated above1730 c. 

ZnSO4 →  2ZnO + SO2 + O2 

3-Reaction with halogen: Hydrogen does not react with halogens at 

ordinary temperature. But at high temperature in the presence of 

catalyst, hydrogen react to give their respective halides 

H2 + F2 →2HF 

H2 + Cl2 →2HCl 

H2 + Br2 →2HBr 

H2 + I2 →2Hl  

    

  

  

 

 

 

 



Uses of hydrogen: 

– Hydrogen is used for synthesis of ammonia in Haber’s process. 

– Hydrogen is used for the manufacture of ethanol, HCl etc. 

– It is used in hydrogenation of oil to produce artificial ghee. 

– It is used as a reductant in metallurgical process. 

– Liquid hydrogen is used as a fuel in rockets and missiles. 

– It is used for filling balloons, study of atmosphere etc 

- Hydrogen can be used as an alternative to energy  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

  

  

  



Production Capacity  

In 2006, the United States was estimated to have a production 

capacity of 11 million tons of hydrogen.   

5 million tons of hydrogen were consumed on-site in oil refining, 

and in the production of ammonia (Haber process) 

and methanol (reduction of carbon monoxide).  

 0.4 million tons were an incidental by-product of the chlor-alkali 

process. Hydrogen production is an estimated $100 billion industry.   

According to the U.S. Department of Energy, only in 2004, 53 

million metric tons were consumed worldwide. There are no natural 

hydrogen deposits, and for this reason the production of hydrogen 

plays a key role in modern society.  

  

  

  

  

  



  

  

  

  

  

  

  

  

  

  

  



HYDROGEN FROM FOSSIL FUELS 

Hydrogen can be produced from most fossil fuels.  

 The hydrogen can be produced from natural gas and  coal, where  

carbon dioxide is produced as a by-product  

 The CO2 should be captured to ensure a sustainable (zero- 

emission) process.  

  

  

  

  

  

  

  

  

  

  

  

  

  



  

Production from natural gas  

Hydrogen can currently be produced from natural gas by means of 

three different chemical processes:  

Steam reforming (steam methane reforming – SMR). *  

  Partial oxidation (POX).*  

Autothermal reforming (ATR)*  

  

  

 

 

 

 

 

 

 

 

 

 



Partial oxidation of natural gas   

Partial oxidation of natural gas is the process whereby hydrogen is 

produced through the partial combustion of methane with oxygen 

gas to yield carbon monoxide and hydrogen   

CH4 + 1/2O2  =   CO + 2H2 + Heat  

In this process, heat is produced in an exothermic reaction, and 

hence a more compact design is possible as there is no need for any 

external heating of the reactor.   

The CO produced is further converted to H2  

  CO + H2O  =  CO2 + H2 + Heat  

 

 

 

 

 

  

  

  

  



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

chapter two: material balance  

  



 

  

 

 

  

  

  

  



Material balance                      

Production =10^6(( m^3\day)*(1day\24hr)) 

                  =41666.67(m^3\hr)    

%vol Comp 
99.6 Methane 
0.4 Nitrogen  

  

Synthesis gas consist of  
%VOL Comp 
4.32 Co2 
46.55 Co 
47.5 H2 
0.6 CH4  
0.56 N2 
0.81 H2S 

  

  

  

  

 

 

 

 



 

 

    

 In=out 

  

 

 

   

 

Let basis 100kmol/hr of synthesis gas  

CO2 M.B. 

In=out 

Out co2=4.3 kmol/hr 

CO M.B 

In=out 

OutCO= 46.5kmol/hr  

H2 M.B: 

In=out 

OutH2=47.1kmol/hr 



CH4 M.B: 

In=out 

OutCH4=0.6kmol/hr 

N2 M.B: 

In=out 

OutN2=0.56kmol/hr 

H2 M.B: 

In=outH2=0.81kmol/hr 

%MOLCO2=nCO2/n of comp 

%mol CO2=4.3/4.3+46.5+47.1+0.6+0.56  

              =4.36% 

%molCO =n CO/£n of comp  

             =46.5/4.3+46.5+47.1+0.6+0.56  

             =46.93 

%mol H2=n H2/£n of comp  

            =47.1/4.3+46.5+47.1+0.6+0.56 

            =47.54   

%mol CH4=n CH4/£n of comp  

               =0.6/4.3+46.5+47.1+0.6+0.56  



=0.6 

%mol N2=n  N2/£n of comp  

              =0.57/4.3+46.5+47.1+0.6+0.56 

               =0.56 

%mol H2=nH2/£n of comp 

                =47.1/4.3+46.5+47.1+0.6+0.56 

               =47.54 

%mol CH4=nCH4/£n of comp 

                 =0.6/4.3+46.5+47.1+0.6+0.56 

                    =0.6 

%mol N2=nN2//£n of comp 

             =0.57/4.3+46.5+47.1+0.6+0.56 

                 =0.57 

 

Let CO=7.9%  

CO+H2O→CO2+H2 

Inlet of H.T.S we have   

  

  



Kmol %vol   Comp 
4.32 4.36 CO2 
46.55 46.93 CO 
47.54 47.54 H2 
0.6 0.6 CH4 
0.57 0.57 N2 

  

Let x moles of CO is reacted to CO2 &H2 

%CO after H.T.S can be calculated as follow: 

7.9/100=amount of CO /£ total moles  

7.9/100=(46.55-x) /((46.55-x)+(4.32+x)+(47.15+x)+0.6+0.56) 

