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Reg. No.           

VII SEMESTER B.TECH. END SEM (Additional OPE) EXAMINATIONS (MAR 
2021)  

SUBJECT: DESIGN AND DRAWING OF CHEMICAL EQUIPMENT [CHE 4102]  

REVISED CREDIT SYSTEM 

Date of Exam: 19/03/2021                                                               Time of Exam: 2 – 5 pm  

Time: 3 Hours             Max. Marks: 50 

 

 

1 Determine the thickness of the reaction vessel and the jacket from the following data: 

Vessel shell internal diameter: 2130 mm; Jacket length: 2500 mm; Width of channel 

jacket: 100 mm; Internal pressure (Shell): 0.35 N/mm2; Internal pressure (Jacket): 

0.55 N/mm2; Design temperature: 150°C; Allowable stress value at design 

temperature: 96 N/mm2; Spot radiography given.   

Dished head and bottom − Internal diameter: 2130 mm; Crown radius : 2130 mm; 

Knuckle radius: 128 mm 

5 + 5 

2  Determine the 

maximum 

operating 

pressure for the 

vessel shown 

based on the shell 

dimensions and 

material.  

 For this pressure 

select a suitable 

gasket material 

and determine the 

optimum number 

of bolts (20 mm), 

minimum gasket 

width and flange 

thickness. The 

service 

temperature is 

400°F.  

Hint: For pressures above 20 bar, ring-joint gasket (m=5.5; y=124N/mm2) can be 

chosen. For SA-212, Grade B : f = 1.19x108 N/m2 ; For SA-193, Grade B : f = 

1.36x109 N/m2; For SA-105, Grade B : f = 1.19x109 N/m2 

2.5 x 4   

Instructions to Candidates: 

 Answer ALL the questions & missing data may be suitably assumed 

 Use of code book/data book/formula sheet are permitted (ATTACHED) 
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3 80,000 kg/h distilled 

water (shell) has to be 

cooled from 34°C to 

29.5°C in a 1 – 2 STHE. 

Raw water (tube) enters 

at 24°C and the exit 

temperature should not 

exceed 30°C. Use 

Chrome steel (1% Cr), 16 BWG, ¾” OD tube (OD =1.905cm; ID=1.575cm), 1” 

triangular pitch, number of tubes = 302, shell ID = 21.25”, and baffle spacing = 40% 

of shell ID. The fouling resistances (m2 K/W) are 8.81x10–5 and 1.76 x 10–4 for 

distilled and raw water respectively. Assume a correction factor (FT) of 0.85 for 

multi-pass. 

i. the tube side heat transfer coefficient 

ii. the shell side heat transfer coefficient 

iii. the length of the tubes required. 

Useful Formula:  

Tube Side:  at = (π/4 di
2) N/n;  Nu = 0.027 Re0.8Pr0.33 

Shell side:  as = Ds C B / PT ; Nu = 0.36 Re0.55Pr0.33 

Deq = 4{[0.44 PT
2  (πdo

2/8)] / [πdo/2]} 

4+4+2 

4 A water-cooled, 1–1 shell-and-tube freon condenser with in-tube condensation of        

R-22 @37°C (cpL = 1.305 kJ/kg K; vL = 8.3734 x 10–4 m3/kg; vg = 0.01643 m3/kg; 

L = 1.86x10–4  Pa.s; g = 1.39x10–5  Pa.s; kL = 0.082 W/m K; = 169 kJ/kg; Pr = 

2.96) has to be designed. City water (Inlet and outlet temperatures are 18°C & 26°C 

respectively) is used as solvent. The physical properties at the average temperature 

of the coolant are: cpL = 4.181 kJ/kg K; L = 959x10–6  Pa.s; kL = 0.606 W/m K; Pr 

= 6.61. Fouling resistance: 1.76x10–4 m2 K/W for both inside and outside.    

