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Development of the CFD code through the Mathecathical® program to simulate and adsorption column

SUMMARY

The simulation programs allow to describe real systems. One of the most important fields is
computational fluid dynamics (CFD) that it studies the behaviour of fluids at rest or in motion.

In this work, it is developed of the CFD code through the Mathematica® program to simulate
a fixed bed adsorption column.

The mathematical model that is used was described by Chatzopoulos and Varma. This
model contains two adsorbate mass balances, one for the liquid phase and the other for the
solid phase. Each balance contains two contour conditions. The concentration in each phase is
related to the equilibrium equation, in this case, the Langmuir isotherm is used.

The model describes the variation of solute concentration in the column and inside the
particle as a function of position and time.

The numerical results obtained through simulation were very similar to the experimental
results, with a maximum error < 4%. With this check, concentration profiles were simulated in
the column and in the particle.

Keywords: Adsorption, Langmuir isotherm, mathematical model, simulation, computational fluid
dynamics (CFD).
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RESUMEM

Los programas de simulacion permiten describir sistemas reales. Uno de los campos mas
importantes es la dinamica de fluidos computacional (CFD) que estudia el comportamiento de
los fluidos en reposo o en movimiento.

En este trabajo, se desarrolla el codigo CFD a través del programa Mathematica® para
simular una columna de adsorcién de lecho fijo.

El modelo matematico que se utiliza fue descrito por Chatzopoulos y Varma. Este modelo
contiene dos balances de material de adsorbato, uno para la fase liquida y el otro para la fase
solida. Cada balance contiene dos condiciones de contorno. La concentracion en cada fase se
relaciona a través de la ecuacién de equilibrio, en este caso, se utiliza la isoterma de Langmuir.
El modelo describe la variacion de concentracion de soluto en la columna y dentro de la
particula en funcién de la posicion y el tiempo.

Los resultados numéricos obtenidos a través de la simulacién fueron muy parecidos a los

resultados experimentales, con un error maximo < 4%. Con esta verificacion, se simularon
perfiles de concentracidn en la columna y en la particula.

Palabras clave: Adsorcion, Isoterma de Langmuir, modelo matematico, simulacién, dindmica
de fluidos computacional (CFD).
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1. INTRODUCTION

The adsorption is a surface phenomenon, the molecules or atoms from another phase are
attached to surface of the adsorbent. These molecules or atoms are called adsorbates.
Depending on the type of the bond between the adsorbent and the adsorbate, adsorption may
be physical or chemical.

The physical adsorption o physisorption is based in a van der Waals interaction between the
adsorbent and the adsorbate. In this process there is not exchange of electrons, but there are
intermolecular attractions where the energy is favourable. The characteristics are:

e The van der Waals forces are relatively weak. The adsorption enthalpy values are
comparable with the condensation enthalpy values.

e The adsorbate retains its identity, since the enthalpy change is small. In other words,
insufficient to lead to bond breaking.

o  The process is reversible.

The chemical adsorption o chemisorption involves an exchange of electrons between
adsorbates and adsorbent surface, in that way the molecules or atoms stick to the surface by
forming a strong chemical bond (generally covalent bond).

e The bond is consequently much stronger, it has a small distance and it is more stable
at high temperatures than the physical adsorption.

e The enthalpy values are high on the region of 200 kJ/mol.

e The process may be irreversible.

1.1. 1ST ADSORBENT

Adsorbents are solid particles which have an adsorption large surface area. Almost all
adsorbents contain pores to increase this surface.
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A very important property is the structure of the pore (number of pores, shape and size),
since it determines the adsorption capacity and even the dynamic adsorption rate. Next, at table

1 itis shown with the classification de pores according to [UPAC.

Table 1 Classification of pores according to IUPAC.

Type Pore diameter d (nm)
Macropores d>50
Mesopores 2<d=<30
Micropores d<2

1.1.1. 2nd Adsorbent materials

There are a lot of adsorbent materials, but the most used in industry are: activated carbon,
silica gel, and alumina. These materials provide large surface areas per unit weight. The column
of adsorption that is studied has granular activated carbon (GAC) as an adsorbent.

1.1.1.1. 31 Activated carbon

Activated carbon can be formed from the following materials: carbonaceous material, peat
and wood (it is very common the coconut shell). This adsorbent has a high degree of
microporosity, the pore volume ranges are between 0.7-1,8 cm3/g and the total surface area of

activated carbon per unit weight ranges are between 300 and 1500 m2/g.

There are different types of activated carbon and they are classified based on their size,

preparational methods and industrial applications.
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Powdered
activated
carbon (PAC)

Granular
activated
carbon (GAC)

Bituminous
GAC

Lignite GAC

Coconut-shell-
based GACs

Form

Crushed

Granular

Granular
(a more fully
developed
pore
distribution)

Granular

Granular

Table 2. Types activated carbon.

Size

<0.297 mm
(according to the
American Water

Works)
<0177 mm
(according to

ASTM

D5158.PAC)

Mesh sizes
For liquid-phase
8x 20, 20 x 40, or

8x30

For vapor-phase
4 x6,4x8, or
4x10

Mesh sizes
For liquid-phase
8x 20, 20 x 40, or
8x 30
For vapor-phase
4 x6,4x8, or
4x10

Mesh sizes
For liquid-phase
8x 20, 20 x 40, or
8x30
For vapor-phase
4x6,4x8,or
4x10

Mesh sizes
For liquid-phase
8 x 20, 20 x 40, or
8x 30
For vapor-phase
4x6,4x8, or
4x10

Surface
areas

Ranges
0,7-1,8
cm3/g

Approx.
900 m2/g

650 m2/g

Over
1000 m2/g

Main applications

Biological treatment.

The removal of toxic
organic compounds
from industrial
wastewater and
groundwater.

Water treatment.
Treatment of low
concentrations of
low molecular
weight organic
compounds in water.

Decolorizing.

Vapor and liquid
phase applications.
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Optimal working conditions using activated carbon.

v

SSRNEENIRN

Large molecules.

Nonpolar molecules.

Nonsoluble or slightly soluble molecules.

The degree of adsorption can change according to the pH and solution to be treated.
An increase of temperature promotes an increase the rate of diffusion through the
liquid but may reduce the degree of adsorption since the adsorption process is
exothermic.

1.2. 15T EQUILIBRIUM

The equilibrium between the liquid and solid phases in an adsorption system is represented

through the equilibrium isotherm. This isotherm is characterized by a system and a temperature.

The most important isotherm types are Langmuir isotherm, Freundlich isotherm and Dubinin-
Raduskevish (DR).

1.2.1. 2nd Langmuir isotherm

For the development of the mathematical model is used the Langmuir isotherm. The

Langmuir isotherm is physically plausible and is based on three assumptions that are the

following:

The adsorption can only has a monolayer coverage.
All sites are equivalent, individuals and the surface are uniform.
There is not interaction between adsorbates.
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1.3. 1ST MASS TRANSFER STAGES

In the adsorption process there are four mass transfer stages, as shown in Figure 1.

Figure 1. Mass transfer stages in the adsorbed particle.

1 Mass transfer from the fluid sine.
2 Mass transfer from the film.

3 Adsorbate diffusion.

4 Reaction kinetic.

For one hand, the external mass transferred to the adsorbate.

e Mass transfer from the fluid sine: Mass transfer between the surrounding fluid and
fluid-film. This stage has a small resistance to mass transfer compared to the others.

e Mass transfer from the film: The film is a fluid layer surrounding the adsorbent particle
and opposes a resistance to let matter passes between fluid-film and adsorption
surface. The transfer is affected by the hydrodynamic conditions of the fluid.