X=35.8 kmol  

%volCO2/100=(4.32+35.8)/((46.55-35.8)+(4.32+35.8)+(47.54+35.8)+0.6+0.56)  

  %volCO2 =29.76  

%vol H2/100=(47.54+35.8)/((46.55-35.8)+(4.32+35.8)+(47.54+35.8)+0.6+0.56)  

  %VOLH2=61.48  

%VOLCH4/100=0.6/((46.55-35.8)+(4.32+35.8)+(47.54+35.8)+0.6+0.56)  

%VOLCH4=0.44 

%VOLN2=0.56/((46.55-35.8)+(4.32+35.8)+(47.54+35.8)+0.6+0.56) 

%VOLN2=0.41 

 

 



KMOL %VOL H.T.S GAS   
40.2 29.76 CO2  
10.67 7.9 CO 
83.03 61.48 H2 
0.6 0.44 CH4 
0.56 O.41 N2 

  

L.T.S  

Let CO =1.6%  

1.6/100=(46.5-x)/((46.5-x)+(4.3+x)+(47.54+x)+0.56+0.6)  

   X=44.25   

%VOL CO2/100=(4.32+44.25)/((46.5-44.25)+(4.3+44.25)+(47.54+44.25)+0.56+0.6)  

%VOL CO2=33.86  

%VOL H2/100=(47.54+44.25)/((46.5-44.25)+(4.3+44.25)+(47.54+44.25)+0.56+0.6)  

%VOL H2=63.73  

%VOL CH4/100=0.6/ ((46.5-44.25)+(4.3+44.25)+(47.54+44.25)+0.56+0.6)   

%VOL CH4=0.42 

%VOL N2/100=0.56/ ((46.5-44.25)+(4.3+44.25)+(47.54+44.25)+0.56+0.6) 

%VOL N2/100=0.39 

  

  



KMOL %VOL L.T.SGAS  
48.58 33.86 CO2 
2.29 1.6 CO 
91.41 63.73 H2 
0.6 0.42 CH4 
0.56 0.39 N2 

  

  

Pv=nRT 

n=p.v/R T 

p=1bar,T=298K,R=0.08256 bar.m^3/kmol.k 

v=10^6 m^3/day=10^6(m^3/day)*(1day/24hr)=41666.6 m^3/hr 

n H2=p.v/R T=(1bar*41666.6 m^3/hr)/(0.08256 bar.m^3/kmol.k)*(298k) 



n H2=1703.97 KMOL/hr 

H2 M.B   In+ gen  -out-con=ACC 

IN=OUT =1703.97 Kmol / hr 

In H2=1703.97 Kmol/hr 

0.6373FA=1703.97= FA=2703.97/0.6373 = 2673.73 kmol/hr 

InCO2=0.3386*FA=0.3386*2673.73= 905.36 Kmol/hr 

In CO=0.016*FA =0.016*2673.73= 42.69 Kmol/hr 

In H2=0.6373*FA= 0.6373*2673.73= 1703.79 Kmol/hr 

In CH4 =0.0042*FA= 0.0042*2673.73= 11.3 Kmol/hr 

In N2=0.0039*FA= 0.0039*2673.73= 10.4Kmol/hr 

 

CO2 M.B  IN- OUT=0 

905.36-(X+OUT)=0  =OUT CO2= 905.36-X ….(1) 

CO M.B  IN-OUT=0 

42.69= OUT CO=  OUT CO= 42.69……(2) 

CH4 M.B    IN-OUT=0    

OUT CH4=11.3……..(3) 

N2 M.B     IN-OUT=0 

OUT N2=10.4…….(4) 



H2 M.B     IN-OUT=0  

OUT H2=1703.97……(5) 

    

Kmol/hr VOL% COMP 
25.29 1.41 CO2 
42.69 2.38 CO 

1703.97 95 H2 
11.3 0.63 CH4 
10.4 0.58 N2 

  

  

  

  

  

  

 

  

  

  

  

  



  

  

  

  

  

  

  

  

  

 

  

  

  

  

  

  

 

  

  

  

chapter three : energy balance  

  



Energy balance  

  

 

mλstream=(n cp T)feed  

mstream=(n cp T)feed/λstream  

  λstream=2210 kj/kg 

nfeed=nch4+nn2=527.62+2.12=529.62 kmol/hr  

  cp feed=cp ch4*ych4+cpn2*yn2 

cp feed=41.8*0.996+30.43*0.004=41.75 kj/kmol.c 

T=210-50=160 c 

Mstream required=529.62*41.75*160/2210 

Mstream=1600kg/hr=0.44 kg/sec 

 

 

  



  

  

  

  

  

M cp T)o2=m λstream( 

Mstream=( M cp T)o2/ λstream  

nfeed=nch4+nn2=527.62+2.12=529.62 kmol/hr 

  cp feed=cp ch4*ych4+cpn2*yn2 

cp feed=41.8*0.996+30.43*0.004=41.75 kj/kmol.c  

 T=1300-210=1090 

c  

Mstream=529.62* 41.75*1090/2210  

=10905.74 kg/hr=3.0294 kg/sec  

  

  



  

 CH4+O2→CO2+2H2  

  

  

Hr= Hr(298)+∫ ����
�

���
  

Cp= a+ bT+ CT^2 

a=(∑niai)products-(∑niai)reactants  

b=(∑nibi)products-(∑nibi)reactants  

c=(∑nici)products-(∑nici)reactants  

Hf (298)  C*10.^5 B*100 A Comp 

-74.85 0.366 50.43 34.31 CH4 
0 57.8 20.2 - 31.3 O2 
-393.5 2.8 - 4.23 36.11 CO2 
0 0.32 0.007 28.84 H2 

  

From the above table: 

Hr(298)= H298 H2+ H298 co2-( H298 ch4+ H298 o2)  

=-393.5-(-74.8)=-318.7 kj  

∫ ����
�

���
= a(T-298)+1/2 b(T^2+298^2)+1/3 C(T^3-298^3) 



Hr=-753662kcal/hr 

This  heat must be removed . 

