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Abstract The complex geometry of dead volume is often
modeled into a simplified geometry, but little attention has
been paid to how the simplified geometry of dead volume
influences one-dimensional (1D) SMB modeling. This study
investigated effects of the geometric factor of dead volume
on 7-zone para-xylene (PX) simulated moving-bed (SMB).
This work demonstrated that a complex geometry of dead
volume can be modeled into a simple geometry by using a
geometric factor in the 1D SMB simulations. Optimal flush-
ing flow rates of the PX SMB were found by the parametric
study on recovery and purity, employing the geometric fac-
tor to a simplified geometry.

Keywords Simulated moving-bed (SMB) - Para-xylene
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Nomenclature

Notation

a numerator parameter of Langmuir isotherms
b denominator parameter of Langmuir isotherms
BH bed-head as a dead volume

BL bed-line as a dead volume

BT bed-tail as a dead volume

C fluid concentration (kg/m3)

C time-averaged concentration (kg/m3)

Cp desorbent concentration (kg/m3)

Cr feed concentration (kg/m3)

Cin inlet concentration (kg/m3)
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LDF
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N
NcrL
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Niime
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PDE
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Pe
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second flush inlet concentration (kg/m3)
Continous Stirred Tank Reactor

axial dispersion coefficient inside adsorptive bed
(m2/min)

axial dispersion coefficient inside dead volume
(m?/min)

bed-head diameter (m)

bed-line diameter (m)

bed-tail diameter (m)

column diameter (m)

dead volume diameter (m)

ethylbenzene

overall mass transfer coefficient (min—')
length of bed-head (m)

length of bed-line (m)

length of bed-tail (m)

bed length (m)

dead volume length (m)

axial dispersion intensity factor (m)
axial dispersion intensity factor inside dead
volume (m)

linear driving force

line flushing

meta-xylene

bed number

CFL number

number of mesh points

number of time steps

number of shiftings

ortho-xylene

partial differential equation
para-diethylbenzene

Peclet number (= vy L:/Dgy)

Peclet number inside dead volume

(= Vdead L dead / Dux,dead)
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PX para-xylene

Op desorbent flow rate (m>/min)

Ok extract flow rate (m3/min)

Or feed flow rate (m>3/min)

OrFi line flush inlet flow rate (m3/min)

Orro line flush outlet flow rate (m3/min)
Or raffinate flow rate (m3/min)

Orecycle  TeCyCle flow rate (m>/min)

Osri secondary flush inlet flow rate (m3/min)

Re Reynold number (= dvrp/1)

SF; secondary flushing inlet

SMB simulated moving-bed

t time (min)

TMB true moving-bed

Var volume of bed-line (m?)

Ve column volume (m?)

Viead dead volume (m?)

Vdead velocity inside dead volume (m/min)

VL interstitial velocity inside the adsorptive bed
(m/min)

X dimensionless variable of axial distance

z axial distance (m)

Greek letters

&p bed voidage

0 dimensionless variable of time

7 liquid viscosity (kg/m/s)

P liquid density (kg/m?)

Pp apparent particle density (kg/m?)
T shifting time (min)

1 Introduction

Para-xylene (PX) is the most widely used xylene isomer
in the petrochemical industries with a 6 % average annual
growth rate for the next decade (Minceva and Rodrigues
2002; Stern et al. 2008). Nowadays, about 60 % of PX
worldwide is produced by PX simulated moving-bed (SMB)
technology (Minceva and Rodrigues 2007), which offers the
advantages of a high driving force, resulting in low solvent
consumption, small apparatus size, low investment cost, and
high yield (Azevedo 2001; Lim et al. 2010). SMB is a con-
tinuous counter-current multicolumn chromatographic pro-
cess, which has been successfully commercialized in petro-
chemicals, sugars, pharmaceuticals, bio-molecules, and chi-
ral separations (Antos and Seidel-Morgenstern 2001; Bosma
2001; Juza et al. 2000; Sa Gomes et al. 2009; Seidel-
Morgenstern et al. 2008; Wooley et al. 1998). This technol-
ogy was developed by UOP in the 1960s to overcome the
solid circulation problem in true moving-bed (TMB) con-
cept (Broughton and Gerhold 1961), using a flow scheme
that simulates a continuous counter-current flow of adsor-
bent without actually moving it (Minceva and Rodrigues
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2005; Pais et al. 1998). The flow scheme is achieved by
holding adsorbent as the stationary phase while periodi-
cally moving the introduction and withdrawal ports of lig-
uids simultaneously to one column ahead (Grosfils 2009).
The ports divide the fixed beds of SMB into several zones.
Conventional SMB is divided into 4 zones by the inlet ports
(desorbent and feed) and the outlet ports (extract and raffi-
nate).

In industrial- or pilot-scale SMB, dead volumes inflict a
significant influence on practical operations (Grosfils et al.
2010; Katsuo et al. 2009; Lim et al. 2010; Minceva and Ro-
drigues 2003). Dead volumes are always present due to the
tubes (lines), valves, pumps, and column beds which may
account for up to 3 % of the unit volume in SMB plants (Jin
and Wankat 2007; Azevedo et al. 1998). Particularly for the
PX SMB configuration, each tube (or bed-line) connecting
a rotary valve to adsorbent beds is shared for the introduc-
tion and withdrawal of process streams. Hence, the bed-line
would be contaminated by the residue of the other stream
in the previous shifting unless an appropriate action is taken
(Minceva and Rodrigues 2003). To overcome this problem,
the PX SMB unit applies internal and external flushing se-
quences added to conventional four-zone SMB port shift-
ing, which increases the total number of SMB zones to
seven or eight (Broughton and Gerhold 1961; Frey 2007;
Lim et al. 2010; Minceva and Rodrigues 2003; Noe 1999;
Wei 1998). With the intensive and practical applications of
SMB, a complex mathematical model considering dead vol-
umes and bed-line flushing becomes a crucial issue in this
field.