On the other hand, the internal mass transferred to the adsorbate.

The adsorbate diffusion in an adsorbed particle includes diffusion in the pores and diffusion
in external surface.
e  Solid diffusion is also called microporous diffusion. This adsorption surface has pores

that are so small that the adsorbate does not escape of the bond force between it and
the external surface of the adsorbent particle (Perry R.H., 1999.).
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e  Pore diffusion is also called macropore diffusion. This is the diffusion of adsorbate in
fluid-filled pores. The adsorbate escapes from force field of the adsorbent surface due
that the pores are big enough (Perry R.H., 1999.).

Finally, the kinetic reaction.
o The kinetic reaction is not usually a determinant stage of the process and occurs

between adsorbent and adsorbate. Adsorption occurs through the exchange of
electrons or intermolecular attractions.
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2. OBJECTIVES

The main objective of this work is to build a computer program using Mathematica®

program to simulate an adsorption column and see what happens inside the column and the

adsorbent particles.

Other objectives:

v

v
v
v

Know the adsorption process.

Study and development of equations that define the adsorption model.
Acquisition of knowledge of the Mathematica® program.

Validate the results using experimental data.
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3. DEVELOPMENT: MATHEMATICAL MODEL

The dynamic of adsorption process is based in a model developed by Chatzopoulos and
Varma (Chatzopoulos, D., Arvind Varna, 1994.). They carried out a process of toluene
adsorption and desorption in the aqueous phase using F-300 activated carbon as the
adsorbent.

The study that is presented is based in an individual adsorption of three compounds that are
benzene, toluene and o-xylene (BTX) in aqueous phase using coconut shell activated carbon as
the adsorbent. The numeric methodology is based on two adsorbate mass balances in liquid
and solid phase. These balances are developed and then discretized using the Integration Over
Control Volume method with the CDS formulation.

The numerical simulation describes the variation in the adsorbate concentration in the
column and surface the adsorbent (includes the pore and the external surface of the particle) as
a function of time and position.

The mathematical model that is used is the of homogeneous particle and it is considered
two resistances to mass transfer

e  External-film resistance.
e  Surface diffusion resistance in the adsorbent particle.

The diffusion coefficient (Ds) is not considered to be constant as it depends on the solute
solid-phase concentration. The diffusion coefficient increases exponentially with adsorbent
surface coverage of the adsorbent surface. The equation 1 describes this increase.

D4(q)= D, [ek(@] ©

Where Do is the surface diffusion coefficient when the adsorbate mass fraction in solid
phase (q) is equal to zero (q = 0) [cm?/s], k is the experimental parameter of eq.1 [-] and Qsat is
the adsorbate saturation mass fraction in solid phase [mg/g].



Development of the CFD code through the Mathematica® program to simulate and adsorption column 10

3.1. 15T ADSORBATE MASS BALANCE FOR THE SOLID PHASE

Mass balance for one chemical specie in one differential volume (See eq. 2) contains four
terms: term of non-stationary regime, convective term, dispersion term and generation term.

For the study of the adsorbent particle, three conditions are supposed that are the following:

e [sothermal process.
o  Adsorbent particle whit spherical geometrical.
e  Fast adsorption kinetic.

ap,
ot

q S
+V.[p,qV]=V.p,D; Vg +R (2)

Where q is the adsorbate mass fraction [mg/g], Ds is the surface diffusion coefficient [cm?/s],
ps is the apparent particle density [g/cm?® and R is the generation term of the species
[mg/(s'm?3)].

Adsorbate mass balance for the solid phase contains the non-stationary term and the
diffusion term (see Eq. 3). So, the equation 3 allows the study of the variation in the solute
concentration in function of the radial position of the particle and the time.

9, q
o VP DV ()

Equation 1 was incorporated in mas balance (see eq. 3) to take account the variation of the
diffusion coefficient at the surface (Ds).
aq g

E =V.D0 [ek(g>:| Vq (4)

Finally, the definition of convergence and divergence in the field of orthogonal spherical
coordinates applies. Considering that the adsorbate concentration only depends on the radial
position (r), the terms related to theta and phi do not contribute. The final balance is described
by Eq. 5.

% D09 foeli(ara &
a1 A O
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In g is done a change of variable to work with units of concentration [mg/cm3]. This leads to
the following relation:

[mg of adsorbate [mg of adsorbate]
q g of adsorbent e cm?3

The Langmuir isotherm relates the concentrations (See eq. 6) and the variation of q with
respect to Cp (See eq. 6.1).

_Ysat b, CP
ipC. b, C, (6)
aq - bL qsat

XY
9Cy  (1+b, C,)*

Equations 6 and 6.1 was incorporated in mass balance (see eg. 5) gives:

bl Ggqt C
( K ;_+b|_thp
Osal
hay ml,ze )| baa
(1+bL Cp)z ot r2 or |

\

3.1.1. 2nd |nitial and boundary conditions
For the study of momentum, heat or mass, there are 3 types of boundary conditions.

Type 1: The value of the dependent variable is known on the boundary. The dependent
variable in this case is the adsorbate concentration.

Type 2: The flow that penetrates through the boundary is known. In this case the flow is of

mass.

Type 3: The transfer coefficient is known. The coefficient in this case is of external mass
transfer.

Equation 7 has to be solved with following initial and boundary conditions. The conditions
that are shown are for the adsorption and desorption processes.
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3.1.1.1. 34 Initial condition

At time zero, at all radius of the particle (r) and at all axial length of the bed (z), the
adsorbate concentration remains at a fixed value.
t=0, 0<r<R, 0=szslL
For adsorption: The concentration is equal to zero.
C=0 (7.1
For desorption: The concentration is equal to adsorbate initial concentration in liquid-phase.
Co=Cpin (7.2)

3.1.1.2. 3 Boundary conditions

Type 2: All the time, at all axial length of the bed (z), there is not diffusion at r = 0.

t>0, 0<z<lL, r=0
aC,

5 070 (73)

Type 3: All the time and at all axial length of the bed (z), the external mass transfer
coefficient (ki) is known. The following equality applies for r = R

The flux density at the particle surface = The flux density at the fluid film

3.2. 15T ADSORBATE MASS BALANCE FOR THE LIQUID PHASE

Initially, mass balance for one chemical specie in one differential volume (See Eq. 2) is
studied to describe the variation of the adsorbate concentration in the axial position (z) and the
time (t). The balance is given by eq. 8.

8C 6C 6 C

Where C is the solute I|qU|d-phase concentratlon [mg/cm3], Deff is the dispersion coefficient

[cm/s], vs is the superficial liquid velocity in bed [cm/s], €L is the bed void fraction [-] and (1- €L) is
the bed fraction [-].
In the absence of axial dispersion of the adsorbate in the bed, the dispersion term is

removed of equation 8. This is possible when the relationship between the bed length and the
particle diameter is greater than 20.
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aC aC aq p,

ELE”ELVSEZ'U -€) o

€)

Generation term can be related through the adsorbate flow (See eq.10), where the driving
force is the difference between the adsorbate concentration in liquid-phase and the equilibrium
concentration in the solid-liquid interface. This relation is applied in equation 9 (See eq. 11).

9q p,
ot

Where Cs is the equilibrium concentration in the solid-liquid interface [mg/cm?] and a is the

=aki(C-Cs) (10)
specific area [m2/m3].

€ E+VS =-(1 8)3k(C Cy (1N
th: LEZ:__ € ©-C,
3.2.1. 2nd|nitial and boundary conditions

Equation 11 has to be solved with the following initial and boundary conditions. The
conditions that are shown are for the adsorption and desorption processes.