Heat in=Heat out  

 

(m cp t)H2O+m λsteam = (m cp t)products 

m(cp t +λ)= ∑nicpi.(1300-340) 

m=(∑nicpi) (1300-340)/ (cp t +λ)steam 

From the privous table we calculate cp of each compounds  

∑ncp t=7.73*14.4(1300-340)+967.817*7.4(1300-340)+508.8*11.75(1300-

340)+291.3*701(1300-340)+1292*7.5(1300-340)+16.5*4.2(1300-

340)+23.73*9.1(1300-340)  

=3980943 kcal/hr 

MH2O=398094/60.25+2210 =1137414 kg/hr  

  

  

  



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

chapter foure : equipment design   

  



  

Process Design of Heat exchanger  

Heat exchanger used is shell and tube. In these exchanger synthesis gas is 

coming from the cooler of CO conversion unit. In exchanger the 

temperature of gas mixture is reduced from 250oC to 25oC . Cold water is 

available at 200C. 

  

Shell side: 

Feed is the mixture of gas 

We have 

H2 =0.94665 kg/sec 

CO2 = 11.066 kg/sec 

CO = 0.33 kg/sec 

CH4 = 0.05kg/sec 

N2 = 0.081 kg/sec 

Therefore from above 

Mass flow rate of gas is given by 

Mg = 12.47 kg/sec 

Inlet temperature (T1)= 2500C 

Outlet temperature(T2)= 250C 

  

Tube side : 

Inlet temperature (t1)= 200C 

Outlet temperature(t2)= 400C 

  



 

  Heat balance  

Heat supplied by gas is given by 

Qh = mh Cp* (T2-T1) 

Therefore we have 

= (0.94665*14.644+ 11.066*0.96 + 1.088*0.33 +0.05*3.01 +1.008)(250-25) 

= 5643.84 KW/h 

At steady state. 

Qh= Qc= mcCP (t2-t1) 

5643.84=mc*4.18*(30-20) 

mc=67.44 kg/sec 

Mass flow rate of gases is 12.7 kg/sec 

Mass flow rate of cold water is 67.44 kg/sec 

  

  LMTD 

LMTD = 54.85oC 

We have 

R = T1 – T2/t2 – t1 

= 225/20 =11.25 

S = t2 –t1/T1 – t1 =0.08 

FT=LMTD correction factor. 

From graph of FT Vs S  

FT =0.95 

LMTD(corrected )=0.95*54.85=52.110C 

  



Heat transfer area: 

We have U range from 

U = 10 –50 Btu/oFft2hr 

Choose overall heat transfer coe cient = 283.9 W/(m2K) =50 Btu/Fft2hr 

Q = UA(LMTD) 

A=5643.85*103/52.86*0.95*5.678*50 

A=388.68m2 

  

  Tube selection 

Let us choose 

¾ in OD ,10 BWG Tubes 

OD=3/4 in=19.05 mm 

ID=0.62 in=15.75 mm 

Length of tube =L=16ft=4.88m 

Heat transfer area per tube =0.0598 m2/m length 

Heat transfer of one tube = 0.2892 

Number of tubes = 388.68/0.2892 = 1344 

Let us choose 1-4 pass and U type Heat exchanger 

We have 

Nearest tube count from tube count table 

NT= 1378 

¾ in tubes arranged in triangular pitch 

shell ID(Df)=1067mm=42in 

Corrected heat transfer area=1378*0.2892 m2 



=401.41 m2 

Corrected over all heat transfer coefficient (U)=274.90 W/(m2K) 

Average properties of fluids  

a) shell side (gas mixture) at 137.50C  

p=0.51kg/m3 

         

μ=Ns/m2       

Cp=2.008KJ/kg. K  

k=0.149 w/m.k 

b)tube side (water) at 300C 

p= 995.647kg/m3  

μ= 8.5*10-4Ns/m2 

Cp= 4.18KJ/kg. K  

k=0.621w/m.k 

Tube side velocity 

Number of passes NP=6 

Flow area =(∏*ID2/4)*NT/NP 

=(3.14*0.015752/4)*1388/4 

Aa= 0.068 m2  

Vt=mc/ (Aa p )  



=67.44/(0.068*995.647) 

=0.996 m/s 

Velocity is within the range. 