Design parameters: 

Design cooling load: 100 kW; One tube pass; Pitch: 1” Square; Shell dia: 15.25”; 

Baffle Spacing: 35 cm; Number of Tubes: 137; Size of tubes: 0.75” OD & 0.68” ID; 

Vapor quality = 50%.  

i. Determine the shell side heat transfer coefficient. 

ii. By using Cavallini and Zecchin theory, calculate the tube side heat transfer 

coefficient. Take vapor quality = 50% 

iii. Calculate the length of the condenser. 

4+4+2 

5 A forward-feed evaporator (triple effect) is being used to evaporate a solution 

containing 5wt% solids to a concentrated solution of 50wt%. Saturated steam at 8.5 

atm is being used. The feed rate is 2x105 kg/hr at 16°C. Take U1 = 4500, U2 = 2800 

and U3=1700 W/m2K; T1 = 28 K, T2 = 23 K and T3 = 42 K. Calculate the surface 

area of the evaporator and the steam economy.  

Determine,  

i. the amount of concentrated liquor leaving each evaporator 

ii. the surface area of the evaporator and  

iii. the steam economy 

5+3+2  
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FORMULA SHEET / DATA SHEET 

CHE 4102 Design and Drawing of Chemical Process Equipment 

1. Internal Pressure Vessels – Minimum thickness for various shapes 

Cylinder: 𝑡 =
𝑃𝐷𝑖

2𝑓𝐽−𝑃 
 = 

𝑃𝐷𝑜

2𝑓𝐽+𝑃
 

t  : min thickness of the shell plates 

exclusive of corrosion allowance 

P  : design pressure 

Di  : inside diameter of the shell 

Do  : outside diameter of the shell 

f    : allowable stress value  

J    : joint efficiency factor 

Sphere: 𝑡 =
𝑃𝐷𝑖

4𝑓𝐽−𝑃 
 = 

𝑃𝐷𝑜

4𝑓𝐽+𝑃
 

Hemi Sphere:  𝑡 =
𝑃𝐷𝑖

4𝑓𝐽 
  

 

Flat plate: 𝑡 = 𝐶𝐷𝑒√
𝑃

𝑓
 

C :  a design constant, dependent on the 

edge constraint 

De : nominal plate diameter 

 

Ellipsoid: 𝑡 =
𝑃𝐷𝑖𝐶

2𝑓𝐽 
  & 𝐶 =

1

4 
[2 + 𝐾2]   

K : ratio of major to minor axis 

 

Tori-sphere: 𝑡 =
𝑃𝐷𝑖𝐶

2𝑓𝐽 
  & 𝐶 =

1

4 
[3 + √

𝑅𝑐

𝑅𝑘
]   

 

Rc : crown radius 

Rk : knuckle radius   

 

Conical: 𝑡 =
𝑃𝐷𝑖

2𝑓𝐽−𝑃 
(

1

𝑐𝑜𝑠 𝛼
) 

 

 : Half-cone angle 

2. Volume of various shapes  

Tori-sphere: 𝑉 = 0.0809𝐷𝑖
3

 Di  : inside diameter of the shell 

 

Ellipsoid: 𝑉 =
𝜋

24
𝐷𝑖

3
 

 

Conical:  𝑉 = 𝜋ℎ
12

[𝐷𝑖
2

+ 𝐷𝑖𝑑 + 𝑑
2

] 

 

d:  dia of the small end 

 

3. External pressure vessels  

Allowable working external pressure:         

𝑃𝑎 =
𝐵

14.22(𝐷𝑜 𝑡⁄ )
  𝑘𝑔𝑓 𝑐𝑚2⁄  

t  : min thickness of the shell plates 

exclusive of corrosion allowance 

Do  : outside diameter of the shell 

B : Factor B from Chart (Fig F. 2 – Indian 

Standard Code for unfired pressure vessel, 

BIS 2825-1969)  

 

 

4. Flange and Gasket design  

Actual width of gasket, N = (Go– Gi)/2 

 

Go : outside diameter of the gasket  

Gi : inside diameter of the gasket 

Ratio of gasket diameters, (
𝐺0

𝐺𝑖
) = (

𝑦−𝑚𝑃

𝑦−𝑃(𝑚+1)
)

0.5

 

 

P : design pressure  

y  : gasket seating stress 

m : gasket factor  
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Bolt load due to initial gasket load reaction,  

