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Abstract— This paper focuses on the dynamics and control
of a vapor recompression distillation column. A dynamic mod-
eling framework is presented and the presence of multi-time-
scale behavior is documented. Using singular perturbations,
a model reduction procedure is outlined to arrive at reduced
order models capturing the dynamics in each time-scale. A
hierarchical control scheme is proposed based on the multi-
scale nature of the system. The theoretical results are illustrated
via a simulation case study on a propane-propylene system.

I. INTRODUCTION

Distillation is one of the most energy consuming units in
a chemical plant, motivating the need for energy integration.
Vapor recompression distillation (VRD) is one such en-
ergy integrated distillation configuration, wherein the vapor
coming from the top of the distillation column is used to
provide energy for the vaporization of the bottoms stream [1].
Vapor recompression distillation is favored for separations
involving close-boiling liquids. Such separations result into
large reflux ratios and a small compressor duty is needed to
facilitate the heat transfer in a combined reboiler-condenser.

Most research on vapor recompression distillation has
emphasized steady state economics (e.g. [2], [3]), focusing
on capital costs, operating costs and optimal steady state
operating conditions. In a vapor recompression distillation
column, there is a significant amount of energy recycle
through the combined reboiler-condenser, which introduces
strong interactions between different units in this system.
Furthermore, there is also a large amount of material recycle
owing to the large reflux flows. The tight material and
energy integration in vapor recompression distillation shows
a potential for intricate dynamics. However, very few papers
have focused on the dynamics and control of these columns
(e.g. 3], [4D.

In this paper, we propose a comprehensive modeling,
analysis and control framework for such columns. We doc-
ument that the discrepancies in material and energy flows
in this system lead to a multi-time-scale behavior. Through
a nested application of singular perturbations, reduced order
non-stiff models valid in each time-scale are obtained. We
then propose a hierarchical control scheme exploiting this
time-scale multiplicity. The theoretical results are illustrated
via a simulation case study on a propane-propylene system.

II. DYNAMIC ANALYSIS

Figure 1 shows a typical configuration for a direct (column
fluid itself being used as a refrigerant) vapor recompression
distillation system. The vapor coming out from the top of the
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Fig. 1. Vapor recompression distillation (1 - Column, 2 - Compressor, 3 -

Reboiler-condenser, 4 - Trim condenser, 5 - Reflux drum and 6 - Auxiliary
cooler

distillation column is compressed in the compressor so as to
facilitate the heat transfer to the bottoms stream. A major part
of the compressed vapor condenses in the reboiler-condenser
and this in turn boils the bottoms stream, generating the
vapor entering the stripping section of the column. A trim
condenser is used to condense the residual vapor. An auxil-
iary cooler is used to bring the temperature of the reflux back
to the required value. For simplicity, we assume constant
specific heats (cp i, ¢p.), constant relative volatility (o) and
constant molar holdup on each tray (/;). The pressure drop
in the column is assumed to be negligible. We further assume
that the liquid flow rate in the rectifying section is constant
from plate to plate, which is usually a good assumption for
a mixture of close-boiling components. Further, we assume
that the kinetic and potential energy contributions to energy
are negligible. To simplify the analysis, let us also assume:

e The liquid in the reboiler in thermal equilibrium with
the vapor.

o Fast (instantaneous) heat transfer in the reboiler-
condenser.

« No subcooling in the condensers.
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Based on these assumptions, the material and energy balance
equations of the system can be written as:

Distillation column (n trays)

1<i<nf
dl’i 1
@~ L V(i+1 —vi) + R(zio1 — 24)]
dT; 1 ~ - -~ -
= V (ho (T — ho (T R(hi(T;-1) — (T
— e [V o (Tit) = R (T) + Bl (Tis) = ()]
dx, 1
dtf = Mnf [V(ynf+l - ynf) + R(Inffl - C’7nf)

