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Abstract. Experimental evaluation and dynamic modelling were presented for a liquid flow (H,O + NaOH tracer) on
solid particles in trickle beds. A dynamic mathematical model was described to study the gas-liquid-solid process in
which the liquid phase together with the NaOH tracer istreated as a continuum. The physical model has been analyzed
by using the formulation of initial and boundary conditions and its solution methodology. An experimental procedure
to measure the concentrations of the NaOH tracer has been performed. The concentration measurements for the NaOH
tracer have been performed in a fixed bed reactor under trickling flow of the liquid phase on the range of operating
conditions. The varying parameters are axial dispersion of the liquid phase and overall liquid-solid mass transfer
coefficient. Results of the mathematical model were presented and validated. The model has been validated by
comparison using two experimental cases. The optimized values of the axial dispersion of the liquid phase ( Da) and
overall liquid-solid mass transfer ((Ka)_s) coefficient were obtained simultaneously by using the quadratic objective
function. To represent the behavior of D, and (Ka).s by the empirical correlations their optimized values were
employed. The correlations of Dy, and (Ka),s like function of the volumetric flow rate of the liquid phase.
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1. INTRODUCTION

Trickle-bed reactors (TBRs) can be defined as fikeds of catalyst particles in contacted with tlegeucrent
downward flows of gas and liquid phases at low dligial velocities. These reactors assume great@ortance among
the there-phase gas-liquid-solid reaction systemmuntered in industrial processes. TBRs are extelgsused in
many process industries. These reactors are widshployed in petroleum refineries for hydrotreating,
hydrodemetalization, and hydrocracking applicatidda the other hand, they also are widely useccéorying out a
variety of processes such as petrochemical, chénfimechemical, and waste treatment. There are maks in the
literature to model and describe the behaviourrot@sses of those TBRs. The behaviour to manyosietivorks can
be studied applying mathematical modelling.

Mathematical models of TBRs represent an anciltayl for minimizing the experimental efforts recedr to
developing this important equipment in industridams. Experiment and prototype development are rtizén
requirements for accurate engineering design in mgystrial process. However, mathematical modglland
numerical simulation are in continuous developmenftributing in a growing form for the better unstanding of
processes and physical phenomena, and therebyesignd Besides, mathematical models require exgetiim order
to be validated and the required experiments irev@omplex measurements of difficult accomplishm@ierefore,
mathematical modelling also represents an inceftivéhe development of new experimental methodbstaohniques.

There are various mathematical models of completelyartially wetted catalyst particles which maysein TBRs.
Each of those models is based on many assumpti@hg dorced to use simplifications in order tovsothe complex
equation systems. Normally, mathematical model§BiRs may involve the mechanisms of forced convectaxial
dispersion, interphase heat and mass transferapanrticle diffusion, adsorption, and chemical tiec(Silva et al.,
2003; Burghardt et al., 1995; lliuta et al., 200atifi et al., 1997).

Various flow regimes exist in a TBR depending oe liquid and gas mass flow rates, the propertieth@ffluids
and the geometrical characteristics of the paclextl (Charpentier and Favier, 1975). A fundamentdeustanding of
the hydrodynamics of TBRs is indispensable in trdssign, scale-up, and performance. The hydrodysmaie
affected differently in each flow regime. The basydrodynamics parameters for the design, scal@adpoperation are
the pressure gradient and liquid saturation. Tiesgure gradient is related to the mechanical erdisgypation due to
the two-phase flow through the fixed bed of solattigles. The liquid saturation, which partiallycoipies the void
volume of the packed bed, is related to other ingmrhydrodynamics parameters as the pressureegtattie external
wetting of the catalyst particles, the mean residetime of the liquid phase in the reactor and likat and mass
transfer phenomena (Specchia and Baldi, 1977).

