High Purity Binary Distillation Column 
– Study of System Dynamics
                                                                       By,








        Vijaya Krishna Bodla








        (s041492)









(For the course 28541)
Introduction:
[image: image1.png]Assumptions

Let us also make some assumptions:

10.

. The feed is a binary mixture entering the feed tray as saturated liquid.
. There are no enthalpy-of-mixing effects (liquid and vapor mixtures are ideal).
. There is constant pressure throughout the column.

. The relative volatility a is constant.

. The molar heats of vaporization of both components are equal and constant throughout tl

column. This and assumptions 2) and 3) imply:

Constant molar vapor flow, Vi = Vi_y.

Tmmediate vapor response, dVi = dV.

. The molar liquid holdup on each tray is constant, which implies equal liquid molar overflor

Li = Liy1, ¥i # Np, and immediate liquid response, dLyy41 = dLy (if dLp = 0).

. There is vapor-liquid equilibrium on all stages (i.c. ideal trays and the reboiler acting as one).
. There is perfect mixing in the reboiler, on all trays and in the accumulator.

. At steady state the total condenser implies that 2, = yi,..

The reflux flow, Ly, 41, from the accumulator to the top tray is saturated liquid.




The dynamics of an ideal high purity binary distillation column with a total condenser at the top and a partial reboiler at the bottom is studied with regards to internal and external flows, holdups and effect of disturbances on product purities. 
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Figure 1: Schematic drawing of a distillation column for ideal binary separation.




[image: image33.png]2t Mole fraction light key in liquid phase on tray i (mole/mole).
2p: Mole fraction light key in feed (mole/mole).

2p: Mole fraction light key in liquid phase in reboiler (mole/mole).

2p: Mole fraction light key in liquid phase in accumulator (mole/mole).
yi: Mole fraction light key in vapor phase corresponding to liquid phase i (mole/mole).

Hp: Molar liquid holdup in reboiler (mole).

Hr: Molar liquid holdup on each tray (mole).

Hp: Molar liquid holdup in accumulator (mole).
L: Molar liquid reflux flow rate (mole/min.).

: Molar liquid feed flow rate (mole,/min.).

. Molar liquid bottom product flow rate (mole/min.).

. Molar liquid distillate flow rate (mole/min.).
V: Molar vapor flow rate (mole/min.).
a: Relative volatility.

Np: Feed tray number.

Nr: Total number of trays.

Note: The trays are numbered from 1 to Ny starting from the bottom of the column.




[image: image36.emf]0 200 400 600 800 1000 1200 1400 1600 1800 2000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Time

Bottom product:Distillate

bottom product

Distillate

Feed Plate

3rd Plate

9th Plate


Non-linear model Equations:


Considering the mass balance equation for the feed tray, 

Accumulated = In – Out, 
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Rearranging,
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All the other model non-linear equations can be derived similarly and so are stated below. The mole fraction of the light key component in the vapor phase is given by equation (1) where α is the relative volatility of the component. 
[image: image4.png]Algebraic relations

o Molefraction light key in vapor phase:
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o Perfect control of reboiler level (LV—configuration!):
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e Perfect control of accumulator level (LV —configuration):
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Ordinary differential equations

o Reboiler:
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Given the model equations, Matlab codes were written for the dynamic simulation of the column (dist_rhs.m, dist_rhsmain.m). 
The codes also show the values of the parameters used for simulation. The simulations were performed considering 13 trays and that the feed is introduced at the 7th tray. 
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Fig 2: Showing the simulation of the column for 1000 min
The steady state is obtained after about 800 minutes and the final steady state values are:
Reboiler

- 
    
0.0101    

Tray 1


-

0.0202    

Tray 2


-

0.0392

Tray 3


-

0.0737

Tray 4


-

0.1326    

Tray 5


-

0.2242    


Tray 6


-

0.3473    

Tray 7


-

0.4839    

Tray 8


-

0.6304    

Tray 9


-

0.7613    

Tray 10

-

0.8585    

Tray 11

-

0.9213

Tray 12

-

0.9583

Tray 13

-

0.9789    
Accumulator 

-

0.9900


Considering the dynamics of this steady state, the simulations are performed at this steady state operating point and the disturbance is introduced as a step change in the liquid or the vapor flow rates inside the column with no change in the feed flow rate. 
If the step changes in both the liquid and vapor flow rates are of equal amplitude and opposite signs it affects the external flows D and B, and if the changes are in the same directions it affects the internal flows inside the column.      

[image: image34.png]Notation
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From the simulations it can be easily observed that the changes in external flows has quiet a large impact on the final product concentrations than for the changes in the internal flows. 

Fig 3: a) 0.5% change in the external flows

      b) 0.5% change in internal flows

It can be also observed from the simulations that for the condition of change in external flows, a negative step change in the liquid flow rate and thus a same amplitude of positive step change in the vapor rate yields largest changes in the external flow rates i.e., the ratio of D/B than the other way around. The ratio increases very high value meaning that more of the distillate is formed and less of the bottom product is formed. It can be understood that there is possible chance of changes in external flows during the operation of the distillation column. The matlab codes for these simulations (dist_rhs2.m, dist_rhsmain2.m).