Shell side velocity 

Sm=[(Pl-Do)Ls]Ds/ Pl 

Pl =pitch=25.4 mm 

LS=Ds 

=[(25.4-19.05)*1067]*(1067/ 25.4) 

=0.285 m2  

V s=mh/(ρ Sm)  

=12.70/(0.51*0.285) 

=89.12 m/s 

Nb+1=L/LS 

=4.83/1.067 = 5 baffles 

7) Shell side heat transfer coefficient 

NNU=jH Nre(NPr)1/3 

Where 

NNu = Nusselt number 

NRe=Reynolds number 

NRe= DeGs/µ 

G s = 1886.85 

D e = 4*((Pt)2*0.86/2 - ∏ d2/4)/(0.5*∏*do) 



D e = 4.5*10-3 m 

NRe = 60635.33 

NPr=Prandtl number 

=0.74 

jh=3*10-3 

NNU=10-2*60635.33*(0.74) 

=164.53 

h o=110.8*0.149/0.01905 

=1286.88 w/m2.K 

Tube side heat transfer coefficient 

NNu=0.023(NRe)0.8 (NPr)0.3 

NRe=18374.96 

NPr=5.73 

NNu=0.023(18374.96)0.8 (5.73)0.3 

=106.13 

hi=4184.55 w/m2.K 

9) overall heat transfer coe cient 

h o =1286.88 w/m2.K 

hi=4184.55 w/m2.K 

Also overall dirt factor is assumed to 0.005 hft2 oF/Btu 

1/UC = 1/ho + 1/hi*(Do/Di) 

1/UC = 1/1286.88 + (1/4184.55) *(19.05/15.75) 

UC = 906.79 w/m2k 

Also we have Heat transfer including dirt factor is given by 

1/Ud = 1/UC + Rd 

Ud = 1/906.79 + 0.005*0.1761  



Ud = 504.21 w/m2k 

Assumed value and design values are almost same. 

Pressure drop calculation 

a) Tube side pressure drop 

Tube side Reynolds number=NRe= 18374.96 

friction factor=f=0.079(NRe)-1/4 

=0.079(18374.96) -1/4 

0.0068=  

PL=( 4fLvt2/ 2gDi)* PtgΔ  

= (4*0.0068*4.88*(0.996)2/2*9.8*15.75*10-3)*999*9.81 

= 4162.0 N/m2 =4.162 KN/m2 

PE= 2.5(Pt vt2/2Δ  

= 2.5(995.647*(0.996)2/2) 

= 1.23*103 N/m2 

= 1.23 KN/m2 

( P)T = Np*( PL+ PE) 

= 4*(4.162 +1.23) 

= 21.56 KN/m2  

 

 

 

  



b) Shell side pressure drop (Kern’s method)  

In the calculation for the heating or cooling gas differs in only minor respects 

from the calculation for liquid –liquid system . The relationship between gas 

film gas film coefficients and allowable pressure drops are critically dependent 

upon the operating pressure of the system where as for incompressible fluids the 

operating pressure of the  system  

Because of this reason KERN’s method is used for the pressure drop calculation. 

as =shell side flow area = (I.D) C1*B/PT 

where 

C1=clearance =(15/16-3/4)inch =0.187=4.76mm 

B=Baffle spacing =Ds 

PT =15/16inch =23.8 mm 

From above we get 

as = 0.2846 m2 

also Gs =12.47/0.2846 =43.82 kg/m2.sec 

From above shell side reynold’s number is calculated 

Which is 

Shell side Reynolds number = 60635.33 

Also f=1.87*(14085)-0.2 

f =0.28 

Also  



Number of baffles = L/B =4.83/1.067 =5 

Ps = [4*f*(Nb +1)*Ds*Gs2]/[2*g*Dc*ρg] 

Ps = [4*0.28*6*1.067*(43.82)2*9.81]/[2*9.81*4.5*10-3*0.51] 

Ps =20.53 kN/m2 

Which is under limit so that we can proceed with our plant design .  

MECHANICAL DESIGN OF SHELL AND TUBE HEAT EXCHANGER 

Carbon Steel (Corrosion allowance 3 mm) 

SHELL SIDE 

Number of shell =1 

Number of pass =4 

Fluids in shell are Hydrogen, Carbon dioxide, carbon monooxide, Methane 

and Nitrogen 

Design pressure =1.064 x10 5 N /m2 =0.11N/mm2 

Temperature of inlet =250oC 

Temperature of outlet = 25oC 

Permissible Stress for carbon steel (f)= 95 N/mm2 

Segmental baffle cut with tie rods and spacers 

TUBE SIDE 

Tube and sheet material --------- Stainless steel 

No. of tubes =1388 

Outside Diameter =19.05mm 

Inside Diameter =15.75mm 

Length =4.88m 

Pitch lr =1inch 



Fluid = Water 

Working pressure =1atm =0.1N/mm2 

Design pressure =0.11N/mm2 

Inlet temperature = 200C 

Outlet temperature =400C 

  

  SHELL SIDE:  

SHELL SIDE DIAMETER 

Shell Diameter =1067mm 

Shell thickness 

ts= pd/2� +p 

where j=85% 

= 0.11*1067/(2*95*0.85 +0.11) 

=0.73mm 

From IS-4503 Table (4) gives a minnimum thickness of 6.3 including 

corrosion 

allowance .Use 10.0 mm thickness. 

HEAD THICKNESS 

Consider Shallow dished and torespherical head 

th=P*Rc*W/(2*f*j) 

Where j=0.85 

Rc = Crown radius  

W =stress intensification factor 

RK = knuckle radius 

RK = 6%Rc 



W=1/4*(3+ (RC/RK)1/2) = 1.77 

th= 0.11*1067*1.77/2*95 

== 1.09mm 

Use thickness same as for shell , i.e. 10mm including corrosion allowance. 