Grosfils et al. classified the dead volumes into mov-
ing and fixed parts (Grosfils 2009; Grosfils et al. 2010).
The extra-column dead volumes located at before and after
an adsorptive column (bed-head and bed-tail, respectively)
were considered to be a part of the moving dead volume,
whereas the bed-line connecting the inlet and outlet streams
to an adsorptive column was assorted as the fixed dead vol-
ume. Several studies have addressed the effects of extra-
column and bed-line dead volumes, as well as the flushing
of dead volume on SMB performance. A simple way to treat
the extra-column dead volume was to use an effective bed
length and bed voidage (Beste et al. 2000). A theoretical
analysis of the extra-column dead volume in terms of the
time delay was reported in both the triangle theory frame-
work (Katsuo et al. 2009; Migliorini et al. 1999) and the
standing wave design (Mun et al. 2003). The dynamics of
extra-column dead volume was represented by a convection-
diffusion model without adsorption (Jin and Wankat 2007
Katsuo et al. 2009; Zabka et al. 2008). The discontinu-
ous feature of concentrations was represented by distin-
guishing three different stages like time events during one
switching period, when the fluid trapped inside the bed-
line dead volume is flushed out (Minceva and Rodrigues
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2003). A comprehensive dynamic SMB model including
both extra-column and bed-line dead volumes in a 7- and
8-zone PX SMB was developed incorporating an extended
node model (Lim and Bhatia 2011; Lim et al. 2010).

The dead volume and its representative diameter are nor-
mally measured experimentally, and an actual complex ge-
ometry is modeled as a simplified geometry having the same
dead volume. However, little attention has been paid to the
effects of the dead volume geometry (length and diameter)
and axial dispersion inside dead volume on SMB modeling
and simulation. Since the axial dispersion inside dead vol-
ume considerably affects the SMB performance, there re-
mains the need to consider the actual dead volume geometry
in industrial scale SMB.

The purpose of this study is to examine how the geom-
etry of dead volume influences concentration dynamics and
flushing performance in a 7-zone PX SMB unit in the pres-
ence of axial dispersion inside dead volume. This paper is
organized as follows: the 7-zone PX SMB unit of an in-
dustrial scale is presented in Sect. 2. The one-dimensional
unsteady-state SMB model is summarized for the adsorp-
tion column and the dead volume in Sect. 3. Here, the ge-
ometric factor of dead volume is derived from the Peclet
number appearing in the dimensionless differential equation
for dead volume. In Sect. 4, optimal flushing flow rates of
the 7-zone PX SMB are obtained from the parametric study,
considering the geometric factor of dead volume. This study
demonstrated that a complex geometry of dead volume can
be modeled into a simple geometry by using the geomet-
ric factor to ensure the same flow patterns inside dead vol-
ume, providing a reliable result from the unsteady-state one-
dimensional (1D) SMB model.

2 Seven-zone PX SMB and dead volumes

The PX SMB separates PX from its Cg aromatic isomers us-
ing p-diethylbenzene (PDEB) as a desorbent (D) (Minceva
and Rodrigues 2002). The process is designed to recover
more than 97 wt% of PX from the feed with a minimum ex-
tract purity of 99.7 wt% (UOP 2010). The 7-zone PX SMB
is designed to prevent the accumulation of impurities in the
bed-lines, especially to wash out extract bed-line contamina-
tion by xylene isomer residue from the previous feed stream.
The 7-zone SMB has two flushing sequences i.e., line flush
flows (LF) and a secondary flush inlet-flow (SF;) which uses
a medium that does not affect extract purity. The detail about
the 7-zone PX SMB is found elsewhere (Lim et al. 2010;
Minceva and Rodrigues 2003).

Figure 1 shows a schematic diagram of the 7-zone PX
SMB unit with 24 adsorption beds and 24 bed-lines. The ro-
tary valve shifts the injection and withdrawal ports by one-
bed ahead. The pump provides liquid circulation from the

471
/! '\
1
,,,,,,,,,,,, Secondary
flush
2 D
Line
3 \
777777777777 \ flush
4 NN
,,,,,,,,,,,, RN
N Rota
~N ry
5 N \\ valve
,,,,,,,,,,,, o
N
6 E ~< I
Chambér-------- > B S Ghamber
| 7 SF; g \\ ~ - 19 ]
”””””” // \\ B
8 / 20
,,,,,,,,,,,, L /// / \ \\,,,,,,,,,,,,
/ \
9 / ,// \\\ R 21
”””””” / / A\ I
10 /7, W\ 22
,,,,,,,,,,,, / \ ]
1 / \ 23
12 24
Desorbent Extract

Feed Rafﬁ;ate

Pump Pump

Fig.1 Schematic diagram of 7-zone PX SMB process (LF,: line flush
outlet, E: extract, SF;: secondary flush inlet, LF;: line flush inlet,
F: feed, R:raffinate)

bottom of a chamber to the top of another one. The location
of the LF and SF; ports is designed in such a way to give
the best performance. In this study, both of the extra-column
dead volumes (bed-head and bed-tail) (Katsuo et al. 2009;
Migliorini et al. 1999) and bed-line dead volumes (Lim et al.
2010; Minceva and Rodrigues 2003) were taken into ac-
count. The simplified geometries of the dead volumes are
illustrated in Fig. 2 for the 12th and 13th beds of the 7-zone
SMB. A wide and short bed-head (BH) is located at the top
of the bed, while a very long bed-tail (BT) is equipped to
connect the two chambers only at the bottom of 12th and
24th beds. Only the 7 bed-lines (BL) are active in transport-
ing the liquid from/to the beds and to/from the rotary valve
at each shifting.

