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Abstract: This design through to the task book the condition analysis, has carried on 

the selection design to the plate type rectification tower and the reboiler. A 

floating-valve plate distillation column was used to separate the mixture of benzene 

and chlorobenzene. The design content mainly consists of several parts: 1) Overview 

and design calculation of tray and reboiler; 2) Process design and scheme description; 

3) Material balance and process structure calculation of tray and tray; 4) Structure 

design and calculation of main equipment for benzene chlorobenzene mixture 

separation; 5) Calculation or selection of auxiliary equipment for benzene 

chlorobenzene mixture separation; 6) tray load diagram and production flow chart 

drawing. The design content is concise and reasonable, easy to understand and meet 

the needs of this task. 
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1. Introduction 

The principle of distillation is multiple partial vaporization and condensation. It is a 

common operation to separate liquid mixtures and is widely used in many industries. 

Chlorobenzene is a colorless liquid with a bitter taste of microalmonds, which can be 

used as a dry cleaning agent, ink and paint, as well as a chemical dye, medical 

pharmaceutical products, agricultural pharmaceutical products, organic synthesis, etc., 

playing a very important role in the field of organic synthesis. The separation and 

extraction of benzene-chlorobenzene mixture was carried out by a float valve plate 

rectifying column. The plate-type rectifying tower of float valve can meet the 

requirements of fluid mechanics, and the separated products can reach the relevant 

standards, so as to realize the efficient utilization of resources [1]. 

Purpose and requirements: a chemical manufacturing plant is assumed to use a plate 

distillation column to separate a benzene-chlorobenzene mixture. Shows: (1) the 
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chemical plant with an annual output of 3000 tons of 99% of chlorobenzene (2) feed 

benzene - chlorobenzene mixture of benzene content is 65% (mass fraction), the rest 

of the benzene content of chlorobenzene (3) the top of the tower shall be not less than 

98% (mass fraction), the content of bottom products for more than 99% (mass fraction) 

of chlorobenzene (4) reboiler heating temperature is 150 ℃ medium pressure hot 

water flow rate of 15000 kg/h. 

 

2. Description of design process 

2.1 Distillation column overview 

Plate distillation tower is a typical mass transfer equipment, which is usually composed 

of tower body, heat exchanger, reboiler and condenser [2-4]. The distillation column is 

divided into plate column and packed column. In the former, the gas-liquid two-phase 

interpenetration flow is presented on each layer of tray, and the overall countercurrent 

contact is made for many times; in the latter, the gas-liquid two-phase continuous cross 

mass transfer is made [5]. According to the requirements of the design assignment, 

plate distillation column was used in this experiment. According to the different plate 

distillation columns of the tray, they can be divided into several types, including inclined 

orifice plate, float valve tower, bubble cover tower, sieve plate tower and tongue plate, 

among which sieve plate tower, float valve tower and bubble cover tower are the most 

common ones in production and application [6]. 

The feed inlet located in the middle of the tower enables the mixture liquid to enter the 

tower through the heat exchanger, and the liquid drops along the tower wall. The 

reboiler at the bottom of the tower heats the liquid to make part of it vaporize and rise 

up along the tower. The other liquid is the product at the bottom of the tower. After the 

recovered steam passes through the condenser, part of it is condensed into liquid, 

some of which flows back into the tower and the rest flows out as products on the top 

of the tower [7]. The distillation part refers to the purification of volatile substances in 

the rising steam again, and the distillation part refers to the evaporation and recovery 

of volatile substances in the falling liquid again, so that the two substances in the mixed 

liquid can be separated effectively and satisfactory products can be obtained [8, 9]. 

 

2.2 Selection of tray 

Sufficient cross contact between the gas and liquid phases is essential for the high 

mass transfer efficiency of the gas-liquid mass transfer tower. Tower device in 

production and use, should also have the following conditions: (1) production intensity; 

(2) Use flexibility; (3) exquisite structure; (4) not easy to block the use, easy to operate 

and maintenance. 