TRANSVERSE BAFFLES 

Spacing baffles = DS = 1067mm 

Number of ba es = 4.88/1.067 =5 

But in process design Number of ba es is assumed to be 3 

So that pressure drops comes under the given limit 

Thickness of ba es =6mm  

TIE RODS AND SPACERS 

Tie Rods and Spacers shall be provided to retain all cross baffles and tube 

support heater 

accurately. 

Diameter of rod =15mm 

No. of the rod =6mm 

Following is from bhattacharya 

FLANGES  

Design Pressure =0.11MN/m2 

Flange material =IS:2004 ------1962 class2 

Bolting Steel = 5% Cr Mo Steel 

Gasket material = Asbestos composition 

Shell diameter =1067mm 

Shell thickness=10mm 

Outside diameter = 1087mm 



Allowable stress of flange material =100MN/m2 

Allowable stress for bolting material =138 MN/m2 

dO/di =(y-Pm)/( y-pm) 

where  

m =gasket factor 

y= min design seating stress MN/m2 

assuming gasket thickness of 1.6mm 

y=25.5 

m= 2.75…………… from IS 2825-1969 

do/di =[(25.5-0.11*2.75)/(25.5-0.11(2.75 +1)]1/2 

do/di =1.002 

let dI of the gasket equal to 1097mm , 10mm greater than Shell diameter.  

Therefore  

do =1.002*di 

=1.002*1097 

1099mm=  

Minimum gasket width =do –di /2 = (1099.1-1097)*10-3/2 

=0.001m =1mm 

Taking Gasket width = 0.012m 

Diameter of location of gasket load reaction is 

G = di +N 



= 1.097 +0.010 

=1.107 m 

Estimation of bolt loads 

Load due to design pressure 

H= ∏*G2*P/4 

=∏ (1.107)2*0.11/4 

=0.106 MN 

Load to keep joint tight under operation 

HP=∏*G*(2*b)*m*p 

= ∏*(1.107)2*2*5*10-3*2.75*0.11 

=0.012 MN 

Total operating load : 

Wd = H + HP  

TIE RODS AND SPACERS 

Tie Rods and Spacers shall be provided to retain all cross baffles and tube 

support heater 

accurately. 

Diameter of rod =15mm 

No. of the rod =6mm 

Following is from bhattacharya 

FLANGES 

Design Pressure =0.11MN/m2 



Flange material =IS:2004 ------1962 class2 

Bolting Steel = 5% Cr Mo Steel 

Gasket material = Asbestos composition 

Shell diameter =1067mm 

Shell thickness=10mm 

Outside diameter = 1087mm 

Allowable stress of flange material =100MN/m2 

Allowable stress for bolting material =138 MN/m2 

dO/di =(y-Pm)/( y-pm) 

where 

m =gasket factor 

y= min design seating stress MN/m2 

assuming gasket thickness of 1.6mm 

y=25.5 

m= 2.75…………… from IS 2825-1969 

do/di =[(25.5-0.11*2.75)/(25.5-0.11(2.75 +1)]1/2 

do/di =1.002 

let dI of the gasket equal to 1097mm , 10mm greater than Shell diameter. 

do =1.002*di 

=1.002*1097 

=1099mm 

Minimum gasket width =do –di /2 = (1099.1-1097)*10-3/2 



=0.001m =1mm 

Taking Gasket width = 0.012m 

Diameter of location of gasket load reaction is 

G = di +N 

= 1.097 +0.010 

=1.107 m 

Estimation of bolt loads 

Load due to design pressure 

H= ∏*G2*P/4 

=∏ (1.107)2*0.11/4 

=0.106 MN 

Load to keep joint tight under operation 

HP=∏*G*(2*b)*m*p 

= ∏*(1.107)2*2*5*10-3*2.75*0.11 

=0.012 MN 

Total operating load : 

Wd = H + HP  

=0.106 + 0.012 

=0.118 MN 

load to seat gasket under bolting up condition 

Wg =∏*G*b*y 

=∏*1.107*0.005*25.5 

= 0.44 MN 



Also Wg > Wd 

Therefore  

Controlling load =0.44MN 

Minimum bolting area =Am = W g/s  g 

= 0.44/138 

=3.19*10-3 m2 

S g =138 from bha�acharya pg no.10 

Calculation for optimum bolt size 

Let us choose Bolt as M 18X12 

Min no. Of bolts = 44 

Also  

R= 0.027m 

We have 

G1= B + 2(g1+R) 

G1= 1.087 + 2[g1 +R] 

g1 =go/0.707 =1.415go for weld leg 

G1 =1.087 +2 (1.415*10*10-3 +0.027) 

G1 = 1.424 

Using 75 mm bolt spacing 

C1 = 44*0.075/∏ =1.05m 

From the above calculation the minimum bolt circle is 1.424 m when M18 

Bolt 

44 bolts of 18 mm diameter on 1.424 m bolt circle are specified.  

Bolt circle diameter =1.42 m 

A = C +Bolt diameter +0.02 



= 1.42 +0.018 + 0.02 

= 1.458m = 1.46m 

Check of gasket width 

= Ab*Sg/∏*G*N 

= 44*138*1.54*10-3/∏*1.107*0.01 

= 26.88 

also 26.88<2*y 

Flange moment computation 

W0 = W1 + W2+ W3 

W1 = ∏ *B2*P/4 

Hydrostatic end force on area inside of flange . 

