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tions model was developed to describe the dynamics of a
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and closed-loop dynamics can be expressed in terms of

4x4 transfer matrices.

Analysis indicates that decoupling and feedforward
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obtained through the selective pairing of the control
variables provide the familiar 2x2 matrix treatment.
Classical control policy was extended to design different

control strategies (feedback and feedback/feedforward)



for a column with side heat exchangers. Simulation
studies reveal that the control response is better in

the case of the modified column. When the side heat
exchanger duties were used as feedforward variables with
reflux and main boil-up rates as feedback variables,
little improvement was observed as compared to the feed-
back control alone. On the other hand, use of side heat
exchanger duties as feedback variables with reflux and
main boil-up rates as feedforward variables resulted

in unstable operation of the column.
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DYNAMICS AND CONTROL OF A HEAT INTEGRATED
DISTILLATION COLUMN WITH SIDE
HEAT EXCHANGERS

1. INTRODUCTION

Distillation is the most commonly used separation
process in the petroleum and chemical industries. It
is the largest energy consumer among all the process
units in the petrochemical plants, and it was reported
(1) that 40-507% of the energy consumption in the petro-
chemical plants is taken by the distillation equipments.
During the past few years many investigations have been
made to improve the energy efficiency of the distillation
process. Vapor compression, thermal coupling, multiple
effect heat integration, and others have been suggested.
One of the alternative energy-saving methods is
the use of side (intermediate) reboilers and/or condensers
for a portion of the overall heat load. These heat
exchangers remove heat at a higher temperature than
the main condenser and provide heat at a lower temperature
than the main reboiler. Thus there is a net increase
in the thermodynamic efficiency of the column. In prin-
ciple, it is possible to introduce the overall heat
load throughout the stages below the feed and remove
the necessary heat throughout the stages above the feed
at the expense of additional stages for the same operation.

But from an economic standpoint, when it is advantageous



to add intermediate condensers and/or reboilers, only

one of each would be sufficient. However, the effective-
ness and the efficiency of the distillation operation
cannot be achieved without a well-designed control system.
An energy efficient distillation column should be designed
in coordination with computer simulation, equipment

design and distillation control.

Unfortunately, no published data about the dynamics
and control of a distillation column using side heat
exchangers is available in the literature. On the other
hand, the optimum locations and duties of the side heat
exchangers have been established. A comparative study
on steady state simulations of a conventional distillation
column and a distillation column with side heat exchangers
was done by Mah (1) who reported that substantial reduc-
tion (about 50%) in steam and cooling water consumption
could be realized in the latter case.

The objective of this thesis is to analyze the
effects of the intermediate heat exchangers on the dynamics
of a distillation column and to study some possible ways
of incorporating these new features into the control
strategies established by classical control. Two binary
distillation columns, one a conventional column, and
another with side heat exchangers were chosen for a
comparative study. A rigorous nonlinear differential

equation model was developed to describe the distillation-
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process. The necessary transfer functions representing
dynamic behavior of the distillation columns were obtained
by simulating the model on computer. A classical control
scheme was designed for the conventional column. Different
control policies were investigated for the distillation
column with side heat exchangers, and the corresponding

control responses of both the columns were compared.



2. LITERATURE SURVEY

Distillation is the most important separation unit
operation in the process industry. It is widely used
to upgrade feed stocks, separate reaction intermediates,
and purify products. In petroleum refineries, which
are the largest energy consumers, crude distillation
alone accounts for 22 to 51% of the total energy con-
sumption (1).

In the conventional column, heat is supplied to
the reboiler and removed from the condenser. Because
of the temperature difference between the reboiler and
the condenser, the separation of components is always
accompanied by a degradation of energy, when we view
it as a thermodynamic process. Conventional distillation
is not particularly noted for its efficiency. Estimates
as low as 1.9% have been reported for the thermodynamic
efficiency of industrial distillation columns (2).