+F(:Df — :Enf)]
dTnf 1

= V(ho(T, — ho (T s
- e [V (T = Tt

R(hu(Tog—1) = hi(Top)) + F(ha(Ty) = h(Top))]

nf<i<n
dx; 1
;t = v V(yit1 — i) + (R+ F)(wi—1 — z3)]
dTi _ 1 7 X _ 7 A
i = e [V (R (Ti1) = B (T))+
(R+ F)(hi(T;—1) — Bl(Ti))]
Compressor
dT, 1 = =
(v o]
N 1
o = (V-Vi-Vi) v
Reboiler-condenser
dMp - v
. = BR+F-V-B
d 1
% = M—B[(RJrF)(xn*CEB) - V(yp —zp)]
0 = Vi(ho(Te) = ha(Th)) - Q
0 = (R+F)(h(Tn)—h(TB)) —

V(ho(TB) — hi(T)) + Q
Trim condenser
dT, 1

= e Ve (T = (1) - Q]

Reflux drum

M
dMp  _ V—-R-D
dt
dzp 1
i DA £ 74 _
% MD[ (y1 —zp)]
dTp 1 ~ -
— = Vi(hy(Ty) — hy (T
7 Mpeys [ 1(h(Th) — hi(Tp))+

Vie(hu(To) = hi(Tp))|
Auxiliary cooler

dTm, 1 5 7
T Taoyy [ROu(T0) = Fu(Tn)) - Qco]

where D, B and F' are the distillate, bottoms and the feed
molar flow rates and z is the feed composition. V' and R
are the vapor and reflux flows, V;. is the flow through the
trim condenser and V; is the condenser section inlet flow for
the reboiler-condenser. h represents partial molar enthalpy

with subscripts v and [ denoting the vapor and liquid stream
respectively. Q) is the heat duty of the reboiler-condenser.
Q.1 and Q.o are the duties for the trim condenser and the
auxiliary cooler respectively. W is the compressor power and
7 is the compressor efficiency.

For this vapor recompression distillation, we make the
following assumptions regarding the magnitude of various
material and energy flows.

1) VRD favors separation of species with close-boiling
points. Such a difficult separation requires a large
operating reflux ratio (R/D). At steady state, we thus
define a small parameter Ds;/R; = 1 << 1.

2) The contribution of latent heat to the enthalpy is much
larger than that of the sensible heat. So at steady state,
we define another small parameter 7;(Ty)/h,(T}) =
g9 << 1.

3) The material flows V and V; are comparable in mag-
nitude to R and the material flows F, V. and B are
comparable in magnitude to D.

4) The energy flows W and Q. are O(1/e1) and
Qa1 is O(1/ez). At steady state, we define
Ws/Fshl(Tf)~: kw/gl’ Qc2,s/Fshl(Tf) = ch2/51
and ch,s/Fshl(Tf) = ch1/52-

5) The energy transfer rate across the reboiler-condenser
is O(1/e1e9) and thus we define Q./F.hy(Ty) =
kq/e1€9.

Based in these, we define the O(1) steady state
ratios By/Ds = kp, Fs/Ds = kp, Vies/Ds = ke,
Vis/Rs = kvi, Vs/Rs = kv, the scaled material
flows B/Bs = upB, F/Fs = Ur, Vic/%c,s = Utes
Vi/Vis = wuy1, V/Vs = uy, R/Rs = upr and
D/Ds = up, and the scaled energy flows W/Wy = w,,,
ch/ch,s = Ugcls QCQ/QC2,S = Ugc2 and Q/Qs = Ugq-
We also define the following O(1) ratios of specific
enthalpies y(T3)/hi(Ty) = kiss ho(T3)/ho(Ty) = ki,

W(Tn)/l(Ty) = kn W(TB)/M(T7) =k,
(To)/l(Ty) = koo W(Tp)/(Ty) = ka,
h(T)/l(Ty) = km. ho(Te)/ho(Ty) = ke and

hy(Tg)/hy(Tf) = kpy. The material and energy balance
dynamics now take the form:

Distillation column

1<i<nf
dz; D
dtl = Mi; kvuy (yit1 — yi) +ur(rim1 — x3)]
dT; Dsﬁl(Tf) |: (ki+lv _k:iv> ]
= )k rlv MY ki1 — ks
o Micy 11 vuy - +ugr(ki—1,1 — ki1)
drny  Ds |:k:vuv uR
dt = M, ; o ('!/anrl ynf) + ) (Inf—l Clfnf)