W1 = ∏*(1.087)2*0.11/4 

= 0.102 MN 

W2 =H- W1 

= 0.106 – 0.102 =0.004 MN 

WS = Wo – H =HP=gasket load 

0.012MN= 

Mo = W1a1 + W2a2 + W3a3 

Where Mo = Total Flange moment 

a1 = C – B/2 =1.42 –1.0187/2 =0.17 

a3 = C1 –C1/2 = 1.424 –1.107/2 =0.1585 

a2 = a1 + a3/2 = 0.164m 

Mo = 0.102 0.17 + 0.004*0.164 +0.012*0.164 

=0.020 MN-m  

For bolting up condition 

Mg = Wa3 



W = Am + Ab/2* Sg 

Ab = 44*1.54*10-4 m2 

Sg = 138 MN/m2 

Am= 3.19*10-3 m2  

Am +Ab/2 =4.983*10-3 m2 

W = 0.687 

Mg = 0.108 

Mg > Mo. 

Hence moment under operating condition 

Mg is controlling 

Mg = M 

Calculation of flange thickness 

t2 = M*Cf*Y/B*ST = M*Cf*Y/B*Sfo 

where 

k= A/B =1.46/1.087 =1.34 

Assuming Cf = 1 

Y= 6 from graph 

t2 = 0.108*1*6/1.087*100 

t = 0.0792 m 

Actual bolt spacing 

BS = ∏*C/n = ∏*1.42/44 = 0.101 

Bolt correction factor 

Cf =(BS/2*d + t)1/2 

Cf = [(0.101)/(2*0.018 +0.101)]1/2  



Cf = (0.737)1/2 = 0.858 

Actual Bolt thickness = (C)1/2 *t 

= 0.93* 0.0792 

= 0.0796 = 73.66 mm = 75mm 

Tube Sheet Thickness 

tts = f*G*(0.25*P/f)1/2 

�s = 1*1.107* (0.25*0.11/95)1/2 

= 0.0188m 

�s = 18.83 +3 = 22 mm (Includes corrosion allowance ) 

Channel and Channel cover 

Th = GC*(K*P/f)1/2 

= 1.107*(0.3*0.11/95)1/2 

= 0.0206 m = 22mm (includes corrosion allowance) 

Saddle Support 

Material : low carbon steel 

Vessel diameter = 1087mm 

Length of shell = 4.88 m  

Knuckle Radius = 6*1087/100 = 65.22mm 

Total depth of Head = (Do*Ro/2)1/2 

=(1087*65.22/2) 

= 188.27 mm 

Ri= 0.838 m 

ri =0.1 x0.838 

Inside depth of head can be calculated as 

hi = Ri – [ { Ri –( Di / 2 ) }{( Ri + ( Di / 2 ) + 2 ri }]1/2 

= 0.136m 



E ective Length = L = 4.88 m + 2 x (0.136) 

= 5.154 m 

NOZZLE THICKNESS 

Material used is carbon steel 

Considering diameter of nozzle to be 0.5m 

Permissible stress = f = 95 x 10 6 N/ m2 

Corrosion allowance = 3mm 

tn = p Dn/( 2f J –p )]+c 

  

 

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

 

 

 

 

 

 

 

 

  

  

  

  

  

  

chapter five  : cost estimation  

  



cost estimation  

 Cost of Hydrogen plant of 

capacity std 1million cubic meter per day in 1985 is  

Chemical engineering plant cost index 

Cost index   YEAR 
300  1985  
401.8=402 

  
2002  

Thus, Present cost of Plant = (original cost) × (present cost index)/(past 

cost index)  

= (3.08×109) × (402/300) = Rs. 4.13×109 

i.e., Fixed Capital Cost (FCI) = Rs. 4.13×109  

Estimation of Capital Investment Cost:  

1-direct cost:material and labour involved in actual installation of complete 

facility(70_85% of xed-capital investment)  

A Equipment 

+installation+instrumentation+piping+electrical+insulation+painting(

50_60% of fixed –capital investment)  

1 purchased equipment cost (PEC): (15_40% of xed –capital 

investment)  

Consider purchased equipment cost=25% of xed-capital 

investment  

i.e.,i.e., PEC = 25% of 4.13×109 = 0.25 × 4.13×109 = Rs. 1.03×109  



2 Installation ,including insulation and painting: (25_55% of 

purchased equipment cost.)  

Consider the installation cost=30% 

= 30% of 1.03×109 = 0.30 ×1.03×109 = Rs.3.09×108  

3-instrnmentation and controls installed (6.30%of purchased 

equipment cost)  

Consider the installation cost=20%of purchased  equipment cost 

20% of 1.03×109 = 0.20 ×1.03×109 = Rs. 2.06×108  

4-piping installed(10-80%of purchased equipment cost) 

Consider the piping cost=40%purchased equipment cost  

 =40%of purchased equipment cost== 0.40 ×1.03×109 

= Rs. 4.12×108  

5-elec�riv installed (10-40%of purchased equipment cost) 

Consider Electrical cost = 25% of Purchased equipment   

= 40% of Purchased equipment cost = 0.40 ×1.03×109  

Hence, cost =Rs. 2.2145×109 --- (53.61% of FCI)  

B-building process and auxiliary (19-70%of purchased equipment cost) 

 Consider buildings process and auxiliary cost=40%o�ec 

= 40% of 1.03×109 = 0.40 ×1.03×109 = Rs. 4.12x108  

C-SERVICE FACILITIES AND YARD IMPROVEMENTS (40-100%OF 

PURCHASED EQUIPMENT COST)  