Table 1 reports the column configuration, geometries (di-
ameter and length) of beds, bed-heads, bed-tails, and bed-
lines, operating conditions, SMB model parameters, and the
computational parameters used in this study. The bed-head
has the same diameter (dpy) as the column diameter (d.)
with 0.02 m in length (Lpy) for all the beds. The bed-
tail diameter (dpr) is 0.3048 m with the length (Lpr) of
21.71 m. The bed-line volume (V) is set to be 0.145 m>
(I % of the bed volume) for all beds, and its diameter
(dpr) is 0.2028 m. The flow rates of desorbent (Qp), ex-
tract (Qg), feed (QF), and recycle (Qyecycie) Were taken
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Fig. 2 Schematic diagram for
12th and 13th beds of PX SMB
with simplified geometries for
BH (bed-head), BT (bed-tail),
and BL (bed-line)

Port 12 @—={ 12°BL | =
2 X~
‘ 12" BT f
Table 1 Simulation parameters for 7-zone p-xylene SMB process
Design parameters
bed configuration 1-5-1-6-2-6-3 Lpy (m) 0.02 for each bed-head
L. (m) 1.1 dpy (m) 4.1 for each bed-head
d. (m) 4.1 Lpr (m) 21.71 only for 12th and 24th bed
Pp (kg/m3 )2 2279 dpr (m) 0.3048 only for 12th and 24th bed
&p 0.39 Vpr (m3) 0.145 for each bed-line
dpr, (m) 0.2028 for each bed-line

Operating parameters
Op (m3/min) 2.89 Components (5) PX (product), MX, OX, EB, PDEB (desorbent)
Orr = QrFi (m*/min) 0.15 Cr (kg/m?) 171, 360, 92, 101, 0
Qr (m?/min) 1.8 Cp (kg/m?) 0,0,0,0,724
Qsri (m/min) 0.15 Csri (kg/m?) 0,0,0,0,724
QF (m?/min) 1.45 T (min) 1.15
Qg (m3/min) 2.69 Ninifs 480 (20 cycles)
Orecycte (' /min) 539
Model parameters
Dgy (m?/min) 0.58 x 103y, Pe 2,000
Dy gy (m?/min) 340 x 107 3vy py Pegy 0.095
Doy pr (m*/min) 20 x 1073wy pr Pegr 1,500
Dy pr. (m?/min) 15 x 107 3v, g Peg;, 375
ki (min_l) 2.0 for each component Repy 9000
a; ()P 0.139 0.03 0.025 0.04 0.139 Repr 1,945,000
bi (m3/kg) 1.07 0.23 0.19 0.31 1.29 Repr, 1,000,000
o (kg/m?) 724.7 w (kg/m/s) 2.08 x 1074
Computational parameters
Ninesn 24 Niime 80
Az (m) 0.046 At (min) 0.014
NCFL.max 0.465
# Apparent particle density: o, = ppuk/(1 — &5)
by = Gmax.i - bi where gmax [kg/m3 ] is the maximum adsorbed concentration
from Minceva and Rodrigues (2003). The flow rates of line  balance.
flush (QrF) and secondary flush-inlet (Qsr;) are set for be- Or+0p+ Osri = O + Ox 1)

ing able to flush 120 % (0.15 m3/min) of Vg, during the
shifting time (r = 1.15 min). The Qr; should be the same
as the Q1 r,, forming an internal recycle loop. The raffinate
flow rate (Qp) is calculated on the basis of the total mass

@ Springer

The inlet concentrations of feed (Cr), desorbent (Cp) and
secondary flush (Csr;) are given for the five components of
which PX is the product, PDEB is the desorbent, and meta-
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xylene (MX), ortho-xylene (OX), and ethylbenzene (EB)
are impurities. The density of PX (= 712 kg/m?) is a lit-
tle lower than that of PDEB (= 724 kg/m?) at an operating
temperature of 177 °C. The Langmuir adsorption isotherm
parameters (a; and b;) were adopted from Minceva and Ro-
drigues (2003). The simulation results were analyzed after
480 shiftings (or 20 cycles).

3 Unsteady-state SMB model

The SMB process is modeled by connecting an adsorp-
tive bed model and a non-adsorptive dead volume model,
while considering the periodic port shifting in SMB opera-
tion through the extended node model (Lim et al. 2010). The
extended node model is applied to port shifting involving the
streams of BH, BT and BL (Lim et al. 2010).