+k‘F’LLF(:Ef — xnf)]
dTny _ Dahu(Ty) {kvlw (knf+1,v _knf,v> n
dt Mnfcp,l €1 €2

u
f(knf—u —kns1) +krup(l— knf,l):|
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nf<i<n

dx; Ds [kyuy UR
P . — . v k P p— .
a7 M, { o (yi+1 — i) + o +krup | (Ti-1 —2:)
dT;  Dshy(Ty) {kvuv (ki+1,v *h,v)
= -
dt Micp €1 €2
u
(i + kFUF) (ki1 — ki,l)}
€1
Compressor
dT. Dshy(Ty) k1o — ke
= =17k _ krk
at Mocyer vuy o + nkrpkwuw
ch DSRTC |:kv”u,v leuVl :|
= - — ktcute
dt Ve €1 €1
Reboiler-condenser
dM u kyu
B = Dg |:7 +kFUF — ViV —kB’U,Bj|
dt €1 €1
dIEB DS UR
ZB s (2R g -
w = ({5 eeee) oo
kyu
2V (g — $B):|
€1
0 _ Dshl(Tf) |:]€VlUVl <& . k’;) _ ka?quq:|
Mth,L €1 €2 ' €1€2
Dshy(T u
0 = w [(i n kFuF) (kg — k) —
MBC;),Z €1
kv’u,v (kﬂ _ kb) + kaquq:|
e1 g2 £1€9
Trim condenser
dT, _ Dshl(Tf) |:ktcutc (& _ ko) _ kpchluqcli|
dt Mtcpyl £2 €2
Reflux drum
dMp |:kvuv —uR :|
—_— = DS ————— —Uup
dt €1
dCED DS
=L - =5 |k —
7 Mper [kvuy (y1 — zp)]
dT Dshi(Ty) [kyiu
dTp  _ shi(Ty) { Viuvi (ke — ka) + krotuze (ko — kq)
dt MDCp,l 1
Auxiliary cooler
dT, Dshy(T
—= = M [ur(kq — km) — krkgc2uge2] (D

dt Macp,l€1

The presence of the small parameters €; and €2 make
this model stiff. For simplicity, let us assume that €; and
€9 are comparable (o = key, where k is O(1)). Let us
also define another small parameter €3 = 169 so that
€3 << €1,e2 << 1. We note that the dynamic system
(1) involves terms which are O(1), O(1/e1) and O(1/e3),
showing a potential for the evolution of the state variables
over three time-scales. The control problem for such a multi-
time-scale system can be addressed by obtaining reduced
order models valid in each time-scale and using them to
derive controllers in the respective time-scales. Such a model
reduction can be done through a successive application of
singular perturbation techniques to model (1) [5].

III. MODEL REDUCTION AND CONTROL

In order to derive the description of the dynamics in the
fast time-scale, let us define a stretched fast time-scale 7 =
t/e3. Substituting 7 in the dynamic equations (1) and taking
the limit €3 — 0, we obtain the reduced order dynamic model
valid in the fast time-scale as:

Distillation column

1<1<n
dT; Dshy(Ty)
= =Ll Eig1,0 — ki
dr Micp,l [ V“V( 1+1,v 'L,'u)]
Compressor
dT.  Dshy(Ty)
== 2Tk k —k
ar Moc, (kvuy (k1 — kel
Reboiler-condenser
0 = le’uVlkC — k’Fk?qu

0 = —kvuvky +krkquq 2)

We note that all the temperatures in a loop comprising of
the column, the compressor and the reboiler-condenser (the
energy recycle loop) have a component in this fast time-scale,
while the material balance dynamics does not evolve in this
time-scale. This fast dynamics converge to a quasi-steady
state captured by the constraints:

07 [ kVuV(k2,v *kl,v) ]

0 Evuy (kit1,0 — Kiw)

: (3)
kV“V(k7L+l,v - kn,v)
kVuV(kl,v - kc)
kviuvike — krkqug
7kVqu'bv —+ kpkq’u,q
kvuy — kyiuvy

We can note that these quasi-steady state constraints are
not linearly independent (note that k41, = kp,). Thus the
quasi-steady state for the fast dynamics does not specify
an isolated equilibrium point; rather it specifies a lower
dimensional equilibrium manifold. The large internal (to the
system) energy flows do not affect the total enthalpy of the
system. Only n + 3 (out of n + 4) constraints are linearly
independent and thus, there is a slower dynamics for these
temperatures in the energy recycle loop.