CONSIDER the cost of service facilities and yard improvement =70%of 

pec  

= 70% of 1.03 ×109 = 0.70 ×1.03×109 = Rs. 7.21×108  

D. Land: (1-2% of xed capital investment or 4-8% of Purchased 

equipment cost)  

Consider the cost of land = 6% PEC = 6% of 1.03 ×109 = 0.06 ×1.03×109 

= Rs. 0.618×108 

Or Consider the cost of land = 1.5% of FCI = 1.5% of 4.13×109 

= Rs. 0.6195×108 

Thus, Direct cost = Rs. 3.41×109 ----- (82.55% of FCI)  

II. INDIRECT COST :expenses which are not directly involved with 

material and labour of actual installation of complete facility (15-30%of 

fixed –capital investment)  

A.ENGINEERING AND SUPERVISON (5-30% OF DIRECT cost) 

Consider the cost of engineering and supervision =10%of direct cost 

i.e.cost of engineering and supervisin =10% of 3.41×109 

= 0.1×3.41×109 = Rs.3.41×108  

B-CONSTRUCTION EXPENSE AND CONTRACTOR'S FEE(6-30%of 

direct cost)  

Consider the construction expense and contractor's fee=10% of direct costs 



i.e, construction expense and contractor's fee=10% of 3.41×109  

= 0.1×3.41×109 = Rs. 3.41×108  

C contingency: (5-15%of xed capital –investment) 

Consider the contingency cost =10% of xed-capital investment 

i.e, contingency cost=10% of 4.13×109 = 0.10 × 4.13×109  

= Rs. 4.13×108 

Thus, indirect cost=Rs. 1.095*10^9---(26.51% of FCI) 

III. FIXED CAPITAL INVESTMENT: 

Fixed capital investment=direct costs + indirect costs 

= (3.41×109) + (1.095×109)  

i.efixed capital investment =Rs. 4.505×109  

IV. working capital (10 20% of xed  capital investment) 

Consider the working capital=15%of xed capital investment 

i.e., Working capital = 15% of 4.505×109 = 0.15 ×4.505×109 

Rs. 6.7575×108 

V-total capital investment(TCI) 

Total capital investment=fixed capital investment+working capital 

 = (4.505×109) + (6.7575×108)  

I,e.  total capital investment =Rs. 5.18×109  



ESTIMATION OF TOTAL PRODUCTT COST:  

1-manufacturing cost=direct production cost  +fixed charges+plant 

overhead cost  

a- xed charges(10-20%total product cost)  

i.Depreciation(depends on life period.salvage value and method of 

calculation-about 10%of FCL for machinery and equipment and 2-3%for 

building value for buildings)  

consider depreciation=10%of FCL for machinery and equipment and 3% 

for building value for buildings)  

i.e. depreciation =(0.10×4.505×109) + (0.03×4.505×109) 

= Rs. 5.8565×108  

ii. LOCAL TAXES(1-4%of xed capital investment) 

consider the local taxes=3%of xed capital investment 

i.e local taxes=0.03×4.505×109 

= Rs. 1.3515×108 

ii. Local Taxes: (1-4% of xed capital investment) 

Consider the local taxes = 3% of xed capital investment 

i.e. Local Taxes = 0.03×4.505×109 = Rs. 1.3515×108 

iii. Insurances: (0.4-1% of xed capital investment)  

consider the insuranes=0.75%of xed capital investment 



i.e. Insurance = 0.0075×4.505×109 = Rs. 0.025×108 

iv. RENT(8-12% of value of rented land and buildings) 

consider rent=10%of value of rented land and buildings 

=10% of ((0.618×108) + (4.12×108)) 

= 0.10× ((0.618×108) + (4.12×108)) 

Rent = Rs. 0.4738x108 

Thus, Fixed Charges = Rs. 7.7068×108 

B-direct production cost(about 60% of total product cost ) 

Now we have xed charge=10-20%of total product charges—(given) 

Consider the xed charges=15% of total product cost  

Total product charge= xed charges 15% 

Total product charge=7.7068×108/15% 

Total product charge=7.7068×108/0.15 

total product charge=Rs. 5.14×109  

i-RAW MATERIALS 10-50% of total product cost  

consider the cost of raw materials=25%of total product cost  

raw material cost=25% of 5.14×109 = 0.25×5.14×109  

raw material cost=Rs. 1.285×109  

ii-operating labour (Ol) (10-20% of total product cost) 



consider the cost of operating labour=12%of total product cost  

operating labour cost =12% of 5.14×109 = 0.12×5.14×109  

oPeratinglabour cost=Rs. 0.6168×109  

iii. direct supervisory and clerical labour (DS & CL): (10-25% of OL) 

 consider the cost for direct supervisory and clerical labour=12%of  OL  

direct supervisory and clerical labour cost=12% of 0.6168×109 
= 0.12×0.6168×109  

Rs. 0.74×108  

iv-UTILITIES:10-20% 0F total product cost  

consider the cost of utilities =12%of total product cost  

utilities cost =12% of 5.14×109 = 0.12×5.14×109  

utilities cost =Rs. 0.6168×109  

maintenance and repairs(M&R) (2-10% OF xed capital investment) 

consider the maintenance and repair cost=6%of xed capital investment   

i.e maintenance and repair cost=0.06×4.505x109 = Rs. 0.2703×109  

Operating Supplies: (10-20% of M & R or 0.5-1% of FCI  

Consider the cost of Operating supplies = 15% of M & R  

Operating supplies cost = 15% of 0.2703×109= 0.15 ×0.2703×109  

Operating supplies cost=Rs. 0.04×109  



Or 
Consider the cost of Operating supplies = 0.9% of FCI  

Operating supplies cost = 0.9% of 4.505×109 = 0.009 ×4.505×109  

Operating supplies cost = Rs. 0.040×109 

Laboratory Charges: (10-20% of OL) 