3.1 Adsorptive SMB model

The adsorption bed is represented by a convection-diffusion-
reaction partial differential equation (PDE) with linear driv-
ing force (LDF) mass transfer and competitive Langmuir ad-
sorption isotherms (Beste et al. 2000; Diinnebier and Klatt
2000; Kurup et al. 2005; Lim and Bhatia 2011; Lim and
Jorgensen 2004; Lim et al. 2010; Minceva and Rodrigues
2003). This one-dimensional (1D) SMB model assumes that
the bed void fraction, particle radius and porosity are con-
stant along the columns, the mass transfer coefficients are
independent of the mixture composition, the thermal effect
and pressure drop of beds are negligible, as well as the hy-
drodynamics are ignored in the radial direction

0C; 0C; 0 aC; 1 - Ebk ( * )
v =— — ) - ipp(nf —n;
91 L 9z 9z ax a2 eb iPp\1; !
2
dn;
dtl =ki(n} —n;) 3)
R @

e 1+22;b;Cj

where vy, (m/min) is the interstitial velocity assumed to be
constant within the bed, D, (m?/min) is the axial disper-
sion coefficient, ¢, is the bed voidage, k; (min_l) is the
mass transfer coefficient for each component (i), p, (kg-
adsorbent/m>-adsorbent) is the apparent solid density, C;
(kg/m3-fluid) is the liquid concentration, n; (kg/kg-adsorb-
ent) is the solid concentration, and nj‘ (kg/kg-adsorbent) is
the equilibrium concentration defined by Langmuir adsorp-
tion isotherms which have two parameters (a; and b;) for
each component. In this study, the axial dispersion coeffi-
cient (D,y) is assumed to be proportional to the interstitial
fluid velocity (vr)

Dgx = Laif - vL (5)

where Ly (m) is the axial dispersion intensity factor.

Two initial conditions (IC, t = 0) for the two time deriva-
tives and two boundary conditions (BC, z =0 and L.)
for the convection and diffusion terms are required to solve

Egs. (2)-(3)

C(z, O) = Cipitial(t = 0, VZ)
IC = (6)
n(z, 0) = Rinitial(t = 0, Vz)
vL(Cr=0 — Cin) = Laify X vai—C| PV /4
BC = o z 1z=0 %)
d_z z:LL» - 0, Vt

where Cj, is the inlet concentration entering the column
which is determined by operating conditions (or calculated
by the extended node model)

3.2 Dead volume model

The non-adsorptive (or dead volume) region is conceptual-
ized by the bed-head (BH), the bed-tail (BT), and the bed-
line (BL). This study assumes that the thermal effect, pres-
sure drop, and radial mixing inside dead volume are negli-
gible. The dead volume is modeled by the 1D convection-
diffusion model (Jin and Wankat 2007; Katsuo et al. 2009;
Lim and Bhatia 2011; Lim et al. 2010; Minceva and Ro-
drigues 2003; Zabka et al. 2008):

aC; dC; 82C;
ar + Udead? = Dax,deada—zz
where vgeqq 1S the superficial velocity of the fluid and
Dyx.dead 18 the axial dispersion coefficient in BH, BT
and BL. The axial dispersion coefficient of dead volume
(Dax.dead) 18 also assumed to be:

®)

Dax,dead = Ldiﬁ',dead * Vdead ©)

where L deaq is the axial dispersion intensity factor of
dead volume. The convection-diffusion model inside dead
volume is completed with the commonly used initial and
boundary conditions

IC = C(z,0) = Cipitiar(t =0, V2) (10)

Vdead (Cz=0 — Cin)
BC = = Liff dead X Udeadili_f‘zzo, Vi 1)

dc _
dz \z=Lgead ~ O’ vi

where C;, is the inlet concentration entering the dead vol-
ume and L g4 is the length of dead volume.
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3.3 Geometric factor in dead volume model

The transfer line geometry, the physical property of fluid,
and the flow rate determine the flow pattern inside dead
volume (Levenspiel 1999; Nauman 2001; Fogler 2005). In
the dimensionless form with x = z/Lgeqq and 6 = %,
Eq. (8) becomes:

dcC; _( Dax dead )dzCi _dG;
df Vdead * Ldead

dx?  dx
where the dimensionless group (

(12)
%) is the inverse
of the dead volume Peclet number (Pegeqy) Which may
be determined by Levenspiel’s method through the graph-
ical correlation to the Reynolds number (Re) (Fogler 2005;
Levenspiel 1999).

( Dax,deaa’ ) _ 1 (13)
Vdead * Ldead Pegeaa

Equation (12) signifies that the concentration dynamics in-
side dead volume are identical for the same Peclet number.
Actual dead volume geometry can be complex with dif-
ferent diameters for bending, enlargement, reduction, or
connection parts. When the actual dead volume is modeled
in 1D SMB simulation, the complex geometry is often sim-
plified to have a representative diameter with the same vol-
ume (Vgeqq) and flow rate (Q) as the original ones, as il-
lustrated in Fig. 3. The actual dead volume with three dif-
ferent diameters (dy4, d1p, and dj.) and lengths (L14, L1p,
and L1.) is simplified into a single tube with a diameter (d>)
and a length (L5). Even though the two geometries are com-
pletely different, their concentration profiles at the end of

L
Lia Ly L
_Q> Ia Idlb Viead dic _Q>
Part b
Part ¢
Parta
a) Dead volume with a given geometry
L,
LZa L2b LZC
— d> Viea —
O | Parta 2 Tdead Partb Partc | 9

b) Dead volume with a simplified geometry

Fig.3 Simplification of dead volume geometry keeping the same flow
rate (Q) and volume (Vgeqq)
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the tube should be identical, which is achieved by setting
the same Pe .44 number according to Eq. (12).

