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Introduction

Batch distillation is the process of separating a specific quantity of a liquid mixture into products.  The feed mixture is charged to the equipment and one or more products are withdrawn.  The composition of both the initial charge and distillate changes with time, there is no steady state.  The relative amount of the lower boiling components in the charge decreases as distillation proceeds.  Several models are available for solving batch distillation problems.
Different Models

1) Rayleigh Model

This is the model for a single stage batch distillation.  The still is charge and the charge heated to form vapor.  The vapor produce is in equilibrium with the liquid remaining in the still.  Vapor is removed as soon as it is formed.  None is returned to the still as reflux after condensation.
Mass balance

At any instant the rate of output is D and the rate of depletion is -d/dt (W).  D is the distillate and W is the residue.
Total balance, -d/dt (W) = D.  Therefore -W = Ddt                                  (1.1)  
Doing a component balance, -d/dt (Wxw) = Dyd                                        (1.2)
Here xw is the instantaneous mole fraction of the more volatile component in the residue and yd is the mole fraction in the distillate.
We can therefore write by solving the equation (1.2),

Wdxw + xwdW = yddW                                                                              (1.3)

Separating the variables and integrating Eq (1.3) between Wo and W, and xo and x, where Wo is the initial charge and xo the mole fraction of the more volatile component in this charge, we get,
Wo ∫W dW/W = xo ∫x dxw/(yd – xw)                                                                (1.4)
The right hand side of Eq (1.4) can only be integrated analytically for the following cases,

a) When we have conditions where the equilibrium relationship y = kx can be apply, so we can substitute this relationship for y.  On integrating we will now get, 
ln (W/Wo) = 1/ (k-1) ln(x/xo)                                                           (1.5)
b) For a binary mixture if the relative volatility, α, is constant, we can get yd, the instantaneous distillate composition from the following relationship, 
y = αxw/ (1 + (α – 1) xw)                                                                  (1.6)

Substituting the equation (1.6) for y into the integral expression (1.5) and integrating between the limits will give, 
ln (W/Wo) = 1/ (α – 1) [ln (xo/x) + α ln (1- x/1- xo)]                       (1.7)
Otherwise, if the equilibrium relationship, y = f(x) is in graphical or tabular form, integration can be performed graphically or numerically.
Applications

The Rayleigh model is fairly limited in its application.  It’s a single stage batch distillation, without any reflux.  Sharp separations cannot be achieved by this technique, unless the magnitude of the relative volatility approaches infinity for the components being separated.  As a result this model is only useful for separating wide boiling mixtures, where extremes of purity are not required.
The model can therefore only be used for distillate and residue calculations for a single theoretical stage.
2) Short Cut Model

This model is based on the assumption that batch distillation can be represented as a series of continuous distillation operations of short duration.  It can be applied to multicomponent, multistage batch columns, with constant reflux and variable distillate composition, or variable reflux and constant distillate composition.  This method avoids stage by stage calculations of vapor and liquid compositions by employing the Fenske-Underwood-Gilliland (FUG) shortcut procedure for continuous distillation.  No estimation is made of compositions or temperatures, at intermediate stages.
Mass balance
-d/dt (W) = D                                                                                             (2.1)
D = V/ (1 + R)                                                                                            (2.2)
W is the residue, V is the vapor leaving the column, D is the distillate and R is the reflux ratio.

The accumulated distillate over some time Δt, t1 - to, is given by,
Ha = DΔt                                                                                                    (2.3)
If we start with an initial charge of Wo, an overall mass balance, after Δt, is,
Wo = W1 + Ha                                                                                             (2.4)

Dividing Eq (2.4) through out by Δt to approximate continuous distillation over the time step, one can write, 
F = W + D                                                                                                  (2.5)

Where F = W0/Δt, W = W1/Δt, D = Ha/Δt.

Doing a component balance,
FxFi = Wxwi + Dxdi ------------------ (2.6)
Eq (2.6) can also be written as xwi = (FxFi – Dxdi)/W                                (2.7)
The xwi from the current distillation step becomes xFi for the next distillation step.
The distillate composition, xdi is estimated using the FUG method.  Fenske equation is used to calculate the minimum number of trays.  
Fenske equation: Nmin = ln ((xdi/xdk) (xwk/xwi))/ln αi                                   (2.8)
Define C1 = Nmin.  ‘Hengestebeck-Geddes’ Equation can be used to calculate xdi, 
Xdi = (αi/α1) C1 (xd1/xw1) xwi, i = 2, 3 ...n                                                     (2.9)
and ∑xdi = 1, summing from i = 1 to n.

xd1 in Eq (2.9) is estimated using the following equation
xd1 = 1/ (∑ (αi/α1) C1 (xwi/xw1)                                                                  (2.10)
The Underwood equations can be used to make an estimate of the minimum reflux ratio for cases where the feed is at its bubble point. Underwood Equations:

∑ (αi xwi)/ (αi – θ) = 0                                                                               (2.11)

The θ in Eq (2.11) is calculated and used in the following equation to calculate the Rmin, u.