Wm1 = πbGy 

 

b0 : Basic gasket seating width (before 

applying load) = N/2 

b : Effective gasket seating width (after 

applying load) 

– b = b0, when b0 < 6.3mm 

– b = ½ √b0, when b0 > 

6.3mm  

G : diameter at location of gasket load 

reaction 

       = mean diameter of gasket contact 

face if b0 < 6.3mm 

       = (Inside diameter of gasket) + 2N – 

2b if b0 > 6.3mm 

 

Bolt load at operating conditions, Wm2 = H + HP  

H = Hydrostatic end force = (π/4) G2P 

HP = total joint contact surface compression = π(2b) G m P  

 

Minimum bolt area, Am1 = (Wm1 /fa) and Am2 = (Wm2 /fb)  fa & fb : allowable stress values at 

atmospheric and operating conditions 

respectively 

Bolt Circle Diameter, B = OD of gasket 

+ 2(bolt diameter) + 12mm 

 

Minimum gasket width, Nmin = (Ab fa ) /2πyG 

hG = radial distance from gasket load reaction to the bolt 

circle = (B – G)/2 

Thickness of the flange,  𝑡𝑓 = 𝐺 [
𝑃

𝐾 𝑓 
]

0.5

  &  

𝐾 =  
1

0.3 +
1.5(𝑊𝑚)(ℎ𝐺)

(𝐻)(𝐺)

 

 

5. Process Design of Shell and Tube Heat Exchanger  

Heat Duty, Q = (ṁCpΔT)hot = (ṁCpΔT)cold ṁ : mass flowrate  

Cp : specific heat capacity  

ΔT : Temperature difference 

Hot : hot stream 

Cold: cold stream 

Total area required, Ao = (Q /UOD ΔTLMTD) 

 

UOD: Overall heat transfer coefficient 

including dirt factor 

ΔTLMTD : Log mean temperature 

difference  

Number of tubes, N = Ao / π do L 

 

L = length of the tubes  

do  = outside diameter of the tubes  

Equivalent diameter, Deq 

Triangular Pitch: Deq = 4 {[0.44 PT
2  (πdo

2/8)] / [πdo/2]} 

Square Pitch: Deq = 4 {[PT
2  (πdo

2/4)] / [πdo]} 

PT = pitch  

do  = outside diameter of the tubes  

 

Tube side cross sectional area, at = (π/4 di
2) N/n N : number of tubes 

n  : number of tube passes  

Shell area available for flow,  as = Ds C B / PT  Ds : shell diameter  

B: Baffle spacing   
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C : clearance, = PT – do   

PT = pitch  

do  = outside diameter of the tubes  

Tube Side:  Nu = 0.027 Re0.8Pr0.33 

Shell side:  Nu = 0.36 Re0.55Pr0.33 

Nu = Nusselt number  

Re = Reynolds number  

Pr = Prandl number  

Clean overall heat transfer Coefficient, UOC 

 

[1/UOC] = [1/ho] + [do/di][1/hi] 

 

ho = individual heat transfer coefficient 

(outside) 

hi = individual heat transfer coefficient 

(inside) 

di  = inside diameter of the tubes 

do  = outside diameter of the tubes 

Overall heat transfer coefficient including dirt factor  

 

[1/UOD] = [1/UOC] + [1/hdi] + [1/hdo] 

 

hdi : heat transfer coefficient for deposit 

(tubes)  

hdi : heat transfer coefficient for deposit 

(shell)  

Shell side pressure drop, ∆𝑃𝑠 

 

∆𝑃𝑠 =  
𝑓 𝐺𝑠

2𝐷𝑠

2 × 106 𝐷𝑒𝑠

𝐿

𝐵
           (𝑘𝑁/𝑚2) 

 

f = friction factor = 1.87 (Res)
 – 0.2 

Res = Shell side Reynolds number   

Gs = mass velocity  

Ds = shell diameter  

De = equivalent diameter of shell in m 

L = length of the tube   

B = baffle spacing   

s = specific gravity 

 

 