According to the requirements of the design task book, combined with the product 
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separation requirements, production intensity, cost, operating flexibility and other 

factors, the design USES high efficiency, high separation requirements, low cost, large 

flexibility of operation of the float valve plate rectifying tower. 

 

2.3 Selection design of reboiler 

The reboiler is required in industry to be of exquisite structure, easy to operate, easy to 

maintain, long service cycle and safe and reliable operation, as well as to take care of 

its installation space size and occupation size [10]. 

Thermosyphon reboiler is widely used in chemical industry and oil refining industry. It 

is characterized by the natural circulation without external forces. The liquid flows 

along the wall of the tower to the bottom part of the tower and enters the reboiler 

where it is heated and then partially gasified. When the liquid is sent to the bottom of 

the distillation tower through the reboiler, it will be in a gas-liquid mixing state [11]. The 

lower the density of the material in the outlet pipeline, the higher the gas rate of the 

mixture after heating. The density difference of the net outlet pipeline makes the 

material at the bottom of the tower continuously flow into the reboiler, and the liquid 

heated by the reboiler is converted into gas-liquid mixture and then flows back into the 

tower [12], so as to achieve continuous automatic circulation. 

The vertical thermosiphon reboiler is characterized by its small volume, small floor 

space, high heat utilization rate and low operating cost. There are advantages and 

disadvantages. Due to the limitation of structural design, it is not possible to use 

mechanical method to clean the shell process, so it is not suitable to use medium with 

high viscosity and easy polymerization [13]. The heating medium used in this design is 

medium-pressure hot water heating, and vertical thermosiphon reboiler (JB/ t4716-92) 

can be selected. 

 

2.4 Distillation tower design 

According to the task book, the theoretical number of trays is calculated and the tray 

efficiency is obtained according to the analytical method and graphic method, and then 

the actual number of trays is known. The following designs are carried out: 1) 

calculation of tower height; 2) calculation of tower diameter; 3) design of tower interior 

parts. 

 

2.5 Process parameter determination 

1) Operating pressure: because benzene and chlorobenzene are conventional 

materials, they are operated at normal pressure [14]. 

2) Feeding conditions: there are five feeding conditions: saturated gas and hot gas, 

gas-liquid mixture, saturated liquid and supercooled liquid [15]. From the task book 
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known as bubble point feed, namely q = 1. 

3) Heating method: the medium pressure hot water with a temperature of 150℃ and 

a flow rate of 15,000 kg/h is used for continuous heating. 

4) Cooling method: the cooling method of circulating cooling water should be applied 

to the top of the tower as far as possible. The cooling temperature can be reduced by 

cooling with cooling salt. 

Continuous distillation is the most suitable method for separating the material. 

Considering that phenylchlorobenzene is easy to separate and the minimum reflux ratio 

is not large, the operating reflux ratio should be 2 times of the minimum reflux ratio. 

 

3. Process calculation of tower 

3.1 Rectifying tower material balance 

The material liquid and the molar fraction of the products at the top and bottom of the 

tower. 

Molar mass of benzene:  MBenzene = 78.11 kg/kmol 

Molar mass of chlorobenzene: MChlorobenzene = 112.55 kg/kmol 

728.0
55.112/35.011.78/65.0

11.78/65.0



Fx

   

986.0
55.112/02.011.78/98.0

11.78/98.0



Dx

          

014.0
55.112/99.011.78/01.0

11.78/01.0



Wx

         

Average molar mass of raw material liquid and products at the top and bottom of the 

tower. 

MF = 0.728 × 78.11+(1-0.728)× 112.55 = 87.478 kg/kmol 

MD = 0.986 × 78.11 +(1-0.986)× 112.55 = 78.592 kg/kmol 

MW = 0.014 × 78.11 +(1-0.014)× 1 12.55 = 121.910 kg/kmol 

Raw material handling capacity: 

  hkmolW /702.355.1122430010003000   

Total material balance:  

 F = D + W                                                   (1) 

Volatile component material balance:  

0.728F = 0.986D + 0.014W                               (2) 

The above equations (1) and (2) can be obtained simultaneously：D=10.280 kmol/h   

F=10.188 kmol/h. 