Although various alternatives in their design to
economize heat consumption have been established--as
summarized by Robinson and Gilliland (3), Benedict and
Pigford (4), Pratt (5) and King (6), the applications
of these models were not seriously considered until
the energy crunch, when it became increasingly necessary

to explore all the possible energy saving schemes in
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the design of new equipments. For example, Null (7)
reported possible savings by using heat pump and recom-
pression cycles and O'Brian (8) indicated the reduction
of steam consumption by the use of double-effect columms.
Furthermore, two other applications which are reported
by Duckham and Fleming (9) show that use of a heat pump
and an intermediate boiler in two different cases pro-
duced significant improvement in heat consumption. Use
of an intermediate boiler and condenser was analyzed
by Timmers (10), as an alternative to reduce the cost of
distillation, and suggested a design criterion based
on minimized column volume. Tyreus and Luyben (11)
made extensive digital simulation studies of the dynamics
and control of multiple heat integrated distillation
columns (Propylene-propane and methanol-water). They
reported that an auxiliary reboiler on the low pressure
column and/or an auxiliary condenser on the high pressure
column provide an improved flexibility on the operation
of the columns.

Perhaps the most significant analysis of the impor-
tance of intermediate heat exchangers is due to Mah
(1). He made a comparative study of steady state simula-
tions using a conventional column and a distillation
column with side heat exchangers on propylene-propane,

ethylene-ethane, ethane-butane and two other systems,



and reported that a substantial reduction (50-70%) in
steam and cooling water consumption could be realized
in the latter case.

In contrast to the modifications using multiple-
effect integration or vapor compression, in which the
internal vapor and liquid flows remain unaltered, in
a distillation column using side heat exchangers the
reflux and vaporization rates are deliberately manipulated
to enhance the overall thermal efficiency. 1In this
scheme, the liquid reflux rate increases as we proceed
down the rectifying section, and the vapor flow rate
increases as we proceed up the stripping section as
a result of the heat exchangers between the two sections.
Besides the obvious effect of reducing the reboiler
and condenser duties, the introcduction of secondary
reflux and vaporization also modifies the operating
lines, as shown in Figure 1. Of course, for a given
total number of stages and total heat duty, the separa-
tion will be slightly lower in the distillation column
using intermediate heat exchangers.

Furthermore, it is important to know the dynamics
and control response of the distillation column with
side heat exchangers for a stable operation of the col-
umn. Unfortunately, there is hardly any published data

available in literature as far as the dynamics and control



Figure 1.

X

Operating lines for a binary distillation
column with an intermediate condenser and
a reboiler. The operating line for the
conventional case is shown by dashed lines
and for both cases the total heat loads
are the same.
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are considered. By initial analysis, one could expect a
better (faster) dynamic response using the intermediate
heat exchangers, due to the fact that the disturbance
has to travel a lesser time before there is any change
in liquid and/or vapor flow inside the column.

The main aspect of a distillation column operation
is the regulatory control, where the objective is to
maintain process variables (usually product compositions)
at their prescribed set points in case of disturbances.
Invariably, reflux rate and boil-up rates are used as
control (manipulated) variables to control the top and
bottom product compositions (controlled variables),
using feedback control schemes. Distillation being
a multivariable and multistage process, it becomes
extremely difficult to control the product compositions
because of the inherent interaction between the control
loops. For example, changes in vapor boil-up to control
the bottoms product composition also affect overhead
composition. Likewise, changes in reflux flow to control
distillate composition disturb bottom composition.
Several discussions of interaction in distillation con-
trol and possible ways to overcome interaction have
appeared in literature. Rijnsdorp (13) proposed a ratio
control scheme between reflux and top vapor flow to

reduce the interaction effects. Buckley (14) suggested
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a more practical scheme (due to its simplicity) of insert-
ing two interaction compensators, much like feedforward
controllers, to cancel out the effects of each manipulative
variables on the composition at the opposite end of
the column. Luyben (15) studied the design and perform-
ance of Buckley's simplified decouplers and an ideal
decoupler for several binary distillation columns, and
concluded that simplified decouplers offer almost the
same performance as that of the ideal decoupler. More-
over, he found that in certain cases the ideal decoupling
might lead to unstable operation of the distillation
column. Wood and Barry (16) did a comparative study
of the non-interacting control scheme using simplified
decouplers as suggested by Luyben, and ratio control
suggested by Ri jnsdorp. They found marginal improvement
in the case of ratio control over the other, and preferred
the decoupler design as suggested by Luyben, due to
its simplicity.