3.2.1.1. 3 Initial condition
At time zero, at all radius of the particle (r) and at all axial length of the bed (z), the

adsorbate concentration remains at a fixed value.
t=0, 0<r<R, 0<£z<L

For adsorption: The concentration is equal to zero.
C,=0 (111D

For desorption: The concentration is equal to adsorbate initial concentration in liquid phase.
C=C, (1.2
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3.2.1.2. 3@ Boundary conditions

Type 1: At all the time and at all radius of the particle (r), the adsorbate concentration is
equal to adsorbate initial concentration in liquid-phase, at z = 0.

t>0, z=0, 0<r<R
c=C, (113)

Type 2: At all the time and at all axial length of the bed (z), there is not adsorbate diffusion
atz=L.
t>0, z=L, 0<r<R

=0 (114
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4. DIMENSIONLESS MATHEMATICAL MODEL

The mathematical model is presented with its initials and boundary conditions using the
following dimensionless quantities:

2
Vg R 3R (1-€) k¢ R k¢ Cref ref C Cp _Comm
A==~ = L= I =2t rg=p, C wW=— W.= w. =
LDy ’ €Dy ’ Ps Do qref, P qsat’ L b Cref CP Cr f PN C"ef
4 r Dot

=- == T=—=
L p R’ R?

Where w is the dimensionless concentration in liquid-phase, wp, and wpmm are the
dimensionless concentrations in solid-phase, Z and p are the dimensionless lengths, T is the
dimensionless time and A, B, L and ra are the dimensionless groups.

Dimensionless adsorbate mass balance for the solid-phase
ra
R o () R

T+rawp

(1+raw,)” o P2 9P (1+raw,)’ 9

Dimensionless initial condition
1=0, 0<p=<1, 0=<Z<1
For adsorption:
w,=0;  (12.1)
For desorption:

p p,in; (12-2)

Dimensionless boundary conditions
Type2: 1>0, 0<Z<1, p=0
ow,

% p=0:0 (123)
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Type3d: 1>0, 0<Z<1, p=1

ra ra
) W, MM ) Wp,MM-1

T+rawyyy 1+raWyyyq =L ar (o) - (124)

Where AE is the dimensionless matter flow entering from the right (The value is shown in
the discretization section).

Dimensionless adsorbate mass balance for the liquid phase

ow oW _
E-'-Aﬁ_-B(W-Wp’S) (13)

Dimensionless initial and boundary conditions

Dimensionless initial condition
1=0, 0sZ<1, 0<sp<1

For adsorption:

w=0 (13.1)
For desorption:

w=w, (13.2)

Dimensionless boundary conditions
Type1: 1>0, 0<p<1, Z=0

w=1 (13.3)
Type2: 1>0, 0<sp<1, Z=0

ow _
§|z=o'0 (13.4)
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5. DISCRETIZATION

The behaviour of fluids (in motion or in rest) is studied through fluid mechanics. One of the
most important fields in this science is the computational fluid dynamics (CFD).

CFD allows to simulate, analyse and solve problems that involve fluid flows. This is possible
through numerical analysis (contains the equations that describe fluid motion, interaction of fluid
with solid and the boundary conditions) and the computer programming to solve and analyse

the results.

In this study the development of the CFD code is done through the Mathematica® program
to simulate an adsorption column.

5.1. 1ST MESHING

Two different meshes are created. One for the column and other for the particle in each
node (point) of the column. These are two-dimensional (time-space) structured meshes to store
the discrete points that are used. The nomenclature that is used in each mesh is the next:

Mesh in the column

IV AZ i AZ i
D D | P | D —D
1 w o, P E N
1 i-1 i i+1

Flow
Figure 2. Mesh in the column

v

Where 1 is the first node, N is the last, P or i is the node to study, W or i-1 is the west node
respect to P, E or i+1 is the east node respect P and AZ is a dimensionless length increment.
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Mesh in the particle

For each node of i, all the values of j are studied.

e
&- O—T— 7T —D
1 W P e E M
i, 1 i, j1 i j i, j+1 M

Flow
Figure 3. Mash in the particle

A

Where i is each node of the column, 1 is the first node referred to the particle, M is the last,
P or j is the node to study, W or j-1 is the west node respect to P, E or j+1 is the east node

respect to P and Ap is a dimensionless length increase.

5.2. 15T DISCRETIZED EQUATIONS

The discretization is done by the Integration Over Control Volume method (IOCV). The data
are stored in the centre of the control volumes. The method of calculation that is used is the
Explicit. This method works with small increments of time to do that the solutions do not depend
on the increment value. The new node at each phase depends on three previous values (See

figure 4) that are:
Liquid phase: wn; depends on woi, Woi+1 y W1

Solid phase: wp" depends on wpo;,j, Wpey,j+1 Y WpO, j-1.
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D D D
U | N\ | U n, new
W w P e E
U
I 0, old
1w i e it

Figure 4. Calculation of P from the previous nodes.

The development of differential equations with their corresponding boundary conditions can
be seen in Appendix 1. Equations that are obtained are shown below.

Discretized adsorbate mass balance for the liquid phase (See eg. 13).
eq[il:= (Sp + AW) w;[1] == AW w4[1] +Su  (14)
Where:
Sp=1+ATB, AW=A %, Su = ATB Wy [T] + wi[1-AT]

Boundary conditions

Type 1: In node 1 (entry of the column) the dimensionless concentration is 1, at all the time.
wi[1]=1 1>0 (14.1)

Type 2: The condition of flow density (Ds = 0) affects the node NN and N-1(end of the
column).
eq[NN]=wyy [1] == w4 [1]  (14.2)
AE=0
eq[NN-1] = (Sp + AW) wyn.1[T] == AWwyyo[T] + Su  (14.3)
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Discretized adsorbate mass balance for the solid phase (See eq. 12).
eq[ij]:= (Sp + AW + AE) wy;[1] == AW w4 [T] + AE w4 [1] + Su (15)
Where:

rawp i [1-AT]

Sp=Ap, AW=AE= i—peMm)] , Su=w, ;[r-AT]

Boundary conditions

Type 2: Flow density equal to zero affects the node 1 and 2 (center of the particle).
eqfi, 1]:=wyi1[1] == wyo[1]  (15.1)
AW =0
eqli, 2]:= (Sp + AE) Wy, [1] == AE wyi3[1] + Su  (15.2)

Type 3: The fact that the external mass transfer coefficient is known is the condition that

affects the node MM and MM-1 (surface of the particle).
ra

AE = Woi M-t [1]
T+ b — + 28Ty froa]
, _ __ T Hrawg g [T-AT] - Ap
eq[i, MM]:= wyyy [1] == 3 (15.3)
D la

T+rawyium[T-AT]  Ap

1 \
eq[i, MM-1]:==| Sp + AWy, + s 1
+
pLAT(1+rawy;lr-Atl) A1
1

ra 1
+
pLAT(1+raw,;ylr-At])  ABu1

Wy inwt [T == AWpg Wo w2 [T] + wi[1-AT] + Su  (15.4)
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6. RESULTS

From the mathematical model that is proposed, we proceed to validate the numerical
methodology that has been developed. For this, the results obtained from the numerical
simulation for each component through the Mathematica® program are compared with the
experimental results made by Adriana Luz and others (Dervanoski Luz, A. et al., 2013.).

The input parameters for simulation of each component (benzene, toluene, o-xylene) are
given in Table 3 and the code in the Mathematica is shown in appendix 2.

Table 3. Parameters used to simulation (Dervanoski Luz, A. et al., 2013.).