Let us consider the same limiting case €3 — 0 in
the original time-scale ¢, to obtain the description of the
dynamics after the fast boundary layer. This takes the form:

Distillation column

1<i<nf
dz; D
dtz = Mi; lkvuy (Yit1 — yi) + ur(@i—1 — x4)]
dT; _ Dshi(Ty) .t ur(ki—1,0 —ki1)
dt Micp,l ¢ €1
deng _ Ds |:kV“V(ynf+1 — Ynf) T UR(Tnp—1 — Tny)
dt M, s €1

tkpup(zs —any)]
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dTny  _ Dyhy(Ty)
dt Myfep,
+hrup (1 —kng)]

u
|:an + f(knf—l,l - knf,l)

nf<i<n
dz; Ds [kyvuy UR
— s ) o InELINEY o —
dt M7.|: o (yz+1 yz)"’ o + kpup (xz 1 1'1)
dT; Dshy(Ty) { (uR ) }
= =+ (2B 4k ki1 — ks
dt Micp,l zi + o + kpup (1 1,1 z,l)
Compressor
dT. Dshy(Ty) nkpkwuw
= — i, 4 =7
dt Meccy €1
dPe DsRT. {kvuv —kyiuyy ]
= — ktcute
dt Ve €1
Reboiler-condenser
dM urp — kyu
5 - b, {M +krup — kBuB:|
dt £1
dIEB Dy UR kV“V
=5 InELIEY — — —
7 Mg Kal + FUF) (xn —zB) (yB —zB)
0 - Dshy(Ty) [z _kV1UV1k7h:|
Mpcp €1
Dshy(T u
0 = =V !Ty) [(j+kFUF) (kn,i — kp)+
MBCp,l €1
k E °
vuyky <Zz¢+zc+2h>
€1 —
=1
Trim condenser
dT, Dsill(Tf) ke kaqcluqcl
= s ktCutC - kO - -
dt Micy ket kel

Reflux drum

dMp |:kVuV —upR :|
—— = Ds|—— —up
dt €1
drp Dy
=L _ k _
% Moo [kyvuy (y1 —zp)]
dT Dshy(Tf) [kyiu
7dtD = ]&Di j:) |: Vi:l Vi (kh — kd) + ktcutc(ko - kd)
P>
Auxiliary cooler
dT, Dshy(T
7d;fm = 7]\; B ( lgl) [uR(kd — k:m) - kaq(:QquQ] )
atp,

along with the constraints gy = 0. The algebraic variables
z denote the limiting terms corresponding to the difference
between large energy flows (in the energy recycle loop)
which are indeterminate, but finite. We can note that the
model (4) after the fast boundary layer is also stiff, owing
to the presence of the small parameter €; (equivalently the
large term 1/21). This indicates the presence of intermediate
and slow dynamics.

Remark III.1 There are two approaches to proceed with
the model reduction at this point. We can obtain an ODE
(ordinary differential equation) representation of model (4),
through substitution of the algebraic variables z, which
can be obtained from the differentiation of the constraints.
The resulting ODE model will be stiff and using singular

perturbations, we can further decompose this model to an
intermediate and a slow dynamic component. On the other
hand, we can also directly apply singular perturbations to the
differential algebraic equation (DAE) system (4) to resolve
the dynamics in the intermediate time-scale in DAE form,
which can subsequently be converted into an equivalent ODE
form. It can be shown that the two approaches lead to the
same ODE representations. We will use the latter approach
which allows for a more concise derivation.