Rmin, u + 1 = ∑ (αixdi/αi-θ)                                                                        (2.12)
The Gilliland correlations which can be used to estimate the number of theoretical stages are:
X = (R – Rmin, u)/(R+1)                                                                            (2.13)
Y = (N – Nmin)/ (N + 1)                                                                            (2.14)
Rmin, g = R- X(R + 1)                                                                                (2.15)
Thus Rmin, g and Nmin are calculated from the equations (2.14) and (2.15).
The following condition has to be satisfied for C1 estimation,
Gc = (Rmin, u/R) – Rmin, g/R ≈ 0                                                                 (2.16)
These equations are then solved iteratively to find C1 and xdi until convergence.
Method of Sundaram and Evans – Seader and Henley

Another approach is presented in the book ‘Separation Processes’ by J. D. Seader and Ernest J. Henley called the Sundaram and Evans method.  With this method an instantaneous balance around the column is done, which yields the following component balance for component i, 
dxwi = (xDi – xwi) dW/dt                                                                            (2.17)

 An overall balance yields, -dW/dt = V/ (1 + R)                                     (2.18)
These equations are then written in finite difference form using Euler’s method respectively.  

xwi (k+1) = xwi (k) + (xDi(k) – xwi(k))[(W(k+1) – W(k))/W(k)]                              (2.19)

W (k+1) = Wk – (V/ (1 + R)) Δt                                                                  (2.20)
The Fenske equation is written in terms of xDi,

xDi = xwi (xDr/xwr)αi,rN                                                                                (2.21)
Here r is a reference component of the mixture, generally the least volatile component.  Since ∑xDi = 1, from i = 1 to c, the number of components, we can rewrite the Fenske equation in terms of xDr as
xDr = xwr/(∑xwiαi,rN)                                                                                  (2.22)
This equation (2.21) is used to compute the initial distillate composition, xD(0).  The remaining values of xDi(0) can then be computed from the modified Fenske equation.
Using the initial values of xDi (0), values of W1 and xwi (1) are then computed.  The FUG method is then used to compute each subsequent set of xwi (k+1) for k > 0, for each successive time step.  
Nmin is related to N by the Gilliland correrelation. A convenient but approximate equation of correlation between Nmin and Rmin, is given by Eduljee as,
(N - Nmin)/ N+1 = 0.75(1 – ((R-Rmin)/R+1)0.5668)                                     (2.23)
An estimate of the minimum reflux ratio is given by the class I Underwood equations,

Rmin = [(XDLK/XwLK) – αLK,HK(XDHK/XwHK)]/(αLK,HK – 1)                         (2.24)

If (2.21) with i = 1, r = C, and N = Nmin and (2.21) with r = C is substituted into (2.24), we get,
Rmin = (α1,CNmin – α1,C)/[(α1,C – 1)∑Xwiαi,CNmin]                                        (2.25)
Nmin and Rmin are calculated from Eq (2.23) and Eq (2.25) simultaneously by an iterative method; xDr1 is then calculated, with N now equal to Nmin using Eq (2.22), following which the other values of xDi can then be calculated.  xwi2 and W2 are then determined using Eqs (2.19) and (2.20).

Applications

This method can be used for calculating residue compositions and distillate composition for a multicomponent system.  To achieve a sharp separation, tray or pack columns are required to be located above the still, along with a means of sending reflux back to the column.  If the reflux ratio, R, is fixed, distillate and still compositions vary with time.  A constant molal vapor rate can be maintained, while continuously varying the reflux ratio.  The shortcut model can be applied in either case to estimate residue and distillate compositions.  A limitation though is that the Fenske equation can only be applied for situations where condenser and column hold ups are negligible, which is not always the case.  Use of the Fenske equation is also dependent on the method used to start up the column.  The Fenske equation can only be used if total reflux is employed as the start up method.
3) Simple Model
This model is based on the assumptions of constant relative volatility and equimolal overflow and includes detailed plate to plate calculations.  The model is for a multistage, multicomponent system with a constant reflux ratio.
Mass balance

The equations for the condenser are done first, then the equations for the accumulator.  This is then followed by the equations for the accumulator, followed by the equations for the plates in the column and the reboiler.
a) Accumulator and Condenser 
For the accumulator one can write the following total balance equation,

d/dt (Ha) = LD                                                                                             (3.1)
where Ha is the amount of product in the accumulator and LD is the incoming liquid from the condenser. 
Doing a component balance, for component i, one can write,
d/dt (Haxai) = LDx1i                                                                                     (3.2)
Eq (3.2) is expanded as d/dt (xai) = LD/Ha (x1i – xai)                                  (3.3)
For the condenser, one can write the following total balance equation,
d/dt (Hc) = V – LD                                                                                      (3.4)
where Hc is the hold up liquid in the condenser, and V is vapor from tray 2.