The objective of the work is to estimate and déscthe behaviour of the axial dispersion coeffitiginthe liquid
phase, [, and overall liquid-solid mass transfer, (Kf)coefficient using a set of experiments carried ioua
laboratory scale TBR. Comparing the mathematicadehaith experimental data. Analyzing the correlas from the
Da.x and (Ka)s as a function of the volumetric flow rate
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2.MATHEMATICAL MODEL

To model the mathematical modelling according ® ltquid-solid model, in which the liquid phase,(H+ NaOH
tracer) was deal as a continuum in a fixed bedbd particles. An one-dimensional mathematical plagas adopted
in which the axial dispersion, liquid-solid masarsfer, partial wetting and reaction phenomengersent. This model
has been used for the liquid phase by using theHNa® tracer and is restricted to the following agstions: (i)
isothermal system; (ii) all flow rates are constmbughout the reactor; (iii) the intraparticldfdsion resistance has
been neglected; (iv) in any position of the reati@ chemical reaction rate within the solid isado the liquid-solid
mass transfer rate.

- mass balance for the liquid;
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- Combining the chemical reaction rate with the srtaansfer rate:
(Ka)s[C (zt) - Colz.t)] = kr Celz.t)nes (5)

Egs (1) to (5) can be analyzed with dimensionlesgble terms, see Table (1):

Table-1: Summary of dimensionless variables

liquid and solid concentrations,

dimensionless

Time and coordinate axial direction,

dimensionless
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Writing Eqgs. (1) to (5) in dimensionless forms:
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Egs. (6) through (10) include the following dimemdess parameters:
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2. ANALYTICAL SOLUTION

The solution of transport problems in three-phasstesns is very complex and usually numerical apiprakon
methods are used. On the other hand, analyticatisot are used for the simple models. Although dhalytical
solutions are simple, the boundary conditions psepofor these models need a careful attention.ridgerity of the
analytical solutions belong to infinite and senfiriite field. The analytical solutions for the fiai field have been
developed by Feike and Torid (1998) and Duduko%88@). In these works, the authors adopt the adnalytrocedure
in the finite field region (& z< L - 0< & < 1) where the method of separation of variablased. Thd 5(§, 1) was
isolated from Eq. (10) and it was introduced in &), reducing it to:

orufey orife) 107
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where:
_9sBs
y= Be+1 (15)
The analytical solution of Eq. (14) was obtaineds separation of variables method using thefiolig relation:
rLEt)=NL(E)mz (1) (16)
Then, Eq. (14) was separated in two ordinary diffiéial equations with constant coefficients:
dz, () +Xz (1)=0 (17)
dtg
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The global solution of Eqgs. (17) and (18) &= 1 is given by:
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4. MATERIALSAND METHODS

The experiments were realized in a three-phaskldrized reactor, which consists of a fixed bed witheight of
0.22 m and an inner diameter of 0.030 m with cétalyarticles contacted by a cocurrent gas-liquadvieward flow
carrying the liquid tracer in the liquid phase. Teheeriments have been performed at conditions evtier volumetric
flow rates of the gas and liquid phases were miaiethat such a level to guarantee a low interagigime with Q in
the range of 7.068 x fom® s* to 2.122 x 16 m® s* and @ in the range of 1.414 x Pan® s* to 3.181 x 1¢ m* st in
pilot plant trickle be reactors (Ramachandran ahdu@hari, 1983).

Continuous analysis of the NaOH tracer, at a camagon of 10 mol i, were made using HPLC/UV-CG 480C at the
outlet of the fixed bed. Results have been expdessterm of the tracer concentrations versus time.

The methodologies applied to evaluating the axigphetrsion of the liquid phase and overall liquidisonass transfer
effects for the (WH,O-NaOH/activated carbon) system were:

- comparison of the experimental results with tige 8) developed for the system;

- evaluation of the [, and (Ka)s parameters of the mathematical model, in whichitiiteal values are obtained

from the correlations in Table (2);

- optimization of the B, and (Ka)s parameters by the comparison between the expetaiemd calculated data by

the Eq. (25).

The axial dispersion coefficient of the liquid pbasnd overall liquid - solid mass transfer coeffitti have been
determined simultaneously by the comparison betwhkerexperimental and theoretical data, obtainetthieabbutlet of
the fixed bed, subject to the minimization of thgeztive function (F), given by:

2
APaxL. (Ka)s]= i {[FL(T) kEXP I qu.(lg) }

k=1

(29)

5.RESULTS AND DISCUSSIONS

The experimental results of the tracer in a lalwoyascale TBR have been performed in twenty runyging the
volumetric flow rate (Q) of the liquid phase. Experimental procedures rasdlts are presented and discussed in detail
in the trickling flow regime. Results obtained Hyetmathematical model have been compared with beth of
experiments. An objective function (F) has beemrdated and presented. Values of this objectivetfan indicate a
very good agreement between the mathematical nasdkboth types of experiments. The computation oaetlogy to
optimize the axial dispersion coefficient £)) of the liquid phase and overall liquid-solid masansfer (Ka)s
coefficients has to use an optimization subroutiite minimization of the objective function (Box9@5).