For the same flow rate (Q), the Pe number for dead vol-
ume is defined as:

4L gead Q
- 2
nddead * Dax, dead

Vdead * Ldead _
Dax,dead

Pegeqqa = (14)
Changing the diameter (d; into d») and length (L into Lj)
but keeping the same volume (Vyeqq) and Pegeqq, the axial
diffusion ratio between the two different geometries is:

Dax,dead2 _ g(@)z _ <d_1)4 _ (2)2 s)
Dax,dead,l Li\ 4 dy Ly

Equation (15) indicates the shape factor of axial dispersion
to obtain the same concentration profiles, when the geome-
try of dead volume changes. Combining Eqgs. (9) and (15),
the following shape factor of dead volume axial dispersion
intensity (L, dead) 18 derived by keeping the same Pegeqq
number:

Laifr dead2 _ L2 _ (ﬂ>2 (16)
Laiff dead,1 L1 d

It is noted that Eqgs. (15) and (16) are valid only when the
radial hydrodynamics are ignored. However, once a lumped
dispersion coefficient considering both axial and radial mix-
ing effects is determined, the geometric factor is applicable
to practical systems.

Figure 3 illustrates a given geometry divided into three
parts and a simplified geometry having the same diameter
for the three parts. Figure 3(a) represents the shape of bed-
tail in Fig. 2, where Part a corresponds to the bottom of the
bed, Part b is the long tube connecting the two chambers,
and the part of flow distribution is simplified into Part c.
The total lengths of the given and simplified geometries are
L1 and L5. Since the two geometries have the same volume
(Vigeaq) and flow rate (Q), the times required for fluid to pass
through the two tubes are the same.

For the given geometry of Fig. 3(a), the convection-
diffusion model is described as follows:

aC; IC; 32C;
a +U1a¥:l’diﬂ,lavla 922 , 0<z<Li
aC; N aC; . 9%C;
Vip— = Laif, 1bV1b—5
a1 16 9z diff , 1bV1b 312 (17)
Lis,<z<Liz+Lyp
aC; aC; 92C;
Py +U1ca—Z=Ldijf,1cU1c8—Z2, Lig+Lip<z=<L

where vi4, v1p, and vy, are the fluid velocities of the first,
second and third parts, respectively. Lgif 14, Laif,15, and
L1 are the dispersion intensities of these three parts, re-
spectively. The dead volume model of Fig. 3(b) is formu-
lated with the help of Eq. (16):
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aC; aC; Lo\ 9%C;
=L = , 0<z<L
Y +v2 9z dﬁ,la(Lla v2 922 =2<L
3C; aC; Ly\ 9%C;
— 4+ vwy—=0Lg; - —_
ar 2oz d’ﬁ*l”<L1b>vz 922
(18)

Loy <z<Ly+ Loy

aC; N aC; . Lo\  92C;
v = ifF 1cl — Jvp———,
9r | 2ag e\ )2

Lyg+Ly=<z=<L»

where v is the fluid velocity in the tube for the simplified
geometry. Equations (17) and (18) are identical, as the shape
factor is employed to the dispersion intensity of the simpli-
fied geometry so that the Peclet numbers of the two differ-
ent geometries are the same. Equation (18) expressed for the
same diameter (d) and velocity (v2) may be reduced again
into one equation with the dispersion intensity averaged over
the whole length (L»):
aC; aC;

32C;
Y + U2¥ = Ldiﬁ‘,meanUZS_zzv

where the arithmetic mean dispersion intensity (Lgif,mean)
is defined as:

0<z<Ly (19)

1 Lo, Lop
Laiff mean = — | Laiff.1a\ = ) L2a + Laigr. 16| — ) L2b
L Lig Lyp

L,
+ Ldiﬁ‘lc( C>L2L}
Llc

The geometric mean dispersion intensity can be also used:

1 Lo, Lop
Ldiﬁ‘,mean—L—z Laif,1a I Lyq X Laif1p T Ly

a

1
Lo 3
X Ldiff,lc( C)ch}
L]c

It is noted that Eq. (19) can be used with a limited accuracy,
because Eq. (18) and Eq. (19) are not identical but Eq. (19)

(20)

2n

mimics Eq. (18). When the tube length (L) or the disper-
sion intensity (Lg;) of one part is much greater than that
of the other parts, there would be little difference between
Egs. (18) and (19).

Even though the actual complex geometry of dead vol-
ume can be simplified into a representative geometry, it is
still required to determine the dispersion intensity (L ;) for
the original geometry in solving the dead volume model. As
mentioned earlier, Pe may be a function of Re (Fogler 2005;
Levenspiel 1999). For a given Q and Vgeqq, the Re number
is defined as:

_ PVdeadldead _ 4pQ

M T Mddead
where the density (p) and the viscosity (@) are assumed to
be constant. Because the flow rates (Q) and the diameters
(dgeaqa) of BH, BT, and BL are different, they have different
Reynolds numbers (see Table 1). Employing the Levenspiel
method (Fogler 2005; Levenspiel 1999) to obtain Pe as a
function of Re, the axial dispersion coefficients (Dgx, dead),
Pe and Re for BH, BT, and BL are given in Table 1, where
Dx dead Was calculated as:

Re

(22)

Liead
Pegeqd

Dy, dead = * Udead (23)