Shinskey (17, 18) discussed the advantages of using
feedforward control of the distillation column, and
reported that very little attention has been given to
the use of feedforward control in the industrial columns.
The need for feedforward control results from the fact
that feedback control is based on an error, i.e., a

deviation between set point and measurement. In processes
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such as distillation that are characterized by large-
time-constants and dead times, disturbances in feed
rate or composition have a pronounced long term effect
on the operability of the column. Feedforward obviates
this problem by predicting in advance the effect of
measurable load disturbance on product compositions.

The feedforward model, which relates the controlled
variable to the disturbance variables, takes the necessary
control action before the disturbance can manifest itself
on a product quality deviation.

Luyben (19) suggested a design scheme of feedback/
feedforward control of a binary distillation column,
wherein feedforward control was applied to the control
variables (reflux and/or vapor boil-up rate) with a
feedback from some intermediate stage compositions.

His analysis showed that holding intermediate stage
compositions (due to feedback control) will not necessarily
keep product compositions constant. Thus the feedforward
controller, which conventionally changes manipulated
variables, has the additional job of adjusting the feed-
back controller set points.

This basic idea of a feedback/feedforward control
scheme could be extended to design a control scheme
for a binary distillation column with intermediate heat

exchangers, the difference being that we have two more



manipulated variables, namely, the intermediate heat
exchanger duties. The main problem in synthesizing

a feedback/feedforward control in this case would be

the increased dimensionality of the process matrices
which are used in designing the control loop. One way
of overcoming this problem would be by the selective
pairing of the manipulated variables and treatment of
the control loop synthesis, as in the case of a conven-
tional column. For example, if it is decided to use
reflux flow and main boil-up as the feedback control
variables, then a feedforward scheme using intermediate
heat exchanger duties as the control variables could

be designed. In the same way, one could use intermediate
heat exchanger duties as feedback control variables

and the main boil-up and reflux rates as the feedforward
control variables.

For a better design of a control scheme and control
elements, it is extremely important to have a mathematical
model which sufficiently describes the transient or
dynamic behavior of a distillation column. Several
authors (20, 21) have proposed steady state algorithms
for distillation control, which are very easy to estimate
as an approximate prediction of column operability,
without going through the rigorous dynamic response

of the column. Perhaps these correlations could be
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used for a quick testing of existing distillation column
performance. But, Rosenbrock (22) and Harriot (23)
stressed the importance of the dynamics for better con-
trol, and gave a critical review of different types
of mathematical models representing the dynamic behavior
of a distillation column. Distillation being a complex,
interacting, nonlinear multivariable system, it is ex-
tremely difficult to come up with a single mathematical
model (representing both energy and material balance)
and yet easy to simulate its performance. Most of
these models are either too complex or take too much
of computer time to simulate the process. These models
involve either stage by stage or simultaneous solution
of several differential and algebraic equations. Many
assumptions and simplifications were suggested to reduce
this complexity of the problem. Comparison and justifica-
tion of these simplified models is discussed by McCune
and Gallier (24). Perhaps the model proposed by Gould
(25) is much simpler to simulate, yet maintains the
important factors related to the dynamic behavior of
a distillation column. The model is based on material
balance only, and if needed, the heat effects (losses)
could be easily incorporated in terms of either vaporiza-

tion or condensation on each stage.



3. THEORY

Dynamic behavior of a typical distillation column
can be described by two types of models. One is a linear
model which is used for control law computations. This
model was not used, due to certain difficulties encoun-
tered as explained in Appendix A. The second model
is a rigorous nonlinear differential equation model,
which considers the major factors affecting the column
performance. All the design and simulation work in

this thesis was based on this dynamic nonlinear model.