Doing a component balance one can write, d/dt (Hcx1i) = Vy2i – LDx1i.  Solving this will yield the following equation, 
d/dt (x1i) = V/Hc (y2i – x1i)                                                                         (3.5)
The internal reflux ratio is defined as L = rV.  V = LD + L, which gives,
LD = V (1-r)                                                                                              (3.6).

b) Internal plates and reboiler

The same types of material balances can be done for the internal plates and the reboiler to give,
i) For the internal plates:

dxj,i/dt = V/Hj (yj+1,i – yj,i) + L/Hj(xj-1,i – xj,i)                                         (3.7)

j = 2, to n-1 and i = 1 to nc, assuming a constant molar plate holdup.
The vapor liquid equilibrium relationship is written as: 
yj, i = αixj, i/ (∑ (αkxj,k))                                                                               (3.8)
ii) For the reboiler 
HN (dxN, i/dt) = L (xN-1, i- xN, i) – V (yN – xN, i)                                            (3.9)
Given the number of trays, equations can be written for each stage and solve simultaneously for xi, n, the vapor liquid equilibrium relationship is then used to compute values for yi, n.

Applications
This model can be used to compute tray by tray compositions, for the batch column.  Hence it is a model which provides quick estimates of the performance of a batch column, in terms of component distributions.  However, its results are only valid if the following assumptions are satisfied:
a) constant molar holdup for condenser and internal plates.

b) Total condensation without sub-cooling.

c) Negligible vapor holdup

d) Perfect mixing of vapor and liquid on the plates

e) Negligible heat losses

f) Theoretical plates

g) Feed mixture at its bubble point

h) Adiabatic column

i) Negligible pressure drop across the column

4) Rigorous Model

The rigorous model is based on the assumptions of equilibrium stages, perfect mixing of liquid and vapor phases at each stage, negligible vapor hold up, constant liquid hold up, M, on a stage and in the condenser system and adiabatic stages in the column.  The stages are numbered from top to bottom.
To initiate operation feed is charged to the reboiler, to which heat is supplied.  The vapor leaving stage 1 at the top of the column is totally condensed and passed to the reflux drum.  At first, a total reflux condition is established for a steady state fixed overhead vapor flow rate.  Depending upon the amount of liquid hold up in the column and in the condenser system, the amount and composition of the liquid in the reboiler at total reflux differs to some extent from the original feed.
Starting at some time, t = 0, distillate is removed from the reflux drum and sent to an accumulator at a constant molar rate, and a reflux ratio is established.  The heat transfer rate to the reboiler is adjusted so as to maintain the overhead vapor molar flow rate.  Model equations based on total material balances, component material balances, and energy balances are derived for the overhead condensing system, the column stages and reboiler.

Mass and energy balance

Total material balance: 
V1 – L0 – D = dM0/dt                                                                                 (4.1)
Component material balance: 
V1yi, 1 – L0xi, 0 – Dxi, D = d/dt (M0xi, 0)                                                        (4.2)
Energy balance: 
V1hv1 – (L0 + D) hL0 = Q0 + d/dt (M0hL0)                                                   (4.3)
The derivative terms are accumulation due to hold up.

For phase equilibrium at stage 1, yi, 1 = Ki, xi, 1                                          (4.4)
These yield the following sets of equations:
a) Overhead condensing system
Component balance: 
dxi,0/dt = [(L0 + D + dM0/dt)/M0] xi,0 + [(V1Ki,1)/M0]                                (4.5)
for i = 1 to C components.
Total mole balances: V1 = D(R+1) + dM0/dt                                             (4.6)
Enthalpy balance: Q0 = V1 (hv1 – hL0) – M0 (dhL0/dt)                                 (4.7)
b) Column stages

Component balance: 
dxi, j/dt = [Lj-1/Mj] xi, j-1 – [(Lj + Ki, jVj + dMj/dt)/Mj] xi, j + 
[(Ki, j+1Vj+1)/Mj] xi, j+1, for i = 1 to C                                                           (4.8)
Total mole balance: Lj = Vj+1 + Lj-1 – Vj – dMj/dt                                     (4.9)
Enthalpy balance: Vj+1 = 1/ (hvj+1 – hLj) [Vj (hvj – hLj) – Lj-1(hLj-1 – hLj) 

+ Mj (dhLj/dt)], for j = 1 to n                                                                    (4.10)
c) Reboiler
Component balance: dxi, N+1/dt = (LN/MN+1) xi, N – [(VN+1Ki, N+1 + 

(dMN+1/dt))/MN+1] xi, N+1, for i = 1 to C                                                    (4.11)
Enthalpy balance: QN+1 = VN+1(hvN+1 – hLN+1) – LN(hLN – hLN+1)
+ MN+1(dhLN+1/dt)                                                                                     (4.12)
L0 = RD                                                                                                    (4.13)
Phase Equilibrium relationships for the column stages and the reboiler can be written, yi,j = Ki,jxi,j, under the restriction that ∑yi,j = 1, for i = 1 to C and j = 1 to N+ 1
   These equations can be solved under the following conditions:
a) Constant Volume Hold Up (CVH)

b) Constant Molar Hold Up (CMH)

They constitute initial value problems for a system of ordinary differential equations.  Analytical solutions are difficult, so these systems of equations are generally solved numerically.