 

3.2 Determine the number of plates 

The calculation of the theoretical plate layer number (NT),Benzene-chlorobenzene is an 
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ideal system, theoretical plate layer number can be calculated by graphical method 

according to the gas - liquid equilibrium data of benzene - chlorobenzene system, x-y, 

t -x-y diagram can be drawn. 

 

Fig. 1 Equilibrium diagram of benzene -chlorobenzene(x-y) 

 

Fig.2 Equilibrium diagram of benzene-chlorobenzene(t-x-y) 

An equilibrium curve is drawn in the cartesian coordinate system through the gas-liquid 

equilibrium relationship, and points c (XW, XW, e (XF, XF), and a (XD, XD) are marked in 

the gas-liquid equilibrium diagram of benzene-chlorobenzene. 

Due to the feeding of saturated liquid, point e (0.684, 0.684) is found as the vertical line 

(q line). The intersection coordinate of the line and the equilibrium line is, (yq = 0.79, 

xq = 0.45). 

0.576 = 0.45)-90.79)/(0.7-(0.986 = xq)-(yq / yd)-(xD =Rmin  

Reflux ratio: 1.037 = 0.576×1.8 =Rmin  1.8 = R  

According to the intercept value of 0.484, point b(0, 0.484) and point a(0.986, 0.9786) 

can be connected to make the operating line equation of the distillation section, which 

intersects the line at the point, and point c(0.0072, 0.0072) can make the operating line 
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equation of the distillation section. 

According to the conventional graphic method, the steps can be obtained as follows: 

NT = 7-1 = 6 layers (excluding the reboiler), among which the theoretical number of 

plates in the distillation section is 2 layers, the lifting section is 4 layers (excluding the 

reboiler), and the third layer is the feeding plate. 

Operating line equation: 

L = R × D = 1.037 × 10.280 = 10.660 kmol/h 

V = L + D = 10.660 + 10.280 = 20.94 kmol/h 

L’ = L + F = 10.660+10.188 = 20.848 kmol/h 

V’=V=20.94 kmol/h 

Operating line equation of distillation section: 

484.0x509.0xxy  D

V

D

V

L

 

Operating line equation of stripping section: 

0025.0'
'

'
'

'
'y  xx

V

W
x

V

L
W

 

The number of theoretical plates is calculated by graphical method, as shown in figure 

1. 

Total theoretical number of plates: NT = 7(Including the reboiler) 

Feeding board position:  NF = 3 

The total tower efficiency is taken as 43%. 

NDistillation = 2/0.43 = 4.65 ≈ 5 

NStripping = 5/0.43 = 11.63 ≈ 12 

 

4. Design and calculation of main process structure 

4.1 Calculation of process conditions and relevant physical properties data 

Operating pressure calculation: 

Top operating pressure:   kpa 105.3 = 101.3＋4 = P D  

Pressure drop per tray:   0.7kpa = ΔP  

Feed plate pressure:  108.8kpa = 5×0.7＋105.3 = P F  

Bottom pressure: kpa 117.2 = 0.7×12＋P = Pw F  

Average pressure in the distillation section: Pm1= (105.3+108.8)/2 = 107.05 kPa  

Average pressure in the extraction section: Pm2= (117.2+108.8)/2 = 113 kPa 

Operating temperature: 

The tower temperature:  tD = 80.1℃ 

Feed plate temperature:  tF = 90℃ 

Tower bottom temperature: tW = 130℃ 

Average temperature of distillation section:  TM  = (80.1+90)/2 = 85.5℃ 
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Average temperature of extraction section:   Tm’ = (90+130)/2 = 110℃ 

Mean molar mass: 

Calculate the average molar mass at the top of the tower: 

ol82.93kg/km = 112.55×0.14＋78.11×0.86 = M

kg/kmol 78.59 = 112.55×0.014＋78.11×0.986 = M

LDM

VDM

 

