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Evaluation for Liquid Tracer

in a Trickle Bed Reactor

A mathematical model is developed for a liquid flow on solid particles in a trickle bed
reactor. A mathematical formulation is followed based on the liquid-solid model approach
where the liquid phase with the (KCI) tracer is treated as a continuum. The physical
modeling is discussed, including the formulation of initial and boundary conditions and
the description of the solution methodology. Results of mathematical model are presented
and validated. The model is validated through comparison using three experimental cases.

The optimized values of the axial dispersion (D), liquid-solid mass transfer (k _g), and
partial wetting efficiency (Fy) coefficients are obtained simultaneously using the objective
function. The behavior of D, k s, and Fy, is analyzed by the empirical correlations.
Keywords: liquid-solid model, mathematical modeling, experimental, liquid tracer, TBRs

I ntroduction

Gas-liquid-solid reactors with the packed bed didsparticles
can be operated in three forms, depending uporottleatation of
gas-liquid flows. Gas-liquid flows can be concuthgrdownflows,
cocurrently upflows, and downflow of liquid and caercurrent
upflow of gas. The reactor in which gas-liquid fewoncurrently
downflow is conventionally referred to as a trickbed reactor
(Satterfield et al., 1978). The purpose of thiskivierassociated with
trickle bed reactors (TBRs). TBRs are very competitboth
technologically and economically because they off@any
advantages, such as high conversion, small ligolid-satio, small
resistance to the diffusion of gaseous reactanhéosolid surface,
and low pressure drop.

TBRs are widely used in industrial applications.eTlargest
applications of TBRs occur in industrial processes;luding
hydrotreating, hydrodesulfurization, petroleum  mifg,
petrochemical, hydrogenation, oxidation, hydrodegienation,
biochemical, and detoxification of waste water isiies (Al-
Dahhan et al., 1997; Dudukovic et al., 1999; Lialet2008; Ayude
et. al., 2008; Augier et al., 2010; Rodrigo et 2009).

Mathematical models of TBRs represent an importaat for
minimizing the experimental efforts required forvekping this
equipment in industrial plants. Mathematical maagli and
numerical simulation of TBR are in continuous development,
contributing in a increasing form for the betterderstanding of
processes and physical phenomena of TBRs. Matheahaiodels
have to be validated with experimental data andethexperimental
data involve complex measurements of difficult ampbshment.

Mathematical modeling of TBRs may involve the metdtms of
forced convection, axial dispersion, interphase smasnsport,
intraparticle diffusion, adsorption, and chemicahation. Normally,
these models are constructed relating each phake tthers (Silva et
al., 2003; Burghardt et al., 1995; lliuta et a002; Latifi et al., 1997).

The objective of the work is to estimate and déscrthe
behavior of the axial dispersion (R liquid-solid mass transfer
(k.s), and partial wetting efficiency (f coefficients using a set of
experiments carried out in a laboratory scale TBiR.comparison
the theoretical model is validated using experirakecases.

Nomenclature

A (zt) = concentration of the liquid tracer in the liquid
phase, kg m3
As(zt) = concentration of the liquid tracer in the external

surface of solid, kg m*
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as = effective liquid-solid mass transfer area per unit
column volume, m? m®
Doy = axial dispersion coefficient for the liquid tracer in
theliquid phase, m?s*
D, = liquid molecular diffusivity, n? s*
dp = diameter of the catalyst particle, m
d; = diameter of thereactor, m
F = objective function
Fu = wetting factor, dimensionless
Ga_ = Galileo number, GaL =d%ng/p|_
hay = dynamic liquid holdup, dimensionless
i = complex number J-1
ki s = liquid-solid masstransfer coefficient, ms*
k = reaction constant, kgmol kg* s*
L = height of the catalyst bed, m
NL(é) = defined functionin Eqg. (16)
e = Peclet number, Pe = Vg L/ Dy
Re. = Reynolds number, Re, = Vg g d, / 14
Reg = Reynolds number, Reg = Vg o6 d; / s
o = Schmidt number, Sc. = 1 / g D
t =time s
Vg = superficial velocity of the liquid phase, ms*
z = axial distance of the catalytic reactor, m
Z/(ty) = function defined in Eq. (16)
Greek Symbols
ais = parameter defined in Eq. (11), dimensionless
Ls = parameter defined in Eq. (13), dimensionless
Eox = external porosity, dimensionless
& = bed porosity, dimensionless

Y (&tg) = dimensionless concentration of the tracer in liquid
andsolid,i=L,S

n = catalytic effectiveness factor

m = viscosity of the liquid phase, kg m* s?