Applications

This technique can be used for predictive modeling purposes once the assumptions that are used in its deriving are met.  The accuracy of the model will depend on the thermodynamic models used for vapor liquid equilibrium data and for predicting enthalpy.  The fact that enthalpy calculations are used in this model makes it a better model for predictive purposes than the Short Cut Model and the Simple Model.  This is because if the conditions of equimolal overflow are not met, the enthalpy calculations that are used as part of the iterative process for calculating compositions will still ensure that good results are obtained.
5) Rigorous Model with Chemical Reactions

The assumptions made for the rigorous model are used for the rigorous model with chemical reactions.  Further assumptions are that there are no chemical reactions in the vapor phase and in the condenser accumulator. Reaction kinetics data, which can be written as,
rji = rji(kr, xD)                                                                                              (5.1)
∆nj = ∑r ji                                                                                                    (5.2)
are needed in order to model the reactions.
Mass and Energy balance equations:

a) Condenser and Accumulator, j = 1; i = 1 to C.

Accumulator total mass balance: dHa/dt = LD                                           (5.3)
Accumulator component balance: d/dt (Haxai) = LDxDi                             (5.4)
Condenser Hold up Tank component balance: d/dt (HcxDi) = V2y2i +
r1iHc - LcxDi                                                                                                 (5.5)
Energy balance: d/dt (Hch1L) = V2h2v – Lch1L - Qc                                     (5.6)
b) Internal Plates, j = 2 to (N – 1); i = 1 to nc
Total mass balance: dHj/dt = Lj-1+Vj+1 – Lj – Vj + ∆njHj                           (5.7)
Component mass balance: d/dt (Hjxj,i) = Lj-1xj-1,i + Vj+1,i – Ljxji
– Vjyji + rjiHj                            (5.8)
Energy Balance: d/dt (HjhjL) = Lj-1hj-1L + Vj+1hj+1v – LjhjL - Vjhjv               (5.9)
Equilibrium relationship: yji = kjixji, under the restriction that ∑yij = 1
c) Reboiler, j = N; i = 1 to nc
Total mass balance: dHN/dt = LN-1 – VN + ∆nNHN                                   (5.10)
Component mass balance: d/dt (HNxNi) = LN-1xN-1, i-VNyNi+rNiHN           (5.11)
Energy balance: d/dt (HNhNL) = LN-1hN-1L – VNhNv +QR                           (5.12)
Applications

This is just an extension of the rigorous model.  From the material and energy balances, thermodynamic data and kinetic data, compositions of distillates, residues and tray compositions can be computed. 
Unconventional methods of Batch Distillation and Models


In conventional Batch Distillation the condenser holdup is small and light product is removed continuously from the overhead of the column. Unconventional processes do not follow a specific procedure. So, there are a lot of unconventional methods and models describing them. 

1) Continuous Column Batch Distillation :


It is based on the assumption of constant relative volatility and equimolal overflow. A continuous column with N stages with a condenser at the top and a re-boiler at the bottom. There is also a recycle from the condenser, and the product is collected as distillate. The liquid from the re-boiler is collected as the bottom product. Feed is introduced in any of the intermediate trays. The equations for the various stages are given as: 

For the condenser, 
y2i – x1i = 0                                                                                                 (6.1)

and 
xai – x1i = 0                                                                                                  (6.2)
since the composition of the liquid reflux is same as that of the distillate. The reflux ratio is defined as R = L/V which can further be written as 
R = (V - LD)/V. So, 
LD = V (1 - R)                                                                                            (6.3)
Component Mass balance for the Internal Plates,
Feed plate:
Lxj-1,i – L′xj,i + V(yj+1,i – yj,i) + FxF = 0                                  (6.4)
Above feed plate:
L(xj-1,i – xj,i) + V(yj+1,i – yj,i) = 0                                  (6.5)
Below feed plate:
L′(xj-1,i – xj,i) + V(yj+1,i – yj,i) = 0                                  (6.6)
Feed plate Total Mass Balance:
F + L - L′ = 0                                          (6.7)
Vapour Liquid Equilibrium: yj,i = αixj,i / K=1nc∑ αkxj,k                                 (6.8)
For the reboiler,
Total Mass Balance:
   
L′ – LB – V = 0                                       (6.9)
Total Component Balance:
L′xN-1,i – LBxNi – VyNi = 0                     (6.10)
2) Inverted Batch Distillation Column(IBD) :


This column is proposed by Robinson and Gilliland also referred to as the batch stripper. The feed is charged to the top of the column and the heavy products are drawn from the bottom of the column. These columns are considered better than the conventional columns for separations with a small amount of light component. It is also sometimes used for separation of azeotropic mixtures.