Table 2 reports the simulation parameters to numerically
confirm whether Egs. (17), (18), and (19) are identical. The
flowrate (Q) is set to 3.0 m3/min. The given shape corre-
sponding to the bed-tail in Fig. 2 has three diameters (4.0,
0.3, and 1.0 m) and lengths (0.01, 15, and 0.5 m) in series.
The diameter of the simplified geometry is set to 0.3 m. The
length of the simplified geometry is calculated so that the
volume of the simplified geometry is the same as that of the
given geometry. The Reynolds numbers (Re) are obtained
by using density (p) and viscosity () reported in Table 1
for xylene isomers. The inlet feed concentration (Cj,) was
given to 160 kg/m? only for the first 30 seconds and the ini-
tial concentration (Cjyjsiq1) Was zero for the whole range. The

Table 2 Simulation parameters to solve convection-diffusion model of a tube

Parameters Eq. (17) Eq. (18) Eq. (19)
Part a Part b Part ¢ Part a Part b Part ¢

Q (m?/min) 3.0 3.0 3.0

AL (m) 0.0310 0.0447 0.0447

d (m) 4.0 0.3 1.0 0.3 0.3

L (m) 0.01 15 0.5 1.78 15 5.56 22.33

v (m/s) 0.0040 0.7074 0.0637 0.7074 0.7074

1(s) 251 21.21 7.85 2.51 21.21 7.85 31.57

Re (-) 5.55 x 10* 7.39 x 10° 2.22 x 10° 7.39 x 10° 7.39 x 10°

Ly (m) 0.092 0.004 0.015 16.36 0.004 0.1667 0.0525

Dy (m%/s) 0.0004 0.0028 0.0010 11.57 0.0028 0.1179 0.0372
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Fig. 4 Concentration profiles 180
(C}) at the end of tube with
respect to time (7) 160 -
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40
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dispersion intensities (L ;) for the given geometry were es-
timated from the Levenspiel method. Those of the simplified
geometry were calculated from Eq. (16). The dispersion in-
tensity used in Eq. (19) was computed from Eq. (21). The
total length (L) for the two geometries was divided into 501
points in order to convert the partial differential equation to a
set of ordinary differential equations with time. The second-
order and first-order spatial derivatives were discretized by
the central and upwind schemes, respectively. The spatial
step size (AL) is indicated in Table 2.

Figure 4 demonstrates that Eqgs. (17) and (18) are equiv-
alent mathematically. However, the concentration profile of
Eq. (19) with the geometric mean intensity factor shows a
little difference from those of Eqgs. (17) and (18). As men-
tioned earlier, Eq. (19) can be used within a certain range of
accuracy. It is evident that the same concentration profiles
with respect to time are obtained for any different tube ge-
ometry, as long as the shape factor is applied to convert the
axial dispersion coefficient.

3.4 Comparison of this study with other approaches

Table 3 compares our approach with previous studies in
terms of the type, the geometry, and the model of dead vol-
ume. Both the extra-column and bed-line dead volumes are
considered in Lim et al. (2010) and the present work. Over-
simplified dead volume geometries were used in Lim et al.
(2010), while the present study applies realistic geometries
of dead volume and the shape factor for axial dispersion.
The node mass balances without axial dispersion were
used to describe concentration dynamics of fluid passing
through an empty tube of dead volume (Minceva and Ro-
drigues 2003). The convection-diffusion model has been
widely adopted for the dead volume model (Katsuo et al.
2009; Lim et al. 2010; Zabka et al. 2008; Jin and Wankat
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2007). The axial dispersion coefficient was determined by
the graphical Levenspiel’s correlation (Levenspiel 1999) for
a laminar flow (Zabka et al. 2008) and for a turbulent flow
(Jin and Wankat 2007). In this study, the axial dispersion
coefficient for each dead volume is obtained from the Lev-
enspiel correlation for turbulent flow.

4 Simulation results for 7-zone PX SMB

A 7-zone PX SMB with the parameters listed in Table 1 is
taken for the case study. The calculation was performed on
a personal computer (two cores of Duo CPU of 2.2 GHz
with 3 GB RAM) using a fast and accurate solution tool for
chromatography and SMB (FAST-Chrom/SMB) (Lim and
Bhatia 2011; Lim et al. 2010; Lim and Jorgensen 2004).

4.1 Three case studies

The geometries (dg.qq) and axial dispersion intensities
(Lgiff,deaa) of bed-line and bed-tail are given for three case
studies in Table 4. Case I represents an SMB simulation with
the nominal parameters in Table 1. The L, geaq of Case 1
was obtained from the Levenspiel correlation (Levenspiel
1999) for the BH, BT, and BL with the nominal geometries
and the average flow rates. In Cases II and III, the diame-
ters of BT (dpr) and BL (dpr) are enlarged to 4.1 m and the
lengths are shortened to keep the same BT and BL volumes
as those of Case I. The BH geometries of Cases II and III
are set to be the same as those of Case I. Case II has the
same dead volume axial dispersion intensity (Lgif,dead) as
Case I, ignoring the geometric factor even though the diam-
eters of BL and BT are different. The geometric factor in
Eq. (16) is applied for Case III to convert the dead volume
axial dispersion intensities (L gjg,deaq) of BT and BL.
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Table 3 Literature survey on dead volume treatment in SMB modeling

Articles Dead volume type Dead volume geometry Dead volume model
Extra-column Bed-line

Minceva and Rodrigues (2003) no yes 4 Node mass balance without axial
dispersion.