Parameters Units Benzene Toluene O-xylene
B cm3/mg 49 49,7 40,5
Cin mg/cm?3 0,15 0,15 0,15
Do cm?/s 8,12:10-09 7,17-10-08 2,40-10-08
Dc cm 1,2 1,2 1,2
dp cm 0,085 0,085 0,085
*k adm. 3,2 3 34
ke cm/s 6,31-10-03 6,31-10-03 6,31-1003
L cm 10 10 10
Q cmd/s 0,67 0,67 0,67
Qsat mg/g 124,77 150,42 165,07
Vs cm/s 1,44 0,59 0,59
&L adim. 0,41 0,41 0,41
ps g/cm3 0,49 0,49 0,49

*The values of k are the are best adjusted to the experimental results, since the article does not

give that data.
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The number of nodes used for each meshes are given table 4.

Table 4. The number of nodes for each mesh

Number of nodes Benzene Toluene O-xylene
In the time 128 128 128
In the axial direction 28 30 30
In the radial position 58 21 28

Figures 5, 6, and 7 show the experimental and simulated (new and old) dimensionless
breakthrough curves for benzene, toluene and o-xylene, respectively. The data of
dimensionless concentrations that are shown are taken at the exit of the column.

Concentration  liquid —phase [-]

1.0
0.8
0.6 Y
0.4+ : @ Experiment result

® New numerical result
021 3 Old numerical result
00°F : ‘ : . Time [h]

0 5 10 15 20

Figure 5. Experimental and simulated dimensionless breakthrough curves for benzene.
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Concentration liquid —phase [-]

1.0
ol : /’
..'-..

06!

l.‘...
04l Vi @ Experiment result

‘ @ New numerical result
0.2 Old numerical result
0.0 ‘ ‘ ‘ . Time [h]

0 5 10 15 20

Figure 6. Experimental and simulated dimensionless breakthrough curves for toluene.

Concentration  liouid —phase [-]

1.0

08| /
d'..’.‘

06| Vs

04+ @® Experiment result

® New numerical result

0.2

Old numerical result

0.0 » Time [h]
0 20

Figure 7. Experimental and simulated dimensionless breakthrough curves for o-xylene.

Comparing the dimensionless breakthrough curves in each graph (See figure 5, 6, and 7) it
can be observed that the results obtained from the new simulation shows a better agreement
with experimental values. Table 5 shows the maximum errors obtained between the numerical
result (new and old) and the experimental one.
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Table 5. Maximum errors between the numerical result (new and old) and the experimental.

Components New maximum error Old maximum error
Benzene 1,68% 10,05%
Toluene 3,78% 10,49%
O-xylene 0,78% 1,84%

The results are adjusted with a small error to the experimental results and the new
maximum error < old maximum error. With this it is verified that the development of the
numerical methodology and the development of the program have been made out correctly.

Two dimensionless concentration profiles are studied, for different times.

e The dimensionless adsorbate concentration profile in liquid phase is studied along the
bed and for each compound. These profiles may be observed in figures 8, 9 and 10.

e The dimensionless adsorbate concentration profile in solid phase is studied along the
radius and for each compound. The concentration values are obtained at the end of
the bed. These profiles may be observed in figures 11, 12 and 13.

C/Cin [-]
I R R R R R R
0.8
0.6+

® T=35h
0.4 e, T=85h

® T=115h
0.2} » T=145h
0.0 : : : : ' Axial position [cm]

0 2 4 6 8 10

Figure 8. Dimensionless concentration profiles in liquid-phase, along the bed for the benzene.
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C/Cin [-]
1.0’: """"""" TEEIIINC e e,
0.8+ .
06+ L ® T=35h
04l T=85h
e T=115h
0.2
eT=145h
0.0 : : ‘ ‘ * Axial position [cm]
0 2 4 6 8 10

Figure 9. Dimensionless concentration profiles in liquid-phase, along the bed for the toluene.

C/Cin [-]
10 v v s g 5 v v s TRt e e,
08| e
0.6 | .
. e T=35h
0.4+ ¢ . T=85h
’-... e T=115h
02+ Tren
eT=145h
0.0 : : : ‘ » Axial position [cm]
0 2 4 6 8 10

Figure 10. Dimensionless concentration profiles in liquid-phase, along the bed for the o-xylene.
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o/gsat [-]
1.0
(T
0.6 L e ot
[ e T=35h
04 T=85h
i . ®T=115h
021 e T=145h
o' [ -.m.--o-"'ﬁ""..‘ P R R S RS SN | Radla] msmon [Cm]
0.00 0.01 0.02 0.03 0.04 0.05

Figure 11. Dimensionless concentration profiles in solid-phase, along the particle radius for the
benzene.

o/gsat [-]
10+
O_Slooc.oo-oooo.oo..--.o-
0.6t ...‘..._.,,.......-
® T=35h
04\ T=85h
®T=115h
0.2’ e o ° .o
®T=145h
0.0 ‘ ‘ ‘ ‘ +Radial position [cm]
0.00 0.01 0.02 0.03 (0X0”) 0.05

Figure 12. Dimensionless concentration profiles in solid-phase, along the particle radius for the
toluene.
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o/gsat [-]
10
08 fJeoeoeosccccccscscsscsecceccscscsososooccoccsossoocoo
06}
® 7=35h
047 T=85h
®T=115h
o2l e
------- o T=145h
pg izttt ‘ ‘ ‘ . Radidl position [cm]
0.00 0.01 0.02 0.03 0.04 0.05

Figure 13. Dimensionless concentration profiles in solid-phase, along the particle radius for the
o-xylene.

In the figures 8, 9 and 10 it can be observed that as the adsorption time increase the
concentration in liquid-phase also increases until arrive to the initial concentration in the whole
column.

For the three compounds in an adsorption time of 14.5 h the bed doesn’t get completely
saturated.

In the figures 11, 12 and 13 the profiles have an exponential tendency (mainly in small
adsorption times), this tendency is related to the variation of the diffusion coefficient (See eq. 1).
It is also observed that concentration of the adsorbate increases with time, but the increases
decreases when the particle is practically saturated.
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N. CONCLUSIONS

Comparing the experimental results of benzene, toluene and o-xylene we can conclude that
the numerical results obtained from simulation program are consistent, because the profiles of
adsorbate concentration show a good agreement with experimental values and the maximum
error obtained is less than 4%.

This leads us to say that through a simulation program we can predict the behaviour of a
real system.

Finally, the time used for the simulation is not greater because an explicit method is used
(implies small time increments) and the power of the processor is not enough to calculate a
mesh with more nodes of time (the resolution time is very slow). If the time was greater, it could
be seen that the concentration at the exit of the column would be equal to the initial
concentration and that all the particles would be completely saturated.
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PROPOSALS

As the work was being carried out, the following proposals emerged.
v’ Realization of the experimental part, since some erroneous data was found (due
to the units or some data that are incorrect copied of another article).
v" To use a better processor to study a greater adsorption time using small intervals
of time (increasing the numbers of nodes).
v' Simulate a desorption column.
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SYMBOLS

a: adsorbent specific area [cm2/cm3]

Vg R? [_]
L Dy

A: dimensionless group, A=
AE: dimensionless mass flow entering from the right [-]
AW: dimensionless mass flow entering from the left [-]
B: dimensionless group, B= %D':)kf [

C: adsorbate liquid phase concentration [mg/cm3]

Cret = Cin: adsorbate initial concentration in liquid phase [mg/cm3].
Cyp: adsorbate concentration in solid phase [mg/cm?]