The equations for the intermediate plates for models 3, 4 and 5 presented earlier in the discussion for conventional processes do not change for this column because the equations are for the molar component balance of each plate and the equilibrium relationship which are the same in this case too and molar holdup rate remains a constant value.  The equations for condenser and reboiler change as follows:
Type 3 - Simple Model:
For the condenser, the component balance is 
Hcdx1i/dt = Vy2i – Lx1i                                                                               (7.1)

where Hc is the amount of feed, x1i is the mole fraction of the component i in the feed entering into the 1st tray or the 2nd stage. y2i is the mole fraction of the vapour entering the total condenser.  

The total mass balance over the product tank is 
dHR/dt = LB                                                                                                (7.2)

The component mass balance is given as 
HRdxRi/dt = LB (xNi - xRi)                                                                            (7.3)
For the re-boiler, the component balance is given as 
HNdxNi/dt = LxN-1,i – LBxN,i – VyN,i                                                            (7.4)

The reboil ratio definition is Rb = V/L                                                       (7.5)
Type 4 - Rigorous Model – CVH: 
For the condenser, the total mass balance is 
dHc/dt = V2 – L1                                                                                         (7.6)

where Hc is the amount of feed, V2 is the amount of vapour entering the total condenser, L1 is the amount of liquid entering the 1st tray or the 2nd stage. 
The component mass balance is 
d(Hcx1i)/dt = V2y2i – L1x1i                                                                          (7.7)

where x1i is the mole fraction of the component i in the feed entering into the 1st tray, y2i is the mole fraction of the vapour entering the total condenser.  
The energy balance is given as 
d(Hch1L)/dt = V2h2V – L1h1L – QC                                                               (7.8)
The total mass balance over the product tank is 
dHR/dt = LB                                                                                                (7.9) 
The component mass balance is given as 
d(HRxRi)/dt = LB(xNi - xRi)                                                                        (7.10)
For the re-boiler, the total mass balance is given as 
dHN/dt = LN-1 – LB – VN                                                                           (7.11)
The component balance is given as 
d(HNxNi)/dt = LN-1xN-1,i – LBxN,i – VNyN,i                                                  (7.12)
The energy balance is given as 
d(HNhNL)/dt = LN-1hN-1L – LBhNL – VNhNV + QR                                       (7.13)
The reboil ratio definition is Rb = VN/LN-1                                               (7.14)
Type 5 – Rigorous Model with Chemical reaction: 
For the condenser, the total mass balance is 
dHc/dt = V2 – L1 + ∆n1Hc                                                                         (7.15)
where ∆n = ∑r1i.
The component mass balance is 
d(Hcxci)/dt = V2y2i – L1x1i + rciHc                                                              (7.16)  
The energy balance is given by the equation 
d(Hch1L)/dt = V2h2V – L1h1L – QC                                                             (7.17)
The total mass balance over the product tank is 
dHR/dt = LB                                                                                              (7.18)
The component mass balance is given as 
d(HRxRi)/dt = LB(xNi-xRi)                                                                          (7.19)
For the re-boiler, the total mass balance is given as 
dHN/dt = LN-1 – LN – VN + ∆nNHN                                                            (7.21)
The component balance is given as 
d(HNxNi)/dt = LN-1xN-1,i – LBxN,i – VNyN,i + rNiHN                                     (7.22)
The energy balance is given as 
d(HNhNL)/dt = LN-1hN-1L – LBhNL – VNhNV + QR                                       (7.23)
The reboil ratio definition is rb = VN/LN-1                                                (7.24)
3) Middle Vessel Batch Distillation Column (MVC) :

It is a further generalization of the inverted column which has both the rectifying and the stripping sections. A feed mixture is charged to the middle vessel and products are drawn from both the top and the bottom. It is also sometimes referred to as complex batch distillation column.

The equations are the same as that of the inverted column except for the condenser, but the vapour and the liquid flow rates in the rectifying section and the stripping section are not the same.

Type 3 - Simple Model:

Feed Plate (j = NF)

Feed Tank: 



Total Mass Balance:    dHf/dt = Lf – F                                                       (8.1)
Component Balance:    Hfdxfi/dt = Lf (xji – xfi)                                          (8.2)
Feed Plate:

Total Mass Balance:     L - L′ +F – Lf = 0                                                 (8.3)
Component Balance:    
Hfdxfi/dt = Lxj-1,i – L′xj,i + V(yj+1,i – yj,i) + Fxfi – Lfxji                                (8.4)
Type 4 - Rigorous Model (CVH):

The liquid and the vapour flow rates vary throughout the column.

