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Abstract

A mass transfer limited model is proposed to evaluate the influence of mass transfer
effect to minimum reflux ratio calculations of ideal distillation system. The used ideal
ternary system is composed of n-hexane(Cg), n-heptane(C,), and n-nonane(Cy), which is
tested to determine the design of distillation column by the mass transfer resistance of
column stage. However unreasonable of trace component specifications of products will
lead to erroneous minimum reflux ratio values. This work demonstrated the distinctions
between equilibrium and mass transfer limited model generate different conclusion on the

feasibility of column separation.

The mass transfer effects give the different calculation

results to minimum reflux ratio which is affected by the type of column pinch points.

1. Introduction

Distillation is the most frequently used
separation technique in chemical and petroleum
industries. It is an intensive energy-consumption
process. In the past, design of distillation columns
relied on the classical Fenske-Underwood shortcut
design  procedure  followed by  rigorous
stage-to-stage simulation. The Fenske-Underwood
procedure calculates the minimum reflux ratio and
minimum number of theoretical stage based on
assumptions constant molar over-flow and constant
relative volatility. It is applicable only to systems
that are relative ideal in terms of vapor-liquid phase
equilibrium  behavior. Hence they are not
applicable to complex distillation columns such as
azeotropic distillation, reactive distillation etc.
Over the last decade, design of complex distillation
columns have been substantially advanced by
geometric modeling using residual curve maps and
distillation curves [1-21]. Both
Fenske-Underwood procedure and geometric
modeling method are equilibrium theory which

assumes that the vapor is in equilibrium with the
liquid along the entire column length. Sundaresan
et al. [22] analyzed that the extensively applied
“equilibrium theory” between interphase mass
transfer process is deficient because the ratios of
mass transfer coefficients are lost during the model
formulation. They found that the mass transfer
rate influence the composition of the pinch in a
countercurrent adsorption column, and suggested
that it is necessary to reexamine whether minimum
reflux ratio is affected by mass transfer. Agarwal
and Taylor [23] used a non-equilibrium model to
determine the minimum reflux ratio and found the
identical results whether an equilibrium model or
non-equilibrium model is applied. However, the
effect of non-key component specifications was not
considered. Castillo and Towler [24] implied the
non-equilibrium stages relationship at total reflux to
calculate the Murphree tray efficiency of real
column showed that mass transfer effect can cause
significant changes in the shape of the residual
curve maps and distillation lines for homogeneous
azeotropic distillation systems. = However, the
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calculations of true minimum reflux ratio under
mass transfer effect have not been illustrated in the
literature.

2. Distillation Curve with Mass Transfer

Using the assumption of constant molar

over-flow, the rectifying operating line of a
stage-wise system is written as:
_ R N 1 i
Vpr =——X, +—X
n+l R + 1 R D

Rewriting the above equation in terms of the
difference between two stages, we have

(yn+l_yn)_ K X _‘i’:n—l) (2)
R+1
In case when there is mass transfer, the relation
between liquid phase composition and vapor phase

composition of stage n is given by:
For =T =E7 (7 ((R)-7)  ©
E? is known as the overall vapor point

efficiency matrix for the n™ stage of the column.
Combining equations (1), (2), and (3), we get:
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The difference between two stages can be

interpreted as the difference between two points in a
continuous column. If we replace the difference
term with a differential, we can obtain a
rectification curve with mass transfer effect taken
into account:

dx _ R+1_,
—E” e y(x )+—xD )
dé

&is a dimensionless column length. Similarly a

stripping curve with mass transfer effect is given
by:

ﬂz_ﬁoy .( S o X)+ d Xp _x]
dé S+1 S+1
(6)
The reflux and stripping ratios are related by:
S=(R+1)| 2= ™)
Zi _xD,l

A residual curve with mass transfer effect for the
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system can be obtained if we let the reflux and
stripping ratio approaches infinity:

dx

G __Fe (x % (x)) (8)
dg

The overall vapor point efficiency matrix is related
to the overall vapor phase mass transfer coefficients