Consider the Laboratory charges = 15% of OL 

Laboratory charges = 15% of 0.6168×109= 0.15×0.6168×109  

Ö Laboratory charges = Rs. 0.09252×109 
    

viii. Patent and Royalties: (0-6% of total product cost) 

Consider the cost of Patent and royalties = 3% of total product cost 

Ö Patent and Royalties = 3% of 5.14×109 = 0.03×5.14×109 

Ö Patent and Royalties cost = Rs. 0.1542×109 

Thus, Direct Production Cost = Rs. 3.149×109 ----- (61.276% of TPC) 

C. Plant overhead Costs (50-70% of Operating labour, supervision, and 

maintenance or 5-15% of total product cost); includes for the following: 

general plant 

upkeep and overhead, payroll overhead, packaging, medical services, safety 

and 

protection, restaurants, recreation, salvage, laboratories, and storage 

facilities 



Consider the plant overhead cost = 60% of OL, DS & CL, and M & R 

Plant overhead cost = 60% of ((0.6168×109) + (0.74×108) + (0.2703×109)) 

Plant overhead cost = 0.60 × ((0.6168×109) + (0.74×108) + (0.2703×109)) 

Plant overhead cost = Rs. 0.9611×109 
OR 

Consider the plant overhead cost = 11% of total product cost 

Cost of Plant overhead = 11% of 5.14×109 

Plant overhead costs = 0.11 × 5.14×109 

Plant overhead costs = Rs. 0.5654×109  

Thus, Manufacture cost = Direct production cost + Fixed charges + Plant 

overhead  

Costs. 

Manufacture cost = (2.4124×108) + (0.5927×108) + (0.4385×108) 

Manufacture cost = Rs. 4.485×109 

General Expenses = Administrative costs + distribution and selling costs 

+ research and development costs  

Administrative costs: (about 15% of costs for operating labour, 

supervision,  

and maintenance or 2-6% of total product cost); includes costs for 

executive  



salaries, clerical wages, legal fees, office supplies, and communications. 

Consider the Administrative costs = 15% of OL, DS & CL, and M & R  

Administrative costs = 15% of ((0.6168×109) + (0.74×108) + 

(0.2703×109))  

Administrative costs = 15% × ((0.6168×109) + (0.74×108) + 

(0.2703×109))  

Administrative costs = Rs. 0.144×109 

Or 

Consider the Administrative costs = 2.77% of total product cost 

Administrative costs = 2.77% of 5.14×109 

Administrative costs = 0.0277 × 5.14×109 

Administrative costs = Rs. 0.144×109  

Distribution and Selling costs: (2-20% of total product cost); includes 

costs  

for sales offices, salesmen, shipping, and advertising. 

Consider the Distribution and selling costs = 11% of total product cost 

Distribution and selling costs = 11% of 5.14×109 

Distribution and selling costs = 0.11 × 5.14×109 

Distribution and Selling costs = Rs. 0.5654×109  

Research and Development costs: (about 5% of total product cost)  



Consider the Research and development costs = 5% of total product 

cost  

Research and Development costs = 5% of 5.14×109  

Research and development costs = 0.05 × 5.14×109 

Research and Development costs = Rs. 0.257×109  

Financing (interest): (0-10% of total capital investment) 

Consider interest = 5% of total capital investment 

i.e. interest = 5% of 5.18×109 = 0.05×5.18×109 

Interest = Rs. 0.259×109 

Thus, General Expenses = Rs.1.2254 ×109  

IV. Total Product cost = Manufacture cost + General Expenses 

= (4.485×109) + (1.2254×109) 

Total product cost = Rs. 5.71×109  

This value is greater than the assumed value of Rs. 5.14×109and hence 

acceptable.  

V. Gross Earnings/Income:  

Wholesale Selling Price of hydrogen gas per cubic meter = $ 0.60 (USD) 

Let 1 USD = Rs. 48.957 as on (30/04/2002)  

Hence Wholesale Selling Price of hydrogen per cubic meter 

= 0.60 ×48.957 = Rs. 28.98  



Total Income = Selling price × Quantity of product manufactured 

= (28.98/m3) × (1*106m3/day) x (300 days/year) 

Total Income = Rs. 8.694×109  

Gross income = Total Income – Total Product Cost 

= (8.694×109) – (5.71x109) 

Gross Income = Rs. 2.984×109 

Let the Tax rate be 45% (common) 

Taxes = 45% of Gross income 

= 45% of 2.984×109 = 0.45×2.984×109  

Taxes = Rs. 1.3428×109  

Net Profit = Gross income - Taxes = Gross income× (1- Tax rate)  

Net pro t = (2.984×109) – (1.3428×109) = Rs. 1.6412×109 

Rate of Return:  

Rate of return = Net pro t×100/Total Capital Investment 

Rate of Return = 1.6412×109×100/ (5.18×109) 

Rate of Return = 31.68%  
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