Feed Tank: 



Total Mass Balance:    
dHf/dt = Lf – F                                                  (8.5)
Component Balance:    
d(Hfxfi)/dt = Lf xji – Fxfi                                     (8.6)
Feed Plate:

Total Mass Balance:    
Lj-1 – Lj + Vj+1 - Vj + F – Lf = dHf/dt                 (8.7)
Component Balance:   

d(Hfxfi)/dt = Lj-1xj-1,i – Ljxj,i + Vj+1yj+1,i – Vjyj,i + Fxfi – Lfxji                       (8.8)
Energy Balance:   


d(HfhjL)/dt = Lj-1hj-1,L – LjhjL + Vj+1hj+1,V – Vjhj,V + FhfL – LfhjL                 (8.9)
Type 5 - Rigorous Model with Chemical Reaction:

Feed Tank: 



Total Mass Balance:    
dHf/dt = Lf – F + ∆nfHf                                   (8.10)
Component Balance:    
d(Hfxfi)/dt = Lf xji – Fxfi + rfiHf                        (8.11)
Feed Plate:

Total Mass Balance:    


Lj-1 – Lj + Vj+1 – Vj + F – Lf + ∆njHj = dHj/dt                                          (8.12)
Component Balance:   


d(Hjxji)/dt = Lj-1xj-1,i – Ljxj,i + Vj+1yj+1,i – Vjyj,i + Fxfi – Lfxji                     (8.13)
Energy Balance:   


d(HjhjL)/dt = Lj-1hj-1,L – LjhjL + Vj+1hj+1,V – Vjhj,V + FhfL – LfhjL               (8.14)
4) Multivessel Batch Distillation Column (MultiBD) :
 
It is still a further generalization of batch distillation including the inverted column and the middle vessel column. It may be viewed as a stacking of several columns on top of each other. The distillate is drawn is intermediately between the columns. It is most recently operated at total reflux. The model equations for the condenser, reboiler and internal plates are the same as that of the conventional batch distillation column. The model equations for different vessels of the column are same as those of the feed tank of the middle vessel batch distillation column except that there are no feed plate model equations. So, separation of Nc components would require Nc-1 accumulators. The column performs very well under many different feed compositions. By feeding the column in the right vessel, or dividing the feed among the vessels, the column will outperform the conventional batch in any case. 
Comparisons between various Models
1) Comparing the FUG method in Seader and Henley with the FUG shortcut model in I.M Mujtaba

In the Seader and Henley the material balance equations are written as differential equations with time as the independent variable.  The dependent variable is the residue or bottoms for the total balance and the residue compositions for the component balance. 

In the Mujtaba, the material balance equations are written as for continuous distillation, over short time intervals of ∆t.

For each time step in the distillation process, using the method in Seader and Henley, the finite difference method of Euler is used to solve the differential equations for new values of W and Xw.

In the book by Mujtaba, the values of Xw from the current distillation step become XF for the next distillation step.  Xwnew is calculated from,

Xwnew = (FxFi – Dxdi)/W.

The method in Seader and Henley uses the Fenske equation for the number of stages N at t = 0, to determine XDr, where r is an arbitrary reference component of the mixture.  Once XDr is determined, then XDi can be determined.  With XDi determined, then it possible to calculate Xwi.  To calculate each subsequent values of Xwi, at each successive time intervals, values of XDi are needed.  N now has to be replaced by Nmin in the Fenske equation.  The Gilliland correlation is used to calculate Nmin, using an approximate equation for that correlation due to Eduljee.  Rmin is needed for this correlation.  This is obtained from the Class 1 Underwood equation, which assumes that all components in the charge distribute between the top and the bottom products.  Both equations are solved simultaneously by an iterative technique in order to obtain Rmin and Nmin.

The method presented by Mujtaba also uses N as the first guess for Nmin.  However, the Class 11 Underwood correlations are used to calculate, the minimum reflux ratio, Rmin, u, for the next time interval.  This is a better method, if components do not distribute between the two products.  The Gilliland correlation is then used to estimate Nmin.  The Gilliland correlation is also used to obtain another value for the reflux ratio, Rmin, g.  Rmin, u ≈ Rmin, g.  The Nmin obtain by this method, should be approximately equal, to that by the Fenske method.  If not, Nmin obtain by Fenske is used to calculate new values of XDi, until there is convergence.  The XDi values and Xwi values obtained when there is Nmin convergence are used to calculate the new values of XDi and Xwi.
2) Simple and Continuous Methods:

a) In simple model batch distillation, the change in mass of the component in each stage is considered equal to the change in the mass of the component in the vapour phase and the liquid phase.

In equations,

d(Hjxj,i)/dt = V(yj+1,i – yj,i) + L(xj-1,i – xj,i) where Hj is the holdup of the stage j and xj,i is the mole fraction of the component i in the stage j. 