Jin and Wankat (2007) yes No Tube of heat exchanger. Convection-diffusion model
where the Dy, deaa Was
determined by Levenspiel’s
graphical correlation for
turbulent region.

Zabka et al. (2008) yes No Tube before column which Convection-diffusion model

increases the residence time where the Dy, deaa Was
(Licosep model). determined by Levenspiel’s
correlation for laminar flow.

Katsuo et al. (2009) yes No Tube before column which Convection-diffusion model
increases the residence time. where the Dy deaq Was

determined in terms of numerical
dispersion.

Lim et al. (2010) yes yes Tube before adsorptive bed (BH), Convection-diffusion model
tube after adsorptive bed (BT), where the same axial dispersion
and tube of bed-line (BL). All of of dead volumes
the tubes have the same diameter (=5 x 1073 x v, m%*/min) was
as that of adsorptive bed. used.

Present work yes yes Tube before adsorptive bed Convection-diffusion model

(BH), tube after adsorptive bed
(BT), and tube of bed-line (BL).
Dead volume geometric factor is
considered.

where the Dy, geaa for BH, BT,
and BL are determined by
Levenspiel’s graphical
correlation (turbulent region).

4The transfer line without specific dead volume geometry is modeled as a node having concentration values in three different time stages during

one switching period

Table 4 Effects of dead volumes geometry on SMB performance

Case studies

Mass balance deviation (%)

Purity (%)

Recovery (%)

Case I

dpr, = 0.2028 m and dpr = 0.3048 m 1.43
Laigr.8H> Lai B+ Laigr.pr. = (340,20, 15) x 1073 m

Case II

dp =4.1manddpr =4.1 m 1.28
L8 Laigr,B7» Laigr,pL = (340,20, 15) x 1073 m

Case III

dpr =4.1manddpgr =4.1 m 1.45

L. BH> Laig,B7> Lay,p. = (340,0.11, 0.036) x 103 m

99.27

99.96

99.25

97.57

95.33

97.59

Two process performances, namely purity and recov-
ery, were evaluated for each case. The extract purity was
calculated without considering the desorbent concentration
(CE,PDEB).

CEg px

Purity (%) = 100 x — - = _
Cepx+Cgmx+Cgox+ CkgEp

(24)

where C E.i 1s the time-averaged concentration of fluid com-
ponent i in the extract. The recovery of PX was determined

by the ratio of the PX amount in the extract to that of the

inlet feeding.

Cepx- OF
Or-Crpx

It is worth noting that the mean concentrations (e.g., Cg)
no longer reach a steady-state but a cyclic steady-state (see
Fig. 5) because of the non-homogeneous length of the bed-
tails. The one-shifting averaged PX concentration in extract
reaches a cyclic steady-state after about 10 cycles (240 shift-

Recovery (%) = 100 x (25)
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ings) and little change is observed after 360 shiftings, as
shown in Fig. 5(a). The one-cycle averaged concentration
shows a steady-state after 360 shiftings. The extract pu-
rity has the same behavior as the PX concentration. After
overshooting at the beginning moment, the one-cycle av-
eraged purity keeps constant and stable, as illustrated in
Fig. 5(b).

Therefore, the 480 shiftings were good enough to reach
a stable cyclic steady state at the operating conditions. The
mean concentrations time-averaged over the last cycle (from
457 to 480 shiftings) were taken for the SMB performance
evaluation.

The mass balance deviation of PX for each case is calcu-
lated as follows:

Crpx-Qr —(Cepx-Qp +Crpx-Or)

Error (%) = 100
Crpx-OF

(26)

where Cpy is the time-averaged PX concentration over the
last cycle (from 457 to 480 shiftings). The mass balance de-
viations of the three cases are below 1.5 % (see Table 4),
which may be highly accurate solutions to our knowledge.
Table 4 indicates that the purity and recovery of Case I
are quasi identical to those of Case III, as the shape factor
of Eq. (16) was applied to Case III. A slight discrepancy of
purity and recovery between the two cases is found because
of the numerical instability caused by the huge amount of it-
erative calculations to solve the PDE system. It is evident in

@ Springer

Shifting number (Nshiﬁ)

Table 4 that the simulation results of Case I are significantly
different from those of Case II, showing higher purity and
lower recovery.

Figure 6 verifies that Cases [ and III have the almost same
concentration profiles of PX at the end of the extract bed-
line. As expected, the concentration profile during the last
shifting time of Case II is different from that of Case I/III.
Since the collaboration of LF and SF; cleaned up the extract
bed-line in the previous shifting, no PX comes out during the
initial moment (about 0.08 min) taken for passing through
the bed-line (see Case I/III in Fig. 6). The concentration pro-
file of Case II is more dispersed than those of Case I/I1I,
because the diffusivity of Case II is not corrected properly
even though the velocities inside bed-line and bed-tail were
converted correctly in Case II (see also Table 4).