3.1 Dynamic Model

A mathematical model for the dynamic behavior of
a plate column of a binary distillation process can
be represented by (see Fig. 2), a mass balance on the
light component in the liquid phase for the rth tray

d(HrXr) [ ]
dt = Vr—lyr—l - Vryr + Lr+1xr+1

- Lx_+ Frzr - Jx. (1)

a mass balance on the light component in the vapor phase

d(hryr) 1 v '

= Vryr VeV * Frzr B err (2)

dt
an overall mass balance on the liquid phase
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Figure 2. rth stage of a binary distillation column.
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an overall mass balance on the vapor phase

dhr ] ] ]
—a—f=Vr—Vr+Fr—Jr (4)

and the vapor-liquid equilibrium is given by
*
y, = £&x.P) (5)

where p_ is the pressure above the plate. 1If the wvapor

leaving the liquid on the rth tray is in equilibrium
t

*
with the liquid, then, Y = Yo However, if the plate
is not ideal, then one usually introduces the plate

efficiency in addition to equilibrium curve, namely,
'
Ve~ Yr-1

E_ =

(6)
*
Y~ Yr-1
The liquid flow L_ is generally a nonlinear function
of the hold-up H_ on the tray and can be represented
by
L_=h(H]). (7)

If equilibrium is assumed and if the latent heat of
vaporization is constant, and if there is no vapor hold-

up in the liquid, then

Vr-l = Vr‘ (8)
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The vapor hold-up above the plate is a function of pres-
sure above the plate, i.e.,

h_ = h(p.). (9)

The above equations 1 through 9 should suffice to deter-
mine the behavior of a binary distillation column with
no heat effects. However, this formulation, although
useful for direct simulation, is generally too complicated
and can be simplified when actual operating conditions
are considered.

The first simplification is to neglect vapor phase
hold-up hr' Usually product is withdrawn in the liquid
phase so that J; = 0. In addition, if all the feed
enters at or below the bubble point there is no vapor
feed so that F; = 0. Under these conditions the vapor
rate, V;, is continuous throughout the system, except
at the reboiler and at condenser, say, V. Then equations

1 and 3 become

d(err)
—qr— = V(yr_l—yr) + Lr+1xr+1 - (Lr+Jr)xr + Frzr
(10)
dHr
at— = Lr+1 - Lr + Fr - Jr. (11)

For the reboiler (which is numbered as Oth trav), the

vapor is discontinuous and is controlled by the energy



: 17
input to the reboiler. Similarly, for the condenser
(which is numbered as (N+1)th tray), vapor flow is discon-
tinuous if there is total condensation. The behavior

of reboiler and condenser can be represented by

—3— - -Vyo + lel - BxB (12)
dHO
I = L1 - B -V (13)
and
d(H X )
N+17D

e rai VyN - (LN+1+D) Xp (14)

dH

N+1
It =V - LN+1 - D. (15)

The feed tray can be represented by

d(Hexe)
—aqt = V0g17Ye) * LeXeq - LeXe + Fzg (16)

dHg _

g = Lgyg - Lg + F. (17)

Equations 10 through 17 describe the behavior of a dis-
tillation process with negligible hold-up in the vapor
phase, and continuous vapor flow. They account for

the possibility of variations of liquid hold-up during

a flow transient. Although the liquid transient plays
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an important role, the relative speeds of the composition
and flow transients are such that, one can ignore the
flow transient to obtain a simpler but more manageable
representation of the system.

When liquid hold-up is assumed constant, the liquid
flow through each half of the system is continuous.
Discontinuity in liquid flow occurs at the condenser,
reboiler and feed tray. If Lu is the liquid rate in
the upper half of the column and L1 is the rate in the

lower half, equation 10 becomes

dx_
Hoe = Viy _1=Y¢) + L(}xr+1—xr). (18)
av

{

The reboiler equation = becomes

dxg - -
Ll =B + V

The condenser equation becomes

de
HN+1H? = VYN - (Lu+D) XD (20)
V =1L._ + D.

u

The feed tray equation becomes

dx
f
H—ap = V(yf_l—yf) + LXe1 -Lyxg + Fzg (21)
L F + L

4= ul
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Equations 18 through 21 serve as a simplified version of
a distillation column under the assumption that the
vapor hold-up is negligible, liquid hold-up is constant
and equilibrium boiling with constant latent heat.
This approximate representation was used in evaluating
the transfer functions in designing of the control schemes,

and in the simulation work (Figs. 3 and 4).