E” =1~ exp(—A TN, )
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The matrix A is the multi-component mass
transfer factor relative to the overall vapor phase
mass transfer coefficient of a reference component
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In this work, we assume that the ratio of
components mass transfer coefficients of two
different binary pairs can be estimated by the ratio
of liquid phase diffusion coefficients:
oy

kovin — Din (1])
Ky Dy
The Wilke-Chang method [25] is used to estimate
the binary molecular diffusion coefficients:
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The thermodynamic factor matrix I is given
by
Olny,
=0, +X, eyl (13)
' Ox,

J
with 6; being the Kronectka delta and vy; being the
activity coefficient of component. a is the mass
transfer area per unit volume of the column, and h
is the height of the actual column section per unit
dimensionless length (i.e. per unit actual stage).

N()\

ref "reference" number of mass transfer

is a

stages per unit actual stage. As the value of N7

increases, the column profiles and residual curve
become identical with the common equilibrium
model as the efficiency matrix approaches an
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identity matrix.

3. Effects of Mass Transfer on Different
Pinch Scenarios

A pinch is a point at which the distillation
curve becomes stationary. Rectification and
stripping pinches are therefore given by:
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R
(14)
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We can easily infer, using the above equations that
the end-pinches of a system are not affected by
mass transfer. The rectification and stripping
curves of an ideal system of n-hexane(Cy),
n-heptane(C,), and n-nonane(C,) (see Agarwal and
Taylor [23]), with R=6.1, xp=(0.99, 0.009, 0.001)

and x5=(0.001,0.421,0.578) at various N:Z; are

shown in Figure 1. The rectification end pinches
(REP) and stripping end pinches (SEP) are invariant

with respect to N”"yf .

3.1 Stripping Pinch

Given that the feed (F) is a saturated liquid
and a particular set of specifications for the splits of
all the components, and a stripping pinch condition
is found when the stripping end pinch (SEP) lies on
the rectification curve (Figure 2). This scenario
occur when the distillate contain only a small
amount of the heavy key component and
insignificant amount of all components heavier than
the heavy key. While this reflux is the minimum
given the particular set of split specifications, the
minimum reflux obtained is very sensitive to the
specification of the non-key splits. The true
minimum reflux is achieved only when the non-key
component splits to the top approaches zero, i.e. a
sharp direct split. For an ideal system with no
mass transfer effect, this happens when the
rectification saddle (RSP), feed (F) and the
stripping end pinch (SEP) are collinear.

If mass transfer effect is included, the position
of SEP would not be affected. In fact the stripping
curves are relatively unaffected by mass transfer.
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However, the rectification curve at the same reflux
move away from SEP so that the minimum reflux
ratio obtained without mass transfer is no longer a
feasible reflux (Figure 3). The minimum reflux
increased to 8.4 as effect of mass transfer effect
becomes more significant (N%,~10). The
stripping pinch condition, i.e. the stripping end
pinch (SEP) lies on the rectification curve, still hold
at minimum reflux when there is mass transfer, but
the co-linearity condition between RSP, SEP, and F
is no longer valid (Figure 4).

3.2 Rectification Pinch

Similarly, if the specifications of all the
components are given, and that the feed (F) is a
saturated liquid, a rectification pinch condition is
found when the rectification end pinch (REP) lies
on the stripping curve (Figure 5).  This usually
occurs for a sharp indirect split system, i.e. the
bottom contain only a small amount of the light key
component and insignificant amount of all
components lighter than the light key. Again the
true minimum reflux is achieved only when the
non-key component splits to the bottom approaches
zero. For an ideal system with no mass transfer,
this happens when the stripping saddle (SSP), feed
(F) and the rectification end pinch (REP) are
co-linear.