Table -2: Correlations for the obtainment of thg, R s and PWE, the initial values

Correlations References
-~ L t al. (1999
DaxL = 055(Rq_)0'61 @ ange et al. ( )
[1—(h|-8 HDL 4102
ex -
(Ka) g= 2514T(RL) 073(Rg) %2(sq ) O'S(d—pJ (27 Fukushima and Kusaka, (1977)
p r

The calculating of the NaOH concentrations fromrttethematical model, for the systergfbO - NaOH / activated
carbon, includes various fixed parameters. Theegabf the fixed parameters used in the paramdtmgficalculations
are given in Table (3).

The Dy and (Ka)s have been optimized from different volumetric floate of the liquid phase and it changes
from 4.248 x 16 to 5.581 x 10 m* s™. The D, of the liquid phase was varying from 3.186 X106 0.735 x 1§ n s
! using HO and NaOH as liquid fluids. On the other hand,(te)_s also was changing from 2.496 x4 0.124x1¢
s'. The range objective function range has beengrtisely, from 1.572 x 16to 1.212 x 1d. The optimization of the
Dax. and (Ka)s for all twenty runs has been performed with thenimization of the objective function, Eq. (25).
Values of the R and (Ka)s for all twenty runs differ in order of magnitude.

The tracer method has been developed in our largréd evaluate the external fluid-solid contactifficiency
because it produces rapidly contacting informa{®itva et al., 2003). Therefore, the objectivelaf present work has
been an experimental and theoretical investigatiith the tracer introduced in liquid stream. Firekperimentally
obtained tracer concentrations have to be unifiéth the tracer answers obtained by the mathematrezdel. In
experiments, the concentrations of the tracer haen determined in the time domain using HPLC/UV4ABQC at the
outlet of the fixed bed TBR. The dimensionless dyitaconcentration profiles are shown in Figs. (aadl (1b). The
agreement of these Figs. has been very well satiisfaespecially between theoretical and experialemsults. Figs.
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(1a) and (1b) have been obtained in different veluim flow rate. These Figs. show clearly the \vaiidn of the

mathematical model,

Eq. (19), with physical reality

Table - 3: Summary of intervals of operating coiodis for the particle-fluid (Colombo et al., 197@daSilva et

al., 2003)
Category Properties Numerical Values
Operating Condition | Pressure (P), atm 1.01
Temperature (T), K 298.00
Volumetric flow rates of the liquid phase (@10°, m* s* 4.248-0.558
Volumetric flow rates of the gas phasesJL0°, n s* 9.861
Standard acceleration of gravity (g), in s 9.81
Packing and bed | r0) hed height (Lyxth m 0.22
properties
Bed porosity &) 0.59
External porosityd,) 0.39
Effective liquid-solid mass transfer area per goiumn Diameter of
the catalyst particle (jx10*, m 3.90
Diameter of the reactor Jet10?, m 3.00
Density of the particlep,)x10°2, kg m* 2.56
reaction rate constant k10", kgmol kg*s* 5.41
Liquid properties Density of the liquid phas@)x10°, kg m* 1.01
Liquid molecular diffusivity (R)x10', n? s* 5.81
Viscosity of the liquid phasqi)x10*, kg m*s* 8.96
Surface tensiono()x10?%, N m* 5.51
Dynamic liquid holdup (Hx10" 4.91
Gas properties Density of the gaseous phagg)x10', kg m® 6.63
Viscosity of the gaseous phagg)k10®, kg m* s* 1.23

In Fig. (1a), the fitted curve according to the esmental model has been compared to a transietitematical
model simulation for a volumetric flow rate fron781x10° n? s*. The axial dispersion coefficient of the liquidgse
for this experiment was from 2.836x1@ s. The overall liquid-solid mass transfer coeffidiéor this run was from
2.196x10° s*. The Peclet number for this experiment was fro.692. The objective function for this experimermtsw
from 1.423x1d. It can be noticed that the computer time has lieen 9s in the simulation. The saturation exhilaits
propagation front experimental and theoretical biha aroundt = 190, hence showing that the mathematical model
of this work has been correctly presented.