3.2 C(Classical Control

Classical control refers to the product compositions
control of a conventional binary distillation column,
where, Xp and Xg are the controlled variables, L and
V are the manipulated (control) variables and f and
z are the measurable disturbances. Then, the dynamics

of the column can be represented in Laplace domain as

M, P,, P\ /f

xg | \ M21 M22/\V/ \Fa1 P22/ \ 2

or X = Mu + Pw

For feed-back control policy, we have

U =B (x5-x) = P wode (wo D) (23)

which gives the closed loop control as

x = MB (x°-x) + Pw (24)
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Figure 3. Distillation column with a side condenser
and a reboiler.
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where B is the diagonal matrix. To eliminate the interac-
tion between the control loops, decoupling elements

can be added. Then Equation 24 becomes

MDB (x5-x) + Pw (25)

b
I

-1

-1 MpB x5 + (I+MDB) ! Pw (26)

(I+MDB)

or X

where D is the decoupling matrix.

For ideal decoupling, which means the response
of each loop (with both on automatic control) should
be the same as the response one would get if the other
loop is on manual (thus fixing the other manipulated

variable), we require (I1+MDB) ™1

MDB to be diagonal.‘
However, this may not be always realizable or it may
cause closed loop instability (15). Instead, simple
interaction compensators (simplified decouplers) may

be as effective and more dependable (14, 15). For this

case, we only require MD to be diagonal, where

D = . (27)

With this simplified approach, the decoupnling conditions

are achieved when
Dyp = -Myp/Myy and Dy = -My,/My,.

This control policy can be represented by the block

diagram as shown in Fig. 5.
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Figure 5. Block diagram representing classical control scheme.
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Feedforward control can be added to the system

if F can be designed such that
u = DB(x°-x) + Fu. (28)
The resulting closed loop equation

x = MDB(x°-x) + (MF+P)w (29)
r“M”\O
indicates that the feedforward design requirement is
F =-M" P (30)
Of course, the success of the feedforward design depends

upon the realizability of M1,

3.3 Extension to the Modified Column

Luyben (19) suggested the use of intermediate stage
compositions as feedback and reflux and boil-up rates
as the feedforward variables, for a better control of
the product compositions in a conventional column.
This idea was used to extend the classical control poli-
cies to the heat integrated distillation column with
side heat exchangers. However, the dimensionality of
the problem is increased from 2x2 to 4x4. A typical
distillation column with side heat exchangers is shown

in Fig. 3. Here, the controlled variables are

T
X = (xD Xp X, xb)



the manipulated variables are
U=(1LvenT

and the measurable disturbances are

w=(f z).

Then, the dynamics of the column can be represented

in Laplace domain as

Xp\ M1 Mo Mi3 M4\ [E P11 Pio\ (£
X || Mgy Mop Moy My, WV . Py1 Pop |\2
Xo | | M3p M3y Myq Mg, f} 2 P31 P3
v P,, P
Xp/  \Ma1 Mg My M, 41 "42
or X =ﬁu+ §M (31)

For a feedback decoupling control, Equation 31 becomes

~ o~ o~

X = MDB (x5-x) + Pw (32)

where B is the diagonal matrix and D is the decoupling
matrix and both B & D are 4x4 matrices.