4.2 Optimal flushing flow rates in 7-zone PX SMB

Figure 7a depicts the parametric study of Q;r and Qgr; on
purity and recovery for Case I/I1I, while the parametric study
for Case II is displayed in Fig. 7b. The feasible areas where
purity is over 99.7 % are indicated in Fig. 7. Optimal flush-
ing flow rates are obtained for Case I/III and Case II, max-
imizing recovery within the feasible area. The surfaces of
purity and recovery much depend on the dead volume ge-
ometry, as shown in Fig. 7. Thus, the geometric factor has
to be applied correctly when the geometry of dead volume
is simplified.
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Fig. 6 Comparison of PX 180
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Fig. 7 Parametric study of two variables (Qrr and Qgr;) on purity and recovery

Table 5 compares flushing flow rates, purity, and recovery  ery. Because the axial dispersion intensities of the optimized
of Case I/III with those of the two optimized cases. The opti-  Case II were not correctly converted (see Table 4), the opti-
mized cases satisfy the purity constraint at the cost of recov-  mal flushing flow rates are out of practical application. The
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Table S Comparison of flushing flow rates, purity, and recovery among Case I/III and two optimized cases

Simulation Line flushing Secondary flushing Purity (%) Recovery (%)
Qrr (m3/min) Vgr Ratio (%) Qsri (m3/min) Vgr Ratio (%)

Case I/I11 0.15 120 0.15 120 99.27 97.57
Optimized Case I/II 0.12 95 0.175 139 99.70 97.13
Optimized Case 11 0.08 63 0.08 63 99.72 97.14
@ 400 T T — T T T T |

= t=0 ,/55 ooy o

i‘,m 300 //‘ M SR G S i

c 7

S S 1Y

7 200 aooagH ',;wga \.,\\ |

< ,'zﬂgg o i

§ 100~ 'ﬁ’;"*o" Y 3 1

8 0 iy hegl L L 1S %5000, A | b " L L Nei

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Column number
400 o PXat Quuope

%)
(=3
=

Concentration (kg/ma)
g g

o MXatQp opt
o OXat Qg opc
EB at Qp,q 0pe
— PXat Qg nom
""" MX at Qg Nom
PRUEPR [ S OX at Qpyugp xom

, *

=

o
=
=3

o B "
0 1 2 3 4 5 6 7 8 9 10 11 12 13

*—EB at Qg Nom

w
(=3
=

—_
(=3
=

Concentration (kg/rﬁ")
o
(=3
=3

=4

f=}

[\S]

w

IS Sl

[ )
\

f=2)

~

fe ]

o

)

12 1
Column number

3 14 15 16 17 18 19 20 21 22 23 24

Fig. 8 Comparison of liquid concentration distributions between optimized case (points) and Case I/I1I (lines) at three different times during the

last shifting period

flushing flow rates of the optimized case I/III are regarded
as a valid operating condition. The ratio of the flushing flow
rate to the bed-line dead volume (Vpy, ratio, %) is calculated
as:

T- QLForSF,-

Vpr, Ratio = 100 x 27

BL
In the optimized case I/III, a relatively low Qpf
(0.12 m3/min or 95 %) and a high QOsr (0.175 m>/min or
139 %) are obtained.

Figure 8 displays concentration profiles along the bed
number for the optimized and the nominal flushing flow
rates of Case I/III at three different times (i.e., beginning,
middle and last moments) during the last shifting period.
The optimized profiles (points in Fig. 8) are moved a lit-
tle to the right in zones 4 and 5, compared to the nomi-
nal ones (lines in Fig. 8), because the optimized Qgr; is
higher than the nominal one to meet 99.7 % of purity.

@ Springer

However, that results in a lower recovery than the nominal
one.

LF and SF; correlate with each other and work as a se-
quence to prevent extract contamination by flushing the bed-
line which was previously used as the feed bed-line. Hence,
an appropriate amount of Q;r and Qgr; increases extract
purity and recovery. Since excessive Qrr reduces the flow
rates of zones 2, 3, and 4, recovery deteriorate within the fea-
sible region, as observed in Fig. 7. Excessive Qgr; causes
PX loss through the raffinate port, which reduces recov-
ery. The sensitivity of recovery on Qgr; is higher than that
on QrF.

5 Conclusion

The dead volume in the SMB plant is conceptualized as
extra-column (e.g., bed-head and bed-tail) and bed-line dead
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volumes and is responsible for up to 3 % of the bed volume.
In the PX SMB configuration, the extract contamination due
to bed-line dead volume is resolved by adding the flushing
scheme, which increases the number of the SMB zone to 7
or 8. Numerous one dimensional SMB models taking dead
volume and flushing application into account have been es-
tablished. However, the geometry (length and diameter) of
dead volume has been over-simplified and little attention has
been paid to determining the axial dispersion inside dead
volume.

This study investigated the effect of the dead volume ge-
ometry on concentration dynamics of a 7-zone PX SMB
in the presence of axial dispersion, and demonstrated that
a complex geometry of dead volume can be modeled into
a simple geometry by using a geometric factor to have the
same SMB simulation results. A fast and accurate solution
tool for chromatography and SMB (FAST-Chrom/SMB)
was used to calculate the 7-zone PX SMB model.

When the same axial dispersion coefficient is applied, a
different geometry results in a different concentration profile
inside dead volume, where a short and wide geometry shows
a dispersive flow. The different concentration profiles lead
to different simulation and optimization results. Since the
complex geometry of dead volume is often simplified into
a representative geometry in one dimensional SMB mod-
eling, it is necessary to know how to convert the complex
geometry into a simple one, keeping the same concentration
dynamics. Applying the shape factor to the dispersion co-
efficient when the geometry changes, a quasi identical sim-
ulation result was successfully obtained in the 7-zone PX
SMB. However, the application of the shape factor is limited
to one-dimensional convection-diffusion equation for dead
volume where a high level of complexity like distributors
and internal piping is ignored and is assumed as a lumped
axial dispersion. Optimal flushing flow rates were identified
by parametric study, maximizing recovery within a desired

purity.
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