Cs: equilibrium concentration in the solid-liquid interface [mg/cm?]
dp: particle diameter [cm]

Defr: dispersion coefficient [cm?/s]

Do: surface diffusion coefficient at Cp = 0 or g = 0 [cm?/s]

Ds: surface diffusion coefficient [cm?/s]

k: dimensionless parameter in eq.1 [-]

ks external mass transfer coefficient [cm/s]

R Kt Cref [_]

L: dimensionless group, L=
Ps Do Gret

Lo: bed length [cm]

q: adsorbate mass fraction in solid phase [mg/g]

Qrer: adsorbate mass fraction in equilibrium with Crer [mg/g]
Qsat: adsorbate saturation mass fraction in solid phase [mg/g]
Q: flowrate [cm?/s]

p: dimensionless group, p= % []

r: radial position inside the adsorbent particle [cm]
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ra: dimensionless group, ra=b; C [-]

R: adsorbent particle radius [cm]

t: time [s]

v: superficial liquid velocity in bed [cm/s]

w: dimensionless concentration in liquid phase [-]

wp: dimensionless concentration in solid phase [-]

wp, mu: dimensionless equilibrium concentration in the solid-liquid interface [-]
z: axial position in bed [cm]

Z: dimensionless axial position in bed [-]

Greek letters

eL: bed void fraction [-]

(1-€L): bed fraction [-]

p: dimensionless radial position inside the adsorbent particle [-]
ps: apparent particle density [g/cm?]

1. dimensionless time [-]

Letters for mesh

P: Node to study

W: west node respect to P
E: east node respect to P
i: node of the column

j: node of the particle
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APPENDICES
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APPENDIX 1: THE DEVELOPMENT OF DIFFERENTIAL
EQUATIONS WITH THEIR BOUNDARY CONDITIONS

Discretization of the dimensionless adsorbate mass balance in the liquid-phase.

ow oW _
E + AE =-B (W'Wp,MM)
ow_ ow
E— - AE -B (W'Wp,MM)

e T 3W
f f a—deZ=AZ(wE,-w‘F’,)=AZW{‘-AZwi0
W VT

-AT
Wi + W] wi'+ wl
A < 2 ) M2

Wik - Wy 2 AW -
A 7 = AT [A <T)]=ATAAw=ATA (W' -wiy)

Toreoow ) i L
fT-ATv[ A ﬁ 0Z dr =At [(AW )e- (AW )W] = At

w

AT

T e
f f B (W-Wy ) dZ dr = ATAZ B (W] - Wy )
T-AT YW

AZ W - AZ W) =- ATA (W] -wly) - ATAZ B (W - W) )
AZW+AT AZB W+ATA W = ATA WY + ATAZ B Wy + AZ W]

(AZ +AT AZB+ATA) W' = ATA W] +AT AZ B W5y +AZ WY

AT n AT n n 0
(1 +AT B+H A) W, = E AWi_1+AT B Wp,MM+Wi

(Sp + AW) w! = AW wi; + Su

eq[il:== (Sp + AW) w;[1] == AW w;4[1] + Su
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Where:
Sp=1+A1B, AW=A %, Su=ATB Wy + W
Boundary conditions

Type 1:
wi[t]=1 1>0
Type 2
eq[NN] = wyy [1] = wyn-1 [T]
AE=0

eq[NN-1] = (Sp + AE) wy.1 [T] = AW wyp.o[1] + Su

Discretization of the dimensionless adsorbate mass balance for the solid phase.

ra aw, 1 9 {pz e[k(%)] A o

(1+ra wp)2 a o p (1+ra Wp)2 9p

fefT ra aWp ij dT dp:Ap ( )
w JT-AT (1 +ra Wpi,j)z a1 (1 +raw IJ)Z Pll PI,J

rawgi_j )
Ate k<1+rawgu> e ( Awpi'j) - < AW"”) ]:
w e

(1+ra ng,j)2 [\ Ap Ap

ra WpIJ
e e[k <1+rawp”>] ra ( (W31~ Wpig) (Wi ‘ngw)) _
Ap

(1+ra wgu)2 Ap

—AT [k< : Wp” )] —ra [( )] ra
1 1
e +rawpIJ Z(Wplj1 Wp|J) +raw > (W

Ap (1+rawd;) (1+rawd;))

pi,j+1)
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raW
ra AT [k<1 by )] ra

ap ————— (Wi wp)= 5 e T ey (Wi -w]) +

(1+ra Wp|j) (1+ra wpi’j)
o e
A_pe 1+raWp|J — ('W;i,j+WBi,j+1)

(1+ra wpi’j)
raw, raw,
AT [k(ﬂra‘\)ulj )] AT <1+rza:)/vIJ >]
Ap(wplj gi,j)zA_pe Pij (Wp|J1 p|J)+_pe Pl ( W +Wp|J+1)

‘ rawpIJ v rawpIJ
+ A_Te 1+rawpIJ Y. A_T e 1+rawpIJ W=
Ap Ap

Ap Wi pij pij
raw raw

S P L)

A_pe 1+raWpIJ Wp|J1 A_pe 1+rapr p|J+1 prp”

Ap+ e 1+rawpIJ + e 1+rawpIJ Wn--=
Ap Ap pi)

+Apwe

pIJ+1

‘ rawpIJ v rawpIJ
A_Te 1+rawpIJ W +A_Te 1+rawpu
Ap pij

Ap pij-1

(Sp+AW+AE)wpIJ AWW).. . +AEWD..., +Su

pij-1 pij+1
eq[i, jl:= (Sp + AW + AE) wy;[1] == AW w,, 4 [T] + AE W44 [T] + Su

Where:

) rawpiéj ]
Sp=Ap, AW=AE=§—Le[(“’”9iJ) Su=Apw);
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Boundary conditions

Type 2:

AW2 =0

Type 3:

eq[i,1]= Wpit [1]= Wpi2 [1]

eq[i,2]:= (Sp + AE) Wy, [1] = AE wy; 5[] + Su

ra , ra .,
) WpiMMm ) Wp i, MM-1

b 0 0
1+ra W5 i 1+ra Wi -1

=L AT (- w0 + W)

ra ., ra o,
D WhiMMm ) Wp i MM-1
-AE = = =-LATW + L AT Wy
1+ra Wo i 1+ra Wo i -1
ra . ra o,
) WpiMm ) W i, MM-1
T *LATWSuy =AE ——— +LATW
1+ra Wi 1+ra Wo i M1
ra LI
wo AE—P s :AEw+LATW°
PIMM ™1 4 rawe T+raw !
pi,MM pi,MM-1
ra o,
AE 7 WoiMm-1 ] .
—————+LATW
MM-1 o
I 1+ra Wo i M1 !
Woimm = ra
AEMM-1 71 + P ) +L AT
rawy
ra
7 WoiMM-1 [7]
+ 1-
AE\1 T+ ta Wy oy [FAT] L AT w[1-AT]
eq[MM]:= wpym[T] = ra

p
ABwi-1 T+r1aw,; yu[T-AT] +Lar
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ra ra_,
) WpiMm ) Wp i MM-1

- =LAT(-w +wp;
THrawdy 1+ raws g (- W0+ W)

fa a

D WpiMMm D Wp i, MM-1

— 0
lerawe 1+raw? =-Larw+LAr
0 MM DMVt

ra
AE 7 Woimm-1 ] .
————— +LATW
MM-1 5 i
1+ra Wo i w1
a

- Wi0+

AEMM-1 W +L AT

0 n
N Wit Woinm piMM
Wpi,MM - 1 - 1

LAT LAT

ra_ o ra .