Four simulations have been performed to check the possible variations in external and internal flows for small step changes. The matlab codes used are dist_rhs3.m, dist_rhsmain3.m.
[image: image6.emf]0 500 1000 1500 2000 2500

7.5

8

8.5

9

9.5

10

10.5

x 10

-3

Time

Bottom product

bottom product

 [image: image7.emf]0 500 1000 1500 2000 2500

0.9865

0.987

0.9875

0.988

0.9885

0.989

0.9895

0.99

Time

Distillate

Distillate


a) (dV,dL)t=t0 = (10^-4 kmol/min,-10^-4kmol/min) 
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b) (dV,dL)t=t0 = (-10^-4 kmol/min,10^-4kmol/min)
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      c) (dV,dL)t=t0 = (10^-2 kmol/min,10^-2kmol/min)        
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d) (dV,dL)t=t0 = (-10^-2 kmol/min,-10^-2kmol/min)
Fig 4: (a,b,c,d) Responses of the product compositions for changes in external and internal flows

	Changes in Flows
	Type of change
	
	Gains (approx. from plots)
	Time constants (approx. from plots) (min)

	a) (dV,dL)t=t0 = (10^-4 ,-10^-4)
	External
	Bottom Product
	2.5*10^-3
	2000 

	
	
	Distillate
	3.12*10^-3
	2000

	b) (dV,dL)t=t0 = (-10^-4 ,10^-4)
	External
	Bottom Product
	3.4*10^-3
	2000

	
	
	Distillate
	2.2*10^-3
	2000

	c) (dV,dL)t=t0 = (10^-2 ,10^-2)
	Internal 
	Bottom Product
	2.2*10^-4
	1000

	
	
	Distillate
	2.05*10^-4
	1000

	d) (dV,dL)t=t0 = (-10^-2 ,-10^-2)
	Internal
	Bottom Product
	2.5*10^-4
	800

	
	
	Distillate
	2.0*10^-4
	1000


Table 1: Showing the Gains and Time constants for various flow changes
The matlab codes showing the effect of profile position and profile length are dist_rhs4.m and dist_rhsmain4.m
	Changes in Flows
	Profile Position [0.5 * (dxds + dxbs)]
	Profile Length [(dxds – dxbs)]

	a) (dV,dL)t=t0 = (10^-4 ,-10^-4)
	-0.0028
	6.1468e-004

	b) (dV,dL)t=t0 = (-10^-4 ,10^-4)
	 0.0028
	0.0011

	c) (dV,dL)t=t0 = (10^-2 ,10^-2)
	2.2446e-008
	3.9451e-004

	d) (dV,dL)t=t0 = (-10^-2 ,-10^-2)
	1.9619e-008
	4.2697e-004


Table 2: Showing the effect on the Profile Position and Length to the changes in flows 
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Considering assumption (9), that for a total condenser 
[image: image15.wmf]s

NT

s

D

y

x

=

holds only at steady state. In order to validate this assumption, consider equation (8), 
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For steady state, 
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Thus from the equation at steady state,  
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For dynamic state, 
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Then from the equation under dynamic conditions, 
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Thus under dynamic conditions  
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 it can be seen that the change in mole fraction actually depends on the holding volume, vapor rate and the time taken for the condensation. It can also be seen from the simulations, 

Considering the effect of the reflux ratio and the relative volatility on the product concentrations. Matlab codes for these are dist_rhs6.m, dist_rhsmain6.m. 


The response curves show that with about 2.55% increase in the reflux ratio pure upper product with 100% concentration can be obtained.


And with about 20% decrease in the reflux ratio pure bottom product can be obtained. 


Thus based on the product of interest i.e, bottom or top, the reflux ratio can be adjusted as such. 


Similarly with about 100% increase in the relative volatility nearly pure top and bottom products can be obtained. 


But it is also observed that a decrease in relative volatility decreases the light component concentration of the top product and increases the light component concentration of the bottom product which should surely be undesirable.   
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Fig 5: Plots showing a 2.55% increase in the Reflux ratio
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Fig 6: Plots showing a 20% decrease in the Reflux ratio
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Fig 7: Plots showing a 100% increase in the relative volatility
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Fig 8: Plots showing a 10% decrease in the relative volatility

Considering the validity of assumption (4), the relative volatility α is a constant, it should be noted that this assumption is valid only if the relative volatility of a compound or substance does not depend on its vapor mole-fraction. Considering the case of separation of alcohols with water or say methanol and ethanol or methanol and isopropanol, where the relative volatility changes with the concentration, this model of equilibrium stage dynamic distillation cannot be used. Such separations should be dealt with more complex models for non-equilibrium stage dynamic systems. Such separations are possible normally by extractive distillation.
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