The unconventional continuous batch distillation operates just as a continuous column for a short duration of time and the feed is pumped in at any stage and has the same flow rate and mole fraction with respect to time in the total time interval. Thus the equations would be the same as that of a continuous column.

Feed plate:


Lxj-1,i – L′xj,i + V(yj+1,i – yj,i) + FxF = 0

Above feed plate:

L(xj-1,i – xj,i) + V(yj+1,i – yj,i) = 0

Below feed plate:

L′(xj-1,i – xj,i) + V(yj+1,i – yj,i) = 0
Where L′ = F + L 
b) The assumptions as constant relative volatility, the equimolal overflow and constant liquid holdup are the same in both cases but still the continuous column runs on the principle of constant mole fractions of the components with respect to time in different stages.
3) Rigorous Model Seader and Henley with Rigorous Model Mujtaba
1) In the mujataba book for the rigorous model, he considers an extra stage, the accumulator, for the material and energy balance calculations where as the seeder does not. so, the material and energy balance calculations differ.

2) The mole fraction of the component in the recycle is equal to that of the distillate in the mujtabas system for rigorous model and in case of the seeders system it is different. So in the seeders system the change in the mole-fraction of the distillate product is proportional to the change in the condenser composition (mole-fraction). But still both the cases run with a constant molar liquid hold-up (considering mujtabas constant molar hold-up rate rigorous model).

3) For the condenser, equations as far as the material and the energy balances part is considered, we think that the mujtabas model is better it has only one differential term compared to seeders two differential terms inside the equations. 

4) But in the seeders model is better in a way that the final equations for material balances in the condenser, columns, and reboiler show a linear relationship of the change in the mole-fractions with respect to time with the mole-fractions i.e, when plotted in graph it would be straight line. So, we think with values for say two time intervals we can get the values for all the stages at all the times with an interpolated graph.

5) In the seeders model if we change the intial mole-fraction of the component in the reboiler say maintaining all other values constant, we suppose that we get parallel lines in the graph of the change in mole-fraction w.r.t time on y-axis and mole-fractions and x-axis which means that all the values can be interpreted from one single point. (still has to be verified)
6) Both models generate systems of DAEs that has to be solved numerically.
Flow Diagram showing the FUG short cut method from Mujtaba
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Seader-Henley Rigorous Method
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Method of Calculation

For a fixed charge i.e, known moles and thus mole fractions, the batch column operation simulation has to be done. The operation usually takes place at fixed pressure conditions. Under these conditions the bubble point temperature of the mixture can be obtained from thermodynamic calculations and then we can find the yi values. The column is run at total reflux until it reaches steady state conditions or until the required distillate composition is obtained. The models which can thus be worked out are consant vapour holdup, constant condenser vapour load, constant distillate rate, constant reboiler duty and cyclic operation. 
After the steady state is obtained the product is removed at either varying reflux or constant reflux at constant vapour boil up rate. The varying reflux indicates that the distillate is removed at a constant rate and the constant reflux indicates that the distillate is removed at varying rate until the required purity is obtained for a time t. The liquid rate depends on the distillate and reflux rates. Or the operation can also be carried out at varying re-boiler heat duty either decreasing or increasing the heat supplied to the re-boiler while maintaining constant reflux and constant distillate rate. 
The calculation procedures of the various possible models are as follows:
The number of the DAEs will depend on the type of column and the type of the model. 

Component mole balances at various stages are:

Condensor:

dxi,0/dt = - [L0+D+(dM0/dt)/M0] xi,0 + [V1Ki,1/M0] xi,1,       i = 1 to C     (9.1)
Stage j:

dxi,j/dt = [Lj-1/Mj] xi,j-1 - [Lj+Ki,jVj+(dMj/dt)/Mj] xi,j + [Ki,j+1Vj+1/Mj] xi,j+1,                          

i = 1 to C, j = 1 to N

(9.2)
Reboiler:

dxi,N+1/dt = (LN/MN+1) xi,N – [VN+1KN+1 + (dMN+1/dt)/MN+1] xi,N+1                                                                     i = 1 to C









(9.3)
With one of the approaches, considering constant molar hold up, dMj/dt can be considered zero at any stage and thus the equations reduce to solvable form and the change in the molefractions are calculated w.r.t time.
With the second approach considering the constant rate of change in the hold up, the equation reduces to solvable form. In this case considering the total mole balance over any stage yields,

dMj/dt = Vj+1 + Lj-1 – Vj - Lj






(9.4)

Thus substituting equation (9.4) with the respective values, all the above equations converges to solvable form. 