AEy P L AT+ ABgy PP Arwe

- AEy.1 o -LATW + AEy 5 tLATW
1+ra W i 1+ra Wo i w1

ra

AEypq s + L AT
MM+ ra Wl

1
L AT
ra_, ra
) Wi 7 Woimm-1
- N - A— .
ABMM- T w2 ABMMT T e

pi,MM p i,MM-1
ra

Y S ppp—— R
MM+ ra Wl

A
ra LAt ra
AE o L AT + AE p Mo

- AEMMA T o we L AT+ AEym
1+ra ng,MM 1+ra ng,MM-1

ra

L AT

AEy s+ L AT
MM+ ra Wl
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i w? + WH w1 ) wP N Wy -1
1+ra wginM 1+ra ng,MM—1 3 1+ra ng,MM 1+ra wginM_1 )
ra 1 1
1 P syt ]
— | AEyy17————F—+LAT LAT(1+raW'MM) AEyt —=
AEym1 % Lar\ T Hrawg P MM-1
. W?O WrnJi,l\gM-1
1+ra W imm . 1+ra W3 i1
1 1 1 1
+ +
L AT (14wl i) AEyuq % L AT (14wl i) AEyuq %
ra ra
AE o WBi,MM . AE ) WBi,MM-1 _
"W+ ra W3 "W 1+ ra W) -1
W W -1
1+ra Wg MM . 1+ra Wg V-1
1 1 1 1
+ +
ra ra
LAT(1+rawdim) AEyyq o LAT(1+rawdiu) AEyuq o
@ W
_AE p piMM T+rawg;yy
M1+ ra we. 1 1
pi,MM 5 + 5
L AT (1 +ra Wpi,MM) AEy1 >
@, i
AEp-1 E Wpimm= 1 1
LAT(1+raws, )+ ra
pI,MM AEMNH E
w? we
AEw1 W im= ' = a ' 7
ra 1 1 +
< + LAT(1+rawl. AE.1
P ALAT(1+rawd ) A % pLar( piv)
n
ra _ Woimm1
p Voimm1 _ T+r1awg; .1
ABMM T W 1 1
P i,MM-1 .

+
L At (1 tra ng,MM) AEMM-1 %
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ra W i -1
AEyns — WD s = Pl
MM-1 P pi,MM-1 1 1

+
LAT(1+ra wginM) AEy1 %

n n
Wp i MM-1 Wp i MM-1

AEypq WD =
MM-1 Wp i MM-1 ra 1

ra 1 1 *
d + pLAT(1+rawd ) ABuw1
P ALAT(1+rawd ) AE % P!

(Sp + AWyt + ABymi1) Wo i1 = AWangt Wo w2 + AByit Wy + Su

1
ra b
pLAT(1+rawd ) AEunt
1
ra ]
pLAT(1+rawd ) AEums

n - n
| Sp+ AWy + | W0t = AWt Wp ez +

w + Su

, 1
eq[i MM-1]:= kSp + AWypq + - 1 } Wy i1 [T] ==

+
pLAT(1+raw,l-At]) A1
1

ra 1
+
pLAT(1+rawymlr-Atl) AEww-1

AWyt Wy -2 [T] + w;[T-A1] + Su







Development of the CFD code through the Mathematica® program to simulate and adsorption column 45
Code in the Mathematica® program for the benzene.
Data
dp 2 Q
L0=10; €L =0.41;dc=1.2;dp=0.685; R= —;Q=—; V§ = —m;
2 3 a2
eLPi =
4
Ds =8.12 10~-9; kf = 6.3107  10~-3; bL = 48.98; ps = ©.49; gsat = 124.77; Cin = Cref = 2 - ©.075;
bL gsat Cref R?vs 3 (1-€L) kfR qref kfRCref
qref = ——; k=3.2; A= 3Bz —— ——; ; ra=bLCref; p= ;L —mm
1+bLCref Ds Lo eL Ds gsat Ds gref ps
Bed lenght = 10 cm, Column lenght = 1.2 cm
particle diameter = ©.085 cm, Bed void fraction = 0.41
<m
Superficial liquid velocity = 1.43771 —
5
CII|2
Surface diffusion coefficient (at Cp =0) = 8.12x10 ° —
s
mg
Initial concentration in liquid phase = 0.15 5 Saturation mass fraction in solid phase = 109.822 —
cm [

Dimensionless parameters: A= 31981.2 B= 142594. ra= 7.347 p= ©.880196 L= 92.0695
Meshing
Time = 15  3600;

nz = 28; nr = 58; nt = 128;
s T

At N[T“] At Rationalizo[o
= T H = o

Lo 1
NN=nz+l; AZZ= —; AZ = Ranomuza[——]; Print["Az = ", N[AZZ], " cm, ", " AZ =
nz nz

ime
];Print[" At = ",At," s, "," At = ",N[At], " [-]"]
nt

"s N[AZ], " [-]7]

R 1
MM=nr+l; Arr=N[—];Ao=htionanu[—];Print['Ar =", Arr;"cm, "," Ap = ";N[A0), " [-]"]
nr nr

1
Print["Tiempo de registro = ", Time ——, " h"]
3600
at 421.875 s, At ©.00189654 | -
Az 9.357143 cm, 2Z 0.0357143 |-
Ar 0.000732759 cm, Lo 0.0172414 | -

Tiempo de registro 15 h
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Initial and boundary conditions
initialCondl = Table[w; [@] =@, {i, 1, NN}];

initialCond2 = Flatten[Jom [Tall:ale[wp1 j[@] =@, {i, 1, NN}, {3, 1, MM}]]];

aplana

boundaryCondl = Flatten[Join[Table[w;[c] =1, {t, AT, nt AT, AT}]]];

nta |tabla

Discretization

At At
eqfi_] := [1+AIII+A—) wilt] =A—wi_j[t] +wi[c-Ar] +ATBwp mlcr];
az az !

eq[NN] 1= wy[T] = wan.1[T]}

PIthj[tfﬂI] rawp.,;,[:—At]
eqp(i_, 7 1+ Aa+—E* ~—E" wpi,;[t] =
lfraupij[r—Ac] lfrlw]J[t—A:]

rawp; ;[t - At] rawp;, ;[T -At]
[ ( ]]wp\__,,[t]+—ﬁ [ [ ]]up,m‘[t]+Aowp.,;[t-m:];
14rawpw[t—Ar] lfrawphJ[t—nr]

At rawpi [t - At] At rawpi [t - At]
eqp[i_, 2] = [AD* —E“(k [—]]]le,l[t] = —E" |k | ——
Ap 1+|-lnpm[t-At] Ap 1+raup\.z[:-A:]

]w:,s[tl +Bpwpi,a[T - AT];

eqp(i_, 1] 1= wpia[t] = wpi2[t];
eqp[i_, MM] := -LAtw;[T - At] +LAT Hpg’m[t] =

+ —E* |k

1+raup‘._[t-.ﬁ|:] Ap

[ [ rawp; w1 [© - AT] ]] =Py m ] at [ [ rawp; [t - AT] ]] 3 “Pumaltl
-—E"

3
1+ raw ,[T-AT 1+ raw 4, [Tt -AT 1+rawp 1 [T -Ar]
Pi, w1 Pi, w1 i, ;-1

1 ra wpim [t - AT]
eqp[i_, MM -1] := |Ap+ ’—E" [ WPi,m-1[T] =

1 1 1+ rawp [t -aAr]
+ 1,1
Lac ;‘E (1erawpi mic-a5]) &% gafy "Wf.-—ll‘-“l

2 ' 2 Terawpi m 1 (t-87] m,m,ﬂt—nl

[ [ rawp m-1[t - At]

14 rawp mylt-ar]