& = parameter defined in Table 1, dimensionless
o = density of theliquid phase, kg m®

M athematical M odel

In this work, the modeling adopted is based onlitnéd-solid
model, which treats the liquid phase,(H + KCI tracer) as a
continuum on a packed bed of solid particles. A-dimeensional
mathematical model is adopted, in which the axispersion,
liquid-solid mass transfer, partial wetting, andaton phenomena
are present. This model is used for the liquid phasng the KCI as
tracer and it is restricted to the following asstiongs: (i) isothermal
system; (i) all flow rates are constant throughthé reactor; (iii)
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the intraparticle diffusion resistance is neglec{ed in any position
of the reactor the chemical reaction rate withie $olid is equal to

the liquid-solid mass transfer rate.

- Mass balance for the liquid:

aAL(Z,t) 6A|_(Z,t) _ 62A|_(Z,t)_ _
L5 *VsL—5,— = PaxL 2,2 (1-2p) )
RvkLsa s[AL (z1) -Adz )]
- The initial and boundary conditions for Eq. (1):are
AL(z0)=AL0 @
oA (2] - _VsL [ _ } 3
oz |,_ g DL AL(zY)|, - g+ ~AL(20) @3)
aAL(Z,t) -0 @
0z ;=

- Combining the chemical reaction rate with the maassfer
rate:

kLsa AL (zt) - Aglz.t)] =kr Agz.t)nep 5)

Equations (1) to (5) can be analyzed with dimerisgmvariable
terms, see Table (1):

Table 1. Summary of dimensionless variables.

Al |zt
dimensionless liquid concentration | WL (€ta)= %
_ As(zY)
dimensionless solid concentrations lle(E,td) T A Lo
- _ tg=—vsLt
dimensionless time Lhg L
dimensionless coordinate axial directicé = r
Writing Egs. (1) to (5) in dimensionless forms:
0w Etd) , W Etg) - 1 aZLIJL(E:td)_GLS
dtg 0% PE  gg2 (6)
[wi (& tq) - wsE ta)]
p (.0 =1 )
0 't
wleta) Pe| Wi (Eta)lg - o* 1| ®)
G £=0* H
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o Eta)l ©)
08 |gog
WL (& td) - ws(E ta) =Bs wsE tq) (10)

Equations (6) through (10) include the followingnginsionless
parameters:

(L-ep) A ki sa sl

aLs = Vsl (11)

= YsLb (12)

— kr r] 8P (13)
kLsaLs

Analytical Solution

The solution of transport problems in three-phagstesns is
very complex and usually numerical approximationthrods are
used. On the other hand, analytical solutions aeel dor the simple
models. Although the analytical solutions are senphe boundary
conditions proposed for these models need a caagffethition. The
majority of the analytical solutions belong to mife and semi-
infinite field. The analytical solutions for thenfie field have been
developed by Feike and Torid (1998) and Duduko¥f8@). In this
work, the author adopt the analytical procedurehia finite field
region (0O z<L - 0< ¢ < 1) where the method of separation of
variables is used.

The s (&, ty) was isolated from Eq. (10) and it was introduced
in Eg. (6), reducing it to:

oWLEtd oW Etg) 1 0% [Etg)

g ot The o2 -y Etg) 4
where:

_aLsPs

y——BS+1 (15)

The analytical solution of Eq. (14) was obtained the
separation of variables method using the followiglgtion:
WL (€.ta) = N (€)0z, (tq) (16)

Then, Eq. (14) was separated in two ordinary dfiéal
equations with constant coefficients:

dzy (ta) , 27 (tg) = 0

T @7
AN (&) _dNL(E) , (52 _
e S UL ECRL (1)

The global solution of Egs. (17) and (18) is gi\®n
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A

2 (19) on(n) :%{4}35{[(2n+}/2)n]2_y} _1}% (26)