C/C,
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Figure 1: Concentration profiles of the NaOH traaethe outlet of the MH,O-NaOH/activated carbon in operating
conditions from 4.248xIf Q< 5.581x10m® s*; Qg = 9.861x10 m® s*

In Fig. (1b), the fitted curve according to the esimental model also has been compared to a tr@nsie
mathematical model simulation for a volumetric floate from 1.096x1®m® s*. The axial dispersion coefficient of the
liquid phase for this run was from 1.105x100° s'. The overall liquid-solid mass transfer coeffididor this
experiment was from 0.975x¥®™. The objective function for this run was from 15810“. The Peclet number for this
run has been from 112.256. It can be observedthtigatomputer time was 6s in simulation. The satmashows a
propagation front experimental and theoretical bgha aroundt = 120, hence showing that the mathematical model
of this work was correctly presented.

Analysis of the axial dispersion coefficient of thiguid phase and overall liquid-solid mass transfeefficient in
the concurrent gas-liquid trickle bed reactors tnastly been performed with empirical correlationsispecific range
of operating conditions. The axial dispersion cieafht was calculated in terms of the volumetramafirate of the liquid
phase as well as the overall liquid-solid mass fedefit also has been computed in functions ofdhme volumetric
flow rate of the liquid phase. It can be observesat the axial dispersion coefficient,, of the liquid phase and
overall liquid-solid mass transfer coefficient, (K& increase with an increase in volumetric flow rate

In the studied trickling flow regime, our experint@nresults for the axial dispersion coefficienttoé liquid phase
as well as the overall liquid-solid mass coeffitiare well correlated by means of the following &iipns:

Dax( =88149Q J1248, R? = 0.9967; 4.248x10 Q < 5.581x10m’ s*; Qg = 9.861x10 m’ s (29)

(Ka)_g=40791(Q, )>1?7 R? = 0.9978; 4.248x1 Q< 5.581x10m’ s%; Qg = 9.861x10 m° s* (30)

The exponent and pre-volumetric flow rate term g6E(29) and (30) were optimized. The accuracyheke four
parameters have been very satisfactory, partigultre exponent of the volumetric flow rate. It da@ seen in Table
(4) the parameters with their accuracies.

Table - 4: Confidence intervals from 95%

Equation (29) Equation (30)
Parameters Accuracy (%) Parameters Accuracy (%)
88.149 9.16 40.791 10.32
1.248 3.78 2.127 4.13

The mean relative error between the predicted apdramental values from [, and (Ka)s are computed from:



Proceedings of COBEM 2011 21 Brazilian Congress of Mechanical Engineering

Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil
Pred Exp.
1 Dax, L Dax, L
<¢Dax, L >: - z Exp. (1)
n i=1 ax, L
Pred Exp.
L (Ka)s - (Ka)s
<¢(Ka)LS>= N z Exp. (32)
Nj=1 (Ka)LS

(Dax ) and{(Ka)_s) are analyzed from the mean quadratic deviatioimeléfas the square root of the quadratic variance.

%

2
ODay L = kg“lkDax,LtDax,l_] (33)
L
- [(ka)ys)-(a).s] -

Fig (2) shows the variations of experimental reswlf the axial dispersion coefficient of the liquithase and
theoretical predictions computed from the Eq. (29)function of the volumetric flow rate. It can keown that the
agreement between theoretical and experimentalesatd the axial coefficient of the liquid phasesgtisfactory,
especially at all range of the volumetric flow rafEhe mean relative errofppa.x) between the predicted and
experimental results of this hydrodynamic paramétgs been calculated by the Eqg. (31). On the died, the
deviation of the relative error around the meamu&ébp,, ) was quantified from the Eq. (33). The resultshef mean
relative error and quadratic deviation were obt@ifeg twenty runs, respectively, frofdpax) = 8.57% andOpax ) =
6.21%.