The higher dimensional matrices which are difficult
to handle can be reduced to the familiar 2x2 matrices
as in the classical control schemes. Then Equations

31 and 32 reduce to



Xy Mp Mpp\/U; P |
A - + ] oW (33)
X1/ N\Mp M/ \Upg Pr1
and
< = s
X1 My Myp\/Dp Drr\/By O X1 —Xp
= — — - E 3 S
X1 Mi MII DI DI 0 BI xII-—xI
W
or x = MDB(x°-x) + Pw (34)

The 2x2 matrices HI and P correspond closely, but not
identical to their counterparts M and P, of the conven-
tional column. From Equation 34, it can be concluded

that the decoupler design requirement is

_ MPp + My Dy WyDpp o+ By
MD = (35)
MDp + MrPr MPrp + MifPrr

to be diagonal. Here, D is the 4x4 decoupling matrix
with 1's in the diagonal, similar to D defined in Equa-

tion 6. Therefore, the design of interaction compensators
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require the solution of the remaining 12 Dij's compared
to only 2 of such elements in the conventional case.

The corresponding block diagram for the feedback
closed loop control system is given in Fig. 6.

Incorporating the feedforward control, we get

I I
] + W (36)
/ F

where G; and GII are set point tracking matrices. Set
point tracking matrices are needed to adjust the set
points of feedback control of the intermediate exchanger
duties, since controlling the intermediate stage composi=-
tions does not necessarily keep the product compositions
constant. For the binary distillation control problem,
the main job is to keep the product compositions constant;
i.e., Xp and Xp are fixed. Hence, GI = 0. Whereas,

xz and xg are not necessarily constant to keep Xp and

Xg at their prescribed levels. GII a 2x2 matrix will

ad just set points xz and xg as w changes. Therefore,

equation 36 reduces to

s
DB[ W o+ ] + W. (37)
F

II Grr 0 -xr7 II
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Figure 6. Block diagram representing feedback control of distillation
column with side heat exchangers.
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Considering only the disturbance effects on the controlled

variables
Xy M Mip\/Fr Pr
=[ . ]w (38)
X171 My M/ \Frp Pr1

the feedforward design conditions can be established.

Therefore
MIFI + MIIFII + PI =0 (39)
and MIFI + MII'FII + PII = GII' (40)

The variables in the above equations are FI’ FII and GII;
one more than the number of matrix equations. Thus, we
have the option of arbitrarily selecting either one

of the feedforward matrices F; or Fi1 or the set point
tracking matrix GII' For convenience, let us set GII = 0,
which then fixes x_. and X, at the steady state levels.

c

Now the solution for the feedforward matrix becomes

F

(41)

I1 I II

provided the indicated inverse exists. On the other
hand, if we set F; = 0, the required design conditions

are
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or F = -M__P (42)

and HIIFII + PII = GII

-1

or Gyp = Pry - M Mo Py (43)

cql

and if we set FII = 0, we need

MIFI + PI =0
or F. = -M:1P (44)
I I I
and ﬁiF + P =G

ITIT Il I

[

= o1
or G = P -MMTP (45)

Again, the necessary matrix inverses must be realizable.
Fig. 7 shows the block diagram representation of the

4x4 control system.

3.4 A Simplified Approach (Problem Identification)

As we can see from Equations 36 through 45, the
decoupling and feedforward control design for the modified
distillation column require the solution of higher order
equations as compared to the conventional case, and
thus have higher chances of not being realizable. How-
ever, we can relax some of the design and feedforward
requirements, while maintaining most of the advantages

of intermediate heat exchangers. The simplifications
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are obtained by applying feedback control through selec-
tive pairing of either XI’UI or XII’UII pair and feedfor-
ward through the other.

Consider the feedback through x1,U; pair. For

this we get the following equation. (See Fig. 7.)

D.. =D. =D.. = F. = G.. = 0 (46)

B IT I

IT ©

The decoupling requirements reduce to having only M:D;
to be diagonal, which is identical in size to that of
the conventional case. The feedforward controller design

is also simplified to

MIIFII + PI =0
-1
or FII = —MII PI. (47)

On the other hand, for feedback through XII’UII’ we

get, (again, see Fig. 7.)
=D,, =F.. =0 (48)

with decoupling requirements as EIID [ to be diagonal.

For feedforward control, the design matrix becomes

MFI + PI =0
or F = —ﬁ_l P (49)
I - I I
= -1
and GII = PII - MIMI PI (50)

The cl