Calculation of average molar mass of feed plate: 

kg/kmol 93.26 = 112.55×0.44＋78.11×0.56 =  M

kg/kmol 82.59 = 112.55×0.13＋78.11×0.87 =  M

LFM

VFM

 

Average molar mass at the bottom of the tower: XW = 0.0286, YW =0.112 

kg/koml 108.648 = 112.5× 0.112)-(1+78.11×0.112 = M

kg/koml 111.516 = 112.55× 0.0286)-(1+78.11×0.0286 = M

VWM

LWM

 

Average molar mass of the distillation section: 

 

kg/kmol 88.1 = 93.26)/2+(82.93 ＝M

kg/kmol 80.59 = /282.59+78.59＝ M

 LM

VM

 

Average molar mass of the extraction section: 

 
  kg/koml 100.954 = /2108.648+93.26= M

kg/koml 97.053 = /2111.516+82.59= M

LM

VM

 

Average density: 

Average density of the gas phase. 

It is calculated by the ideal gas state equation: 

Rectifying section:  PM1 =107.05 KPa 

2.893kg/m3=））273.15+85.5（×8.314（80.59/×107.05=
R

M
=

T

vmm
vm




 

Stripping section: PM2 =113 KPa 

3.443kg/m3=））273.15+110（×8.314（97.053/×113= 
R

M
=

T

vmm
vm




 

Average liquid density: 

The average density of liquid phase is calculated according to the formula 

below : ii

Lm

a 


/
1

 . 

 

4.2 Process dimension calculation of distillation column 

Calculation of tower diameter: 

Volume flow rate of gas and liquid in distillation column: 

sm
VM

V
Vm

Vm
S

31616.0
9.23600

59.8094.20

3600







  

sm
LM

L
Lm

Lm
s

30003.0
6.8713600

1.88660.10

3600
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0322.0
9.2

6.871

1616.0

0003.0 2

1

2

1



















V

L

S

S

V

L





 

HT  = 0.4 m, hL = 0.06 m(hL=0.05-0.08) 

HT－h L= 0.4-0.06 = 0.34 m 

C20 = 0.075 

    77.02.020/49.22075.02.020/120  CC  

smC
V

VLu /33.1
9.2

9.26.871
077.0max 











 

The safety coefficient is generally between 0.6 and 0.8. If 0.7 is taken here, the air 

velocity of the empty tower is: 

u=0.7×1.33=0.9m/s 

m
u

V
D

S
148.1

4







  

In the range of 0.8m to 1.6m, in accordance with D = 1.4m after standard rounding 
2

21.5386
4

T

D
A m


 

 

The actual air velocity of the tower is zero, 

0.747 /s

T

V
u m s

A
 

 

 Calculation of effective height of distillation column: 

The effective height of the distillation section is: 

ZDistillation = (NDistillation -1)HT = (5-1)*0.4= 1.6 m 

The effective height of the distillation section is: 

ZStripping = (NStripping -1-Number of manhole)HT + Number of manhole *0.8 = 5.2 m 

A manhole is made at the top and bottom of the tower, and its height is 0.8*2m 

Therefore, the effective height of the distillation tower is 

Z’= NDistillation + NStripping + 0.8*2 =1.6 + 5.2 + 1.6 = 8.4 m 

 

5. Conclusion 

1) the design for a set of 3000 tons of annual output of 99% of chlorobenzene products 

sieving plate type continuous rectification tower. The selection of the reboiler and the 

process structure of the rectifying tower, the fluid mechanics in the tower and the 

dimensions of each connection are calculated, and the performance load diagram of 

the tray and the overall process flow chart are drawn. 

2) the design is generally reasonable, and all the design results meet the design 

requirements. For more information, see the design results summary table and the 

flowchart of the distillation tower. 
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3) I benefited a lot from the design, improved my skills in learning, seeking and 

absorbing new knowledge, consolidated relevant theoretical knowledge, and made 

some progress in software drawing. Through reading literature and materials, I not 

only learned a lot of professional knowledge, but also saw the level of industry leaders, 

fully aware of their own shortcomings. 
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