—7\th K, nand K, are the integral constants and they are obtaiged b
e orthogonality from the initial condition accordirig the following
procedure: (a) Eq. (25) was multiplied bygsit\,)§ and their initial
Transforming Eq. (19) in its trigonometric form: condition was introduced; (b) Eq. (25) was then tiplied by
cosh,(An)€ and their initial condition was applied; (c) thesulting

) }/ equation of items a and b were integrated from D, feading to:
L[4PE()\2—y) —1} 2 1 Y
e? = cos> 4PE()\2—y) —1} g 20) K1nTLn(n) + K2,nT2n(n) =1~ cosdn(rn) (27)
KinTanWAn)+K2nTanAn)=sindnlA 28
+|sin% 4PE()\2‘V) _1}%2 1nTan(n)+K2nT4n(An) on(n) (28)

where the terms T, T, T3 nand T, , are given by:

{on(An)[32sindn(An)cost n(An) +06¢ n()\n)J
1+ 16[¢n()‘n)]2 (29)
3 +sin?¢n(An) [ 08r256[0n(An )2

@1) TinlAn)=

then: ___ nlAn) 33sir? dn(An) - 132sindn(An)
T2nfAn) 1+16[¢n()\n)]2{003¢n(7\n)+0-4[¢n()\n)] } o

W (22
2 330 fAn) coP dnhn) +12[d lAn)]2+ costnlin)

1+16[0n(An)? (31)
where: sindn(An) - 20n(An) - 104[0n (03

T3n(An) :{

o(\)=

% { ) 2}
2_,) _{16sin”¢n(An){ 1+16[¢n (An)]* [+ 3260 (An)
[4PE(A yj 1] 23)  T4nln)= 1+ 160 (0 2 @2)

cosdn(An)sindn(in) - 104 [pn(rn)]

N

Applying ty — o to the above equation and using the boundary
conditions given by Egs. (8) and (9), the eigeneaupression was

. In Equations (27) and (28), the constants,knd K , were
obtained: ' '

obtained as:

%

_tT n(An)sindn(An) - Tan(An)L-coson(n)}
{‘{1‘2%(7\2‘\/]}2[ 4PE()\2‘V)‘1}} Kin : TZn()\n)Tan()\n)leln(}\n)T4,n()\n) 53
co = (24)
go() 2 ()\z_y) _ PE(AZ—yj " 24 can- {T3 n(n)2- cosén(n)] = T, n(An) sinén(n)} 34

T2,nn) T3 nn) =T1,n(An) T4, n(An)

Eqg. (24) is a transcendental equation and it cansdieed ) ) ) )
graphically. From this solution, the intermediagiues forA, as:A, Equations (33) and (34) were introduced in Eq. (2Sylting:
=(2n+%); (n=0,1, 2, 3, ..) were found, batt the global
solution for the concentration distribution in theactor was

. 1
obtained by Fourier series. & {5'”¢n()\n) exp, [TZn()\n) cos¢n()\n)E—T1n()\n)

Y (etd) = Z 20 TarlAn) “T1nAn) T4riAn)

1 1. n=
°° = [cosorian) €] € = [sinér{An) € €
W (Etg)= Z LKl ne2 +Kgne?2 ] 5 SinprAn)€JE +{[1—cos¢n()\n)]exp% [TSn(}\n)sinq)n()\n)E (35)
n=0
i TarpJoosorpelef} et
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For§ = 1 it is possible to obtain the response at thkebaf the
fixed bed by:

£=1
oL(ta)= o6 ak-1 e (36)
&=0

hence,

- 16{[T n(An)-T n()\n)Sin¢n()\n)005¢n()\n)]
b lta) = nZ=:0 Tj,n(xn)-r:i:(xn)‘Tln(An)T4,n(7\n)

+T4n(n) coson(An) [coson(An) -1] + sindn(An) (37)

[Fann) ~Ton(n) singn(inll} e Antd

Materials and M ethods

The experiments were realized in a three-phaséldribed
reactor, which consists of a fixed bed with a hemt0.22 m and an
inner diameter of 0.030 m with catalytic particlesntacted by a
cocurrent gas-liquid downward flow carrying thediig tracer in the
liquid phase. The experiments were performed atitions where
the superficial velocities of the gas and liquidapls were
maintained at such a level to guarantee a low amtEm regime
with Vg_in the range of 1.0 x 10m s to 3.0 x 16 m s* and g
in the range of 2.0 x m s' to 4.5 x 1¢ m s' in pilot plant
trickle bed reactors (Ramachandran and Chaudg88)1

Continuous analysis of the KCI tracer, at a comegion of
0.05M, were made using HPLC/UV-CG 480C at the ouifethe
fixed bed. The results were expressed in term & tiacer
concentrations versus time.