Thus for each time interval all the stage calculations are performed and values tabulated.
Algorithm for Rigorous Model for Batch Distillation
Working with Constant distillate molar flow rates and constant change in the rate of molar liquid holdup.
1) Establish total reflux conditions based on liquid and vapor molar flow rates Vj0 and Lj0.  V0N+1 is the desired boil up rate.  L00 = D(R + 1).
2) Maintaining of the constant vapour boil up rate, as during the total reflux, is obtained by replacing L00 by L00 – D as D moles of distillate is drawn out. So, at t = 0, charge is known, XN+1,i, column pressure, reflux ratio, distillate molar flow rate, condenser molar hold up.
3) Calculate bubble point temperature to compute Ki values for computing yi values for the vapor in equilibrium with the charge in the still.  Compute the bubble point compositions for each stage.

4) Replace hold up derivatives by total material balance equations:

dMj/dt = Vj+1 + Lj-1 – Vj – L j .  Solve for Xi for the new time increments using the following equations.
a) For the reboiler, XiN+1K+1 = XiN+1K – (LN/MN+1) XiN – [(VN+1Ki,N+1+ LN-VN+1)/MN+1] Δt
b) For the overhead condensing system, Xi,0K+1 = Xi,0K + [[(L0 + D + V1-L0 – D)/M0]Xi,0K + [V1Ki,1/M0]Xi,1K]] Δt.
So, Xi,0K+1 = Xi,0K + [[V1/M0]Xi,0K + [V1Ki,1/M0]Xi,1K]] Δt

c) For the column stages, Xi,jK+1 = Xi,jK +[[(Lj-1/Mj)Xi,j-1K] - [(Lj + Ki,jVj + Vj+1+Lj-1-Vj-Lj)/Mj]Xi,jK + [Vj+1Ki,j+1/Mj]Xi,j+1K]] Δt

So, Xi,jK+1 = Xi,jK +[[(Lj-1/Mj)Xi,j-1K] - [(Ki,jVj + Vj+1+Lj-1-Vj)/Mj]Xi,jK + [Vj+1Ki,j+1/Mj]Xi,j+1K]] Δt
5) Compute liquid densities and liquid holdups and liquid and vapor enthalpies.
M0 = G0ρ0;
Mj = Gjρj
6) Compute a new set of liquid and vapor molar flow rates from equations

V1 = D(R+1) + dM0/dt
Lj = Vj+1 + Lj-1 – Vj – dMj/dt
Vj+1 = 1/(hvj+1 – hLj) [Vj(hVj – hLj) – Lj-1(hLj-1 – hLj) + Mj dhLj/dt]
 
j = 1 to N.
7) Compute the new reboiler molar hold up from

Mn+1 = MN+10 – j=o∑N Mj – 0∫t Ddt.
8) Compute condenser and reboiler heat transfer rates from
Q0 = V1 (hV1- hL0) – M0 dhL0/dt

QN+1 = VN+1 (hVN+1 – hLN+1) – LN (hLN – hLN+1) + MN+1 (dhLN+1/dt) 
Repeat steps 3 through 8 for additional time steps until the specified operation is complete.

Flow Chart
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Calculate Xw, new





K = K + 1 < t /Δt





C1 = Nmin, F





Nmin, g = Nmin, F





Calculate Nmin, F using Fenske equation





Read F, XFi





Calculate Nmin using    Rmin, u and the Gilliland correlations calculate Nmin,g





Calculate Rmin using the Underwood Equations





Calculate XD1, then used the Hengestebeck-Geddes equation to calculate the remaining XDi, i = 1 to Nc - 1





N = Nmin = C1





K = 0


Calculate W, D.                  D = V/ (1+R)


F = W + D





Read Initial Charge,


Feed composition, Xi, Molar Hold ups for Condenser, internal plates and reboiler.


Determine time step Δt





Calculate Reflux, distillate and vapor flow rates.  K = 0, t = 0





Solve the system of DAEs using a numerical integration technique for the ODE.


1) Component mole balances for the overhead condensing system, column stages and reboiler.


2) Calculate enthalpies for condensing system, adiabatic column stages, and reboiler


3) Calculate Equilibrium relationships using thermodynamic models


4) Mole fraction sum in the column stages and the reboiler


5) Molar hold ups in the condenser system and column stages based on constant volume hold ups.


6) Variation of molar hold up in the reboiler








K = K + 1 > t / Δt





Print Computed Results





NO





YES





Update XiK values to XiK+1 using numerical integration equations mentioned





YES





NO





END





K = K + 1 > T / Δt





Solve the system of DAEs using a numerical integration technique for the ODE.


1) Determine Bubble point compositions, yi, using thermodynamic models.  Do a tray by tray composition using this technique


2) Determine Molar hold ups in the condenser system and column stages based on constant volume hold ups.


3) Calculate liquid and vapor enthalpies


4) Compute liquid and vapor molar flow rates


5) Determine Variation of molar hold up in the reboiler


6) Print computed resu. n





 





Calculate Reflux, distillate and vapor flow rates.  K = 0, t = 0





Read Initial Charge,


Feed composition, Xi, Molar Hold ups for Condenser, internal plates and reboiler.


Determine time step Δt


Specify operation time T
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