]“P:.u-x[’]‘AD'P-.,——l(l'A‘]‘ n = wi[r-ac];

Lac 2 (1erawp; ,..;pm) [l( a1 lt-2%] ])
s ’
=)

eqns = Flatten[Join[Table[eq[i], (i, 2, NN-1)], (eq[NN]}]];

eqnsspp = Flatten[Join[Table[eqp(i, j], {3, 1, NN}, (3, 3, MM -2)], Table[eqp([3, 1], {3, 1, NN} ],

Table[eqp[3, 2], (3, 1, NN} ], Table[eqp[:, MM - 1], (3, 1, NN}], Table[eqp[, MM], (i, 1, NN}]]];

Print["Dimensions of egqns is ", Dimensions[eqns]]

Print["Dimensions of is ", D: [ 11

MatrixForm[eqns];

MatrixForm[eqnsspp];

Dimensions of egns is (28

Dimensions of egnsspp is (1711
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Solution
n=9;
Do[n=1+n;

Rationalize[tz = nAt];
unknown = Flatten[Join[Table[w:[z], {i, 2, NN}]]];

m=0;
Do[m=1+m;

egnsp = Flatten[Join[Table[egp[m, j], {j, 3, MM -2}], {egp[m, 1], eqp[m, 2], egp[m, MM - 1], eqp[m, MM]}]];

unknownp = Flatten[Join[Table [wp, ;[t], {3, 1, MM}]1]];

solutionP = NSolve[egnsp, unknownp] [[1]];

Print["nimero de iteraciones dem ", m]

Table[wp,, ;[t] = wp,,;[t] /. solutionP, (j, 1, MM}];, {NN}]

solution = NSolve[egns, unknown] [[1]]; Print["nimero de iteraciones de n ", n]

Table[w;[t] =w;[z] /. solution, {i, 2, NN}];, {nt}]

solutionl = Table[w. [z], {t, @, nt Az, AT}, (i, 2, NN}];

solution2 = Table[wp;;[t], {t, @, nt At, At}, {i, 1, NN}, {j, 1, MM}];

MatrixForm[solutioni]

MatrixForm[solution2]
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Code in the Mathematica® program for the toluene.

Data

o

2 Q
Q= —;vs= —;
3

P
3 2
eLPi i<

4

Lo=10; €L =9©.41;dc =1.2; dp=0.885; R = —
2

Ds =7.17 10"~-8; kf = 6.3107 - 18~ -3; bL = 49.73; ps = ©8.49; qsat = 150.42; Cin = Cref = 2  ©.075;
bL gsat Cref R?vs 3 (1-€L) kfR qref kf R Cref

qref= ———; k=3; A= ——;B= —— —; ra=bLCref; p= jL=s —3
1+ bLCref Ds Lo eL Ds qsat Ds gqref ps

Bed lenght 1@ cm, Column lenght 1.2 cm

particle diameter ©.085 cm, Bed void fraction 0.41

cm
Superficial liquid velocity 1.43771 -

2

(1)
Surface diffusion coefficient (at Cp -@) 7.17x10°% —
s

m m,
Initial concentration in liquid phase - ©.15 i], Saturation mass fraction in solid phase - 132.639 !
<m

Dimensionless parameters: A- 3621.86 B- 16148.7 ra- 7.4595 p- ©.88179 L- 8.6332

Meshing

Time = 15 < 3600;
nz = 38; nr = 21; nt = 128;
Time Ds Time

At = N[ ]j At = Rationalize[—]; Print["At = ", At, " s,", " Ar = ", N[Ac], " [-1"]
nt Znt
Lo 1
NN=nz+1; AZZ = —; AZ = Rationalize[—]; Print["Az = ", N[AZZ], " cm, ", " AZ = ", N[AZ], " [-]"]
nz nz
R 1
MM = nr + 1; Arr = N[—]; Ap = Rationalize[—]; Print["Ar = ", Arr, " em, ", " Ap = ", N[Ap], " [-1"]
nr nr
1
Print["Tiempo de registro = ", Time s " h"
3eee
At 421.875 s, Lt ©.0167465 |[-]

Lz = ©.333333 cm, LAZ 8.0333333 [-]
Lr - ©.00202381 cm, Lp 8.047619 [-]

Tiempo de registro 15 h
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Initial and boundary conditions

initialCondl = Table[w;[@] =@, {i, 1, NN}];

initialCond2 = Flatten[Join[Table[wp; ;[@] =@, (i, 1, NN}, {3, 1, MM}]]];

boundaryCondl = Flattnn[Jo;n[Tablu [wy[z] =1, {t, At, ntAzT, AT}]]];

Discretization

At At

eq[i_] t= (l-rA:lol—) wilt) = A—wi_y[t] +w[c-Ac) +ArBuwp m[t];
Az Az

@q[NN] 1= vy [T] = w.a [T] )

At rawp, [t - At] rlnpl,J[t-At]
eqp[i_, j_] t= (Ap+—E‘[k[ +—e
ap

1+ rawp, j[t-a:]

o

rawpi,;[t - Atr] AT rawp, [t - At]
k [—]] wp(,jaft] + — E® [k [—]] WP, [T] + Apwpy, ;[T - AT];
l+rawp [t -az] Ap l+rawp [t -az]

1+ rawp, [t -ac]

At
—E~

Ap

At rawp;;[t - At]
eqp[i_, 2] = [Aa+ —E"[k [—
ap

At rawp; [t - At]
wpi,2[t] = —EA |k | —————
]] Ap [ [1rrlup,.,[t-at]

1+ rawp [t - Ar)

eqpli_, 1] t=wpa(t] = wp,o(c];
eqp[i_, MM] t= -LAT w;[T - AT] +I.Atup,,,,|z] =

]HP.,;[I] +Apwpi [t -Ac];

PRy -2

1+rawp mlr-Aar] Ap

[ ( rawp [t -AT] ]] HP'-""[t] At [ [ rawpim[t -Ar] ]] ';—.HFI.HFI[”
-—E“

1+rawp m,lr-Aar] 1+ rawp mqlt-Aar])

. 1+rawp [t -ar)
- -1
tac B (1erawp i (c-ac]) e [ E,r:,,,;' “;(n:]n \

ST

1 ra wpim-a [T - AT]
eqp[i_, MM-1] 1= |ap+ +—EA[ ( ]]

1

14 rawp gl - AT

wpima[t] =

rawp w1t - AT]
—E [ [ ]]Wx,m»:[‘]OAﬂwP\,n-ll"A')’ 7

wi[t-at];

1+ rawp it -aAr) .
" Lot & (1erawp; mit-2t]) 5 gafy ""1,--1[‘ at]
L a Toraw -y (v-at]

o i

eqns = Flatten[Join[Table[eq[i], {i, 2, NN-1}], {(eq[NN]}]];

eqnsspp = Flatten[Join[Table[eqp(i, 7], (i, 1, NN}, (J, 3, MM - 2}], Table[eqp[i, 1], (i, 1, NN} ],

Table[eqp([i, 2], {i, 1, NN} ], Table[eqp[i, MM -1], (i, 1, NN}], Table[eqp[i, MM], {3, 1, NN}]]];

Print["Dimensions of eqns is ", Dimensions[eqns]]

Print["Di ions of is ", [ 11

MatrixForm[eqns];

MatrixForm[eqnsspp];

Dimensions of egns is (3@

Dimensions of egnsspp is (682
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Solution

n=9;
Do[n=14n;

Rationalize([r = nAct];
unknown = Flatten[Join[Table[w;[t], {i, 2, NN}]1];

m=0;
Do[m=14+m;

eqnsp = Flatten[Join[Table[eqp([m, j], {i, 3, MM-2}], {eqp[m, 1], eqp[m, 2], eqp[m, MM - 1], eqp[m, MM]}]];

unknownp = Flatten[Join[Table [wp, ;[t], {3, 1, MM}]]];

solutionP = NSolve [eqnsp, unknownp] [[1]];
Print[“ndmer‘uVde”;‘.terraci.;nes dem ",m]
Table[wp,,;[t] = wp,,;[r] /. solutionP, (j, 1, MM}];, {NN}]

sol;;;i.un = NSolve[egns, unknown] [[1]]; Print["nimero de iteraciones de n ", n]

Table[w;[t] =w;[T] /. solution, {i, 2, NN}];, {nt}]
sul;lt;.onl = Table[w;[t], {z, @, nt Az, AT}, {i, 2, NN}];
solution2 = Table[wp, ;[z], (%, @, nt Az, AT}, {i, 1, NN}, (i, 1, MM}];
MatrixFum[s;Jl;Jtionll

MatrixForm[solution2]

Code in the Mathematica® program for the o-xylene.