To this end, let us define the intermediate time-scale 6 =
t/e1. Substituting € in (4) and taking the limit £; — 0, we
have:

Distillation column

1<i<nf
dz; Dy
dg; A [evuy (yit1 — ¥i) + ur(Ti-1 — 24)]
dT; DsBl(Tf) ~
= — % ki1 — ki
dé Micy, [+ un ki1 0l
dzxy, D.
fwf = M»:f [kvuy (Unf+1 — Ung) + UR(Tnf—1 — Tny)]
dT Dahy(Ty) ..
= knr—11—k
) My gep, [Ens + uR(kns—10 = knp.)]
nf<i<n
dz; D
dé)l = Mj, kvuy (Yit1 — i) + ur(®i—1 — x;)]
dr; Dshi(Ty) (.
= — % ki1 — ki
do Micp [Z urlki-1 l)]
Compressor
dT. Dshi(Ty)
- —F |”c k kw
a0 Moc, [Zc +nkrpkyuw]
dP. DsRT,
= T hpuy —k
20 v [kvuy — kyviuyi]
Reboiler-condenser
dM
TOB = Ds[ur —kyuy]
d. Dg
% = M;g [ur(zn —zB) — kvuv (yB — zB)]
DsiLl(Tf) ~
0 = ——=[2, —kviuvikn
Mpcp [ ]
Dshy(T
0 = Mif) [ur(kn,i — ko) + kvuyky
BCp,l

n
- <Z£¢+zc+2h>
=1

Trim condenser

dTo  Dshy(Ty)
dd My ik

[ktcutckc - kaqcl 'qucl}

Reflux drum

dM

TQD = D,lkvuy — ug]

dep Ds

==L _ 25 _
o Mp vy (y1 = 2p)]

dTp Dshy(Ty)

&b AV g ky — k
70 Mpopd [kviuyi(kn — kq)]
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Auxiliary cooler

dTm  Dshy(Ty)
_— = kqa —km) — krk 5
a0 ]\/[acp,l [UR( d m) F chquQ] ( )

along with the constraints gy = 0. The terms z capture the
evolution of the variables z in the intermediate time-scale.
This intermediate dynamics converge to a quasi-steady state
captured by the constraints:

R

where g, represents the constraints arising from the material
balance dynamics and gy represents the constraints arising
from the energy balance dynamics. Here, g, is:

kvuy(y2 —y1) + ur(zo — x1)

kvuy (yiv1 — i) +ur(wi—1 — x;)

gs = :
kvuy (Ynt+1 — yn) + uR(xn—l — Tn)
ur — kvuy
ur(zn —zB) — kvuy(yp —zB)
kyuy —ugr

kyuy(y1 —zp) i

We can note that the constraints g, are also not linearly
independent (note that xy = zp). In fact, the last two
constraints can be represented in terms of the first n +
2 constraints. The deficiency in the linearly independent
constraints, in this time-scale, can be attributed to the fact
that large internal material flows do not affect the total
material holdup of the system. This gives rise to a two-
dimensional slow dynamics corresponding to the material

balance equations. )
The constraints corresponding to the energy balance (gg)
are:

Z1 +ur(ko, — k1,1)
Zi+ur(ki—1,0 — ki)

Zn +ur(kn—1,1 — kn,1)
Ze + nka?qu
Zp — kviuvikp
ur(kny — ko) + (= X7y Zi — Ze — 2) + kvuvk
ktcutcke — kaqcluqcl
kviuvi(ky — ka) + kteute(ko — kq)
UR(kd - k'm) — kaqCZUqCQ

g0 =

which are linearly independent. Thus the energy balance
dynamics does not have any component in the slow time
scale and the slow model is two dimensional.

Let us now derive the description of the material balance
dynamics in the slow time-scale. We take the limit ¢y — 0
in the original time-scale for the system (1) to obtain:

Distillation column

1<i<nf
dx; Dy
= w;
dt M;
dx D,
d’;f — M:f [’wn,f'f‘k?FUF(xf —wnf)]
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Fig. 2. Hierarchical control structure
nf<i<n
dz; D
dtl = Mj [wi + kpup(zi—1 — ;)]
Reboiler-condenser
dM
7}3 = D,lwp +krup —kpug]
dCEB D
% M; [wep + krpur(zn — 2B)]
Reflux drum
dMp
——— = Ds[-wp—u
pm s [—wp —up]
dxp D, n
— = — w; — Wgp — (B —Tp)W 6
7 MD<i_le «b — (B D)WB (6)

along with the constraints g, = 0. The algebraic variables
w, in this time-scale, denote the indeterminate (but finite)
limiting terms corresponding to the difference between large
material flows.

Thus what we have is a model decomposition of the orig-
inal multi-scale, stiff model (1) into three non-stiff reduced
order models (2), (5) and (6), valid in the fast, intermediate
and slow time-scale.