Tube side pressure drop, ∆𝑃𝑡 

∆𝑃𝑡 =  
𝑓𝐺𝑡

2𝐿𝑛

2 × 106 𝑑𝑖𝑠
+ 2.26 𝑛𝑣2𝑠           (𝑘𝑁/𝑚2) 

f = friction factor = 0.72 (Ret)
 – 0.33 

Ret = Tube side Reynolds number   

n  = number of passes 

L = length of the tube  

Gt = mass velocity 

di = tube diameter 

s = specific gravity 

 

 

6. Process Design of Condenser  

Nusselt’s Theory (Laminar Flow): 

𝑁𝑢 =  
ℎ𝑚𝑑

𝑘𝑙
 =0.728 [

𝜌𝑙(𝜌𝑙−𝜌𝑔)𝑔 𝜆 𝑑3

𝜇𝑙 (𝑇𝑠𝑎𝑡−𝑇𝑤) 𝑘𝑙
]

1 4⁄

 

hm : mean condensation film coefficient 

d : diameter of tube 

𝜌𝑙: condensate density 

𝑘𝑙: thermal conductivity  


𝑙
: condensate viscosity 

g : gravitational acceleration 

𝜆 : latent heat of condensation  

x: is the vapor quality, the mass fraction 

of vapor 

G : Mass velocity  

Travis theory (Turbulent): 

 

𝑅𝑒𝑙 =
𝐺(1 − 𝑥)𝑑

𝜇𝑙
 

 

𝑁𝑢 =
ℎ𝑇𝑃𝑑

𝑘𝑙
 = 𝑃𝑟𝑙𝑅𝑒𝑙

0.9 𝐹𝑙(𝑋𝑡𝑡)

𝐹2(𝑅𝑒𝑙,𝑃𝑟𝑙)
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Non-dimensional parameter, F1, is  

 

𝐹1 = 0.15 [
1

𝑋𝑡𝑡
+

2.85

𝑋𝑡𝑡
0.476] 

 

Xtt is the Lockhart – Martinelli parameter 

𝑋𝑡𝑡 = (
1 − 𝑥

𝑥
)

0.9

(
𝜌𝑔

𝜌𝑙
)

0.5

(
𝜇𝑙

𝜇𝑔
)

0.1

 

 

𝐹2 = 0.7 𝑃𝑟𝑙𝑅𝑒𝑙
0.5 𝑓𝑜𝑟 𝑅𝑒𝑙 ≤ 50 

𝐹2 = 5 𝑃𝑟𝑙 + 5 ln[1 + 𝑃𝑟𝑙(0.09636 𝑅𝑒𝑙
0.585 − 1)]  𝑓𝑜𝑟 50

<  𝑅𝑒𝑙 ≤ 1125 

𝐹2 = 5 𝑃𝑟𝑙 + 5 ln(1 + 5 𝑃𝑟𝑙)
+ 2.5 ln (0.00313 𝑅𝑒𝑙

0.812) 𝑓𝑜𝑟  𝑅𝑒𝑙

> 1125 
 

 

Cavallini and Zecchin theory (Turbulent): 

ℎ𝑇𝑃 = 0.05𝑅𝑒𝑒𝑞
0.8𝑃𝑟𝑙

0.33 𝑘𝑙

𝑑
 

𝑅𝑒𝑒𝑞 = 𝑅𝑒𝑣 [
𝜇𝑣

𝜇𝑙
] [

𝜌𝑙

𝜌𝑣
]

0.5

+ 𝑅𝑒𝑙 

 

𝑅𝑒𝑙 =
𝐺(1 − 𝑥)𝑑

𝜇𝑙
 

𝑅𝑒𝑣 =
𝐺𝑥𝑑

𝜇𝑣
 

 

Shaw theory (Turbulent): 

 

ℎ𝑇𝑃 = ℎ𝑙 [1 +
3.8

𝑍0.95]  

𝑍 = [
1−𝑥

𝑥
]

0.8
𝑃𝑟0.4  

ℎ𝑙 = 0.023 [
𝐺(1−𝑥)𝑑

𝜇𝑙
]

0.8 𝑃𝑟0.4𝑘

𝑑
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