Data

o

Q

P
Lo=10; eL =0.41;dc =1.2; dp=0.885; R= —; Q=
2

3vs=

winN

3
2
eLPi &
4

Ds = 2.40 10" -8; kf = 6.3107 10" -3; bL = 40.51; ps = ©.49; qsat = 165.07; Cin = Cref = 2 - ©0.075;

bL gsat Cref R?vs 3 (1-€lL) kfR qref kf R Cref
qref = ————— 3 k=3.4; A= 3Bz —————— ——; ra=bLCref; p= jLsg
1+ bLCref Ds Lo eL Ds gsat Ds gref ps

Bed lenght 10 cm, Column lenght 1.2 cm
particle diameter ©.085 cm, Bed void fraction 0.41

cm
Superficial liquid velocity 1.43771 —
B

2
om
Surface diffusion coefficient (at Cp @ 2.4x10°% —

m m
Initial concentration in liquid phase - ©.15 —gi, Saturation mass fraction in solid phase - 141.743 4
cm g

Dimensionless parameters: A- 10820.3 B- 48244.1 ra- 6.0765 p- ©.858687 L- 24.135
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Meshing

Time = 15  3600;
nz = 30; nr = 38; nt = 128;

Time Ds Time
At=N[—];At=Rationaun[ ];Print[":\t = ",At, " s, "," At = ", N[AT]), " [-]1"]
nt R? nt
Lo 1
NN = nz +1; AZZ = —;AZ-RatLonalixc[—];Print["AZ = ",N[AZZ], " em, ", " AZ = ", N[AZ], " [-]"]
nz nz
R 1
MM = nr+1; Arr=N[—];AD:Ratianlli:c[—];l’rint["/\r = ",Arr, " cm,", " Ap = ", N[Ao], " [-]1"]
nr nr

1
Print["Tiempo de registro = ", Time ——, " h"]
3600

At = 421.875 s, At 0.00560554
az ©.333333 cm, 47 0.8333333
ar ©0.00111842 cm, o 0.0263158

Tiempo de registro 1S h

Initial and boundary conditions
initialCondl = Table[w;[@] =@, {i, 1, NN}];
initialCond2 = Fla*tten[Ilo:'.n[Tal:.)le[v.«;:»,'J [6] =0, {i, 1, NN}, {j, 1, MM}]1];

boundaryCondl = Flatten[Join[Table[w;[r] =1, {z, At, ntAT, AT}]]];
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Discretization

At At
eqi_] := [I-AII-A—) wi[t] = A—wiy[t] +wi[r-Ar] + At Bwp;m[T]}
AZ AZ

eq[NN] 1= wig [T] = Wy [T]5

rawp; ;[t - At] At rawp; [t -At]
T — +—!~-[ ] wpy, (€] =
Ap 1+rawp [t -ar]

At
eqpli_, 7.1 := [ap+ —E~ [k
Ap 1+rawp [t -ar]

At rawp;, ;[T - Ar] rawp;,; [t - AT]
—!"h( ]]Hv.,x[tl'—i"[ [ ]]“Pn,;-l[t]'-ﬁﬂ"Pl,J[!'A‘“
bp 1s+rawp ;[T -arT) 1s+rawp ;[T -art]

1s+rawp [t -ar]

at rawp;,[t - At] rawp [t - At]
eqp[i_, 2] := [aao A—DE"[I‘[ ]]]w‘ 2[t] = —E ( [ ]]-v.,:[rl +8pwpi2[t - At];

1s+rawp [t -ar]

eqp[i_, 1] t=wpi,y[T] = wpi,2[1];
eqp[i_, MM] := -LATw;[T - AT] + LAT wpim[T] =

Fawp [T - AT] :._.""""'['] A rawp m.y [T - AL] ?""‘v"‘"“l
__g + =—E~ [k H
[ [lc-l"!u'p‘,._,[t-ﬁtl]] l+rawp mlt-4t] 4o [ [l&rlw,.,_l[t-nt]]] 1+rawp, m,[t-AT]

1 ra wpim1 [T - AT)
eqpli_, MM-1) := |ap + .—E

i + 1+rawp mylt-ac)
l..n;: (aerawp; mlc-a5]) nt [ [ ""'P\.-HE‘-“I

Torawpi g [t-8t] u|

1

_rawpimlt-ac]
—E [ WPi,m-2[T] + Ao WP 1 [T - AT] +
1+ rawp [t -Aar] r--m -y (t-at]

+
Lar £ (1erawp miz-ac] 8% ca
w S ) L Traw, mylt-ac]

e i)

1

wi[t-Ac];

eqns = Flatten[Join[Table[eq[i], {i, 2, NN-1}], {(eq[NN]}]];

eqnsspp = Flltt.n[’ﬂ%n[flbll[!ﬂp[i, 31, (i, 1, NN}, (3, 3, MM-2}], Tabln[nqp[i, 1], {i, 1, NN}],
Table[eqp[i, 2], {i, 1, NN}], Table[eqp[i, MM - 1], {i, 1, NN} ], Table[eqp[i, MM], (i, 1, NN}]]];

Print["Dimensions of eqns is ", Dimensions[eqns]] :

Print["Di ions of is ", D: [ 1]

MatrixForm[eqns];

MatrixForm[eqnsspp];

Dimensions of egns is (30)
Dimensions of egnsspp is (1209)
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Solution

n=9;
Do[n=14+n;

Rationalize([r = nat];

unknown = Flatten[Join[Table[w;[z], {i, 2, NN}]]];
m=0;
Do[m=14+m;

eqnsp = Flatten[Join[Table[eqp[m, j], {j, 3, MM - 2}], {eqp[m, 1], eqp[m, 2], eqp[m, MM - 1], eqp[m, MM]}]];

unknownp = Flatten[Join[Table[wp, [t], {j, 1, MM}]]];

solutionP = NSolve[egnsp, unknownp] [[1]];

Print["nimero de iteraciones de m ", m]
Table[wp,,;[T] = wp,,;[t] /. solutionP, {j, 1, MM}];, {NN}]
sol;J-t;'.on = NSolve [egns, unknown] [[1]]; Print["nimero de iteraciones de n ", n]
Table[w;[t] = w;[t] /. solution, {i, 2, NN}];, {nt}]
sal;lrtriorﬂ = Table[w:[t], {t, @, nt Az, AT}, {i, 2, NN}];
solution2 = Table[wp,;[z], {t, @, nt Az, AT}, {i, 1, NN}, {7, 1, MM}];
HatrixFam[s-olt-Jtionll

MatrixForm[solution2]