If mass transfer effect is included, the position
of the rectification end pinch (REP) would not be
affected. However, the stripping curve at the
same stripping ratio move away from REP in a
direction that makes the crossing of the rectification
and stripping curves easier, so that the minimum
reflux ratio obtained without mass transfer is no
longer a minimum reflux (Figure 6). The true
minimum reflux actually decreases to 0.25 as the
mass transfer effect becomes more important

0

(N =1).
the rectification pinch condition, i.e. the
rectification end pinch (REP) lies on the stripping
curve still hold at minimum reflux when there is
mass transfer, but the co-linearity condition
between SSP, REP and F is no longer valid (Figure
7.

As in the case of sharp direct split,

3.3 Feed Pinch

When the split is non-sharp, an intermediate
component is distributed in both the distillate and
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the bottom. In this case, minimum reflux occurs if
the rectification end pinch and the stripping end
pinch intersect at the feed (for a saturated liquid
feed). A feed pinch occurs. Since mass transfer
has no effect on the locations of the rectification
and stripping end pinches, the value of minimum
reflux will not be affected (Figure 8).

4. Conclusion

The true minimum reflux ratio can be
calculated only at right specifications of non-key
components are estimated for ideal distillation
systems. A “geometric modeling and
multi-component mass transfer theory” is proposed
to evaluate the influences of mass transfer to
minimum reflux. The inefficient trays or other
correlation of hardware design cause effect of mass
transfer not negligible which will change the
curvatures of RCM lead to increase the minimum
reflux ratio to stripping end pinch, but reduce to
rectification end pinch for an ideal system. Due to
the identical end points of rectification and
stripping profile, the minimum reflux ratio is not
affected by mass-transfer-effect to feed pinch case.

Nomenclature

a mass transfer area per unit volume of the
column

Dl. diffusion coefficient of solute i in solvent

=

J

E® efficiency matrix of stage

G superficial molar mass velocity of vapor

h  height of the actual column section

I identity matrix

k” multi-component overall vapor phase mass

transfer coefficient matrix

<

~.

molecular weight of solvent j

<

number of mass transfer stages
reflux ratio

boil-up ratio

molar volume of solute j

liquid mole fraction
vapor mole fraction

N R N Uy

mole fraction of feed
Kronecker delta, 1 if i =k,0if i #k

<

=

ﬁ>¥‘$~

~.

RS

A T P

association factor of solvent j, 1.0
activity coefficient

mass transfer factor
thermodynamics factor matrix

viscosity of solvent j

dimensionless column length

Superscripts

*

vapor and liquid equilibrium state

Subscripts

B bottoms

D  (distillate

n the n stage
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Figure 1: Effect of mass transfer on pinch point
locations (x=[0.3, 0.3, 0.4], R=6.1, xp=[0.99,

0.009, 0.001] and x3=[0.001,0.421,0.578])
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Figure 2: Stripping Pinch for a Sharp Direct Split
System (xp=[0.3, 0.3, 0.4], SP;x=999, SPyx=0.001)
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Figure 3: Effect of Mass Transfer on Stripping
Pinch for a Sharp Direct Split System (xp=/[0.3, 0.3,
0.4], SP k=999, SPyx=0.001,R=1.47)
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Figure 4: Effect of Mass Transfer on Minimum

Reflux for a Sharp Direct Split System (xp=/[0.3, 0.3,

0.4], N®,=10,SP1x=999, SPyx=0.001,SP xx=10")
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Figure 5: Rectification Pinch Condition for a Sharp
Indirect Split System (xg=[0.3, 0.3, 0.4], SP;x=999,

SPHKZO. 001)
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Figure 6: Effect of Mass Transfer on Rectification
and Stripping Curves for a Sharp Indirect Split
System (xg=[0.3, 0.3, 0.4], SP k=999, SPyx=0.001)
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Figure 7: Effect of Mass Transfer on Minimum
Reflux for a Sharp Indirect Split System (xp=/[0.3,

0.3, 0.4], N*.,=10, SPx=99)
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