35
|Legend

304 ® Experimental results
Predicted results from the Eq.(29)

2 -1.
D, X 10 (m's?)

0.5 = - .

1.32 198 264 330 396  4.62
Q x10° (m’s")

Figure-2: Axial Dispersion Coefficient of the LiguiPhase as a Function of the
Volumetric Flow Rate

Fig (3) presents the changes of experimental dataecoverall liquid-solid mass transfer coeffidiemd theoretical
predictions obtained from the Eq. (30). It can bersthat the comparison between theoretical andremental results
overall liquid-solid mass transfer coefficient isry satisfactory, especially at all variations lué volumetric flow rate.
The mean relative errda).s) between the predicted and experimental valuesi®parameter has been computed by
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the Eqg. (32). Furthermore, the deviation of thatie¢ error around the valyekas) be seen calculated from the Eq.
(34). The values of the mean relative error anddratec deviation have been estimated for twentyeexpents,

respectively, fron{¢kas) = 9.71% andokays) = 6.83%.

25
| Legend °
20 ® Experimental results

Predicted results from the Eq.(30)

(Ka),  x 10(s")

0.0 — - T

1.32 198 264 330 396  4.62
Qx10° (m’s")

Figure-3: Overall Liquid-Solid mass Transfer Cogfint as a Function of the
Volumetric Flow Rate
6. CONCLUSIONS

The objective of this paper has been to realizaralysis of the axial dispersion coefficient of tigelid phase and
overall liquid-solid mass transfer coefficient ugsithe NaOH tracer in a TBR under trickling flow ditions. In a first
step, it has been shown the analytical solutioth@fmathematical model developed for the NaOH traccthe TBR. In
a second step, it has been optimized thg [@nd (Ka)s simultaneously by the comparison between expetimhen
results and the Eq. (19) through the Eq. (25). thira step, it has been validated on the base amparison between
the experimental results and theoretical predistiobtained from the Eq (19) according to Figs. @=d (1b). In a
fourth step, it has been proposed the correlatfonshe axial dispersion coefficient of the liqudhase and overall
liquid-solid mass transfer coefficient as a funetfoom the volumetric flow rate according to Eqg9) and (30). In a
fifth step, it has been shown the behaviour forakial dispersion coefficient of the liquid phaselaverall liquid-solid
mass transfer coefficient as a function from thiawetric flow rate according to the Figs. (2) a8). Furthermore, the
statistical analysis through confidence intervdleveed that all the parameters involved in the datiens from the
D.x and (Ka)s were estimated very accurately.
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NOMENCLATURE

C.(z,t) Concentration of the liquid tracer in theuid phase, kg M
Cs(z,t) Concentration of the liquid tracer in thearxial surface of solid, kgth
Da.  Axial dispersion coefficient for the liquid tracerthe liquid phase, frs®

D, Liquid molecular diffusivity, hs*
dp Diameter of the catalyst particle, m
dr Diameter of the reactor, m

F Objective function

PWE  wetting factor, dimensionless
Ga Galileo numberGy = dggpf/uL
h, Dynamic liquid holdup, dimensionless
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[ Complex numben/-1

(Ka).s overall liquid-solid mass transfer coefficient, s
K, Reaction constant, kgmol kg’

L Height of the catalyst bed, m

N.(§) Defined function in Eq. (16)

Pe Peclet number,P= Vg L/ Dy

Q Volumetric flow rates of the liquid phase® gt
Qs Volumetric flow rates of the gas phasé,sh
Reg Reynolds number, Re= Vs, p, d, / 1.

Res Reynolds number, Re= Vs pg o / g

Sqg Schmidt number, $6& ./ p. D,

t Time, s

z Axial distance of the catalytic reactor, m
Z,(t) Function defined in Eq. (16)

Greek Letters

Os Parameter defined in Eqg. (11), dimensionless

Bs Parameter defined in Eq. (13), dimensionless

Eex External porosity, dimensionless

€5 Bed porosity, dimensionless

W,(§,1) Dimensionless concentration of the tracer initicand solid, i=L, S
n Catalytic effectiveness factor

m Viscosity of the liquid phase, kghs*

¢ Parameter defined in Table 1, dimensionless

oL Density of the liquid phase, kg
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