In this paper, we focus on the control of exit concentration
of the bottoms stream (1 — xp= y1), material holdups (Mp
and Mp) and the pressure (F.) in the system. The time
scale separation helps us to propose a hierarchical control
structure, as shown in Figure 2.

In the intermediate time-scale, only the scaled flows
corresponding to the internal material flows are available
for manipulation. So we can address the control of Mp
and Mp in the intermediate time-scale, using ur and uyq
respectively. Pressure, which is a critical variable in the
operation of vapor recompression distillation, should be
regulated in the intermediate time-scale. The natural choice
for the manipulated variable for pressure control is Q.. We
can use simple P controllers to address these control actions:

urg = 1-— kro(MD,set - MD)
uyr = 1—ky1o(MB set — MB)
Ugcl = 1- k?po(Pset - P) @)



Parameter Value Parameter Value

n 95 F 100 mol/min
ng 48 Ty 0.5

R 608 mol/min D 50 mol/min
\%4 658 mol/min Tp 0.95

w 7.91x10% J/min B 50 mol/min
Q. 2.77x10% J/min B 0.05

i 640 mol/min Cpv 72.1 J/mol/K
Ty 296.4 K Cp,l 118.3 J/mol/K
T1 2933 K M 1000 mol
Tn 300.1 K M. 200 mol
Te 310.0 K My 1000 mol
Th 302.8 K Mg 1000 mol
Tm 296.2 K a 1.162
Py 10.13 bar Pe 14.11 bar
€1 0.082 €2 0.025

TABLE I

NOMINAL PROCESS PARAMETERS

The total material holdup (Mp+ Mp: y2) also needs to be
controlled in the slow time-scale, alongwith y;, the purity
of the bottoms stream. The available manipulated inputs are
up and up. A model based controller can be derived to
address these control objectives using the slow model (6). To
illustrate these results, let us consider a simulation case study
of propane-propylene separation in a vapor recompression
distillation system.

IV. SIMULATION RESULTS

We consider a simulation case of propane-propylene sep-
aration in a vapor recompression distillation column shown
in Figure 1. The nominal values for various variables are
listed in table I. We used control laws (7) with k., = 0.33,
kyio = 0.31 and k,, = 0.28, based on Ziegler-Nichols
technique. We used an input/output linearizing controller to
address the control objectives in the slow time-scale. The
slow model (6) is a differential algebraic equation (DAE)
system. In order to obtain a state-space representation of the
slow dynamics, the algebraic constraints g, = 0 are differ-
entiated, after substituting the control laws (7). This allows
to obtain expressions for the algebraic variables w. These are
substituted in (6) to obtain the state space representation of
the slow model, which is used for the controller derivation.
The relative degree for the two outputs, in this case, is 1 and
therefore we requested first order responses:

dy1 dy2
A =, -2 4 = 8
B1 a +y1=v1 B2 it y2 = v2 (8)

with 31 = (B2 = 20 min using a state feedback controller.
In order to get offset free response, we added external error
feedback PI controllers, tuned following the arguments in
[6].

To test the proposed controller scheme, we applied a set
point change of +3% to y; and the corresponding response
of the system is shown in Figure 3. We can note a smooth set
point transition demonstrating the efficacy of the proposed
control structure.

0.98 1000.01
0.97 3 .
> £ 1000
0.96 =
0.95
0 400 800 99999, 400 800
t (min) t (min)
60 .
o | [ Y.To) PR
° | = 5] —
E soff — g £ v,
a o« -
400 400 800 600, 400 800
t (min) t (min)

Fig. 3. Closed loop performance for a set point chance in y1

V. CONCLUSIONS

In this paper, we considered an energy integrated distilla-
tion scheme - vapor recompression distillation. We showed
that the dynamic equations governing the material and energy
balance are stiff, giving rise to a three time-scale dynamic
behavior. We used singular perturbations to derive reduced
order non-stiff models valid in each time-scale and pro-
posed a hierarchical control strategy exploiting this time-
scale separation. A simulation case study was performed on
propane-propylene separation to illustrate the performance of
the proposed controllers. We demonstrated that the proposed
controllers exhibit excellent performance in enabling steady
state transitions.
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