The methodologies applied to evaluate the axiapetson,

liquid-solid mass transfer effect and partial wegtiefficiency for
the (N/H,O-KCl/activated carbon) system were:

comparison of the experimental results with BJ.)( developed
for the system;

evaluation of the model parameterg, B s and k;; considered as
initial estimates values obtained from correlation$able (2);
optimization of the model parameters by comparieyeen the
experimental and calculated data by Eq. (37).

The initial values of [, k s and F, were determined by the

empirical correlations as to Table (2).

To calculate the concentrations within the matheabmodel,

for the system BH,O - KCI / activated carbon, various parameters
have been necessary. These parameters are pressensdide 3.

Table 2. Correlations for the obtainment of the Dy, ki s and Fy, the initial values.

Correlations References
_ 061 Lange et al.
Dax= 055(ReL) (38) | (1900
1- hdvy DL
fex 073
kLs= 2514—2(R|_) -
a_ sdf (39) Fukushima
4102 and Kusaka
02 os5( % (1977)
R S -+
(ra)®2(sa) %[ |
- 022 — 008
Fv = 340 (Rel-) (ReG) (40) Burghardt et
(Ga )~ 051 al. (1990)

Table 3. Summary of intervals of operating conditions for the particle-fluid (Colombo et al., 1976 and Silva et al., 2003).

Category Properties Numerical Values
Operating conditions Pressure (P), atm 1.01
Temperature (T), K 298.00
Superficial velocity of the liquid phase g ) x 1C°, m ¢* 6.01-0.7¢
Superficial velocity of the gas phasesfyx 107, m s’ 2.50
Standard acceleration of gravity (g), 9.81
Packing and bed properti¢ Total bed height (L) x 70 m 0.22
Bed porosity £, 0.59
External porosityd.,) 0.39
Effective liquid-solid mass transfer area per woiimn volume (&) x 102, m* 3.97
Diameter of the catalyst particlegJok 10f, m 3.90
Diameter of the reactor fdx 1%, m 3.00
Density of the particlegy) x 10°, kg m® 2.56
reaction rate constant,) x 10, kgmol k¢ s? 6.33
Liquid properties Density of the liquid phase x 10°, kg m® 1.01
Liquid molecular diffusivity (R) x 10, n? s* 6.89
Viscosity of the liquid phase x 10%, kg m* s* 8.96
Surface tensiona() x 1%, kg s2 7.31
Dynamic liquid holdup (f)x10" 4.91
Gas properties Density of the gaseous phagg)(x 10", kg m° 6.63
Viscosity of the gaseous phagg)(x 1&, kg m* s* 1.23
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Results and Discussion

=
[=]
1
1
L
r

"___,I-—t—— w
Experiments were performed at constant superfigédcity of ./'/
the gas phasedé = 2.50 x 1¢ m s* and the liquid phase varying in
the range of \ = (6.01 x 1¢ to 7.90 x 1¢f) m s™.
The axial dispersion coefficient, liquid-solid massansfer
coefficient and partial wetting efficiency were em®hined
simultaneously by comparing between the experinherstad

™

A, (0/A (2.0)
(=]
[+

theoretical data, obtained at the outlet of thediked, subject to the 0.4
minimization of the objective function (F), giveg:b
0.2 - Legend
N 2 ®  Experimental
owckisn)= 3, (Il PP bl @0 oof g ety
- 0 40 80 120 160 200

t,= ‘~,-"u,t,-H¢_L L

The numerical procedure to optimize these parasiétenlved E‘glu/fe 2t; V'?”gaﬁog of the tracer CO”CB“E?}FiO’?da‘ the ]f?”,“?‘ °If ”‘,f, N2</H20_'
an optimization subroutine (Box, 1965). The optieizalues of the & -/ &0 e o T s g A e e tore b
. T 50 x 10“°m s™ and Vg = 2.83 x 10”°m s™; O results in parameters Dy =

three parameters, for different liquid phase flowse reported 321 x 107 m%s™, ks =4.49 x 10° m s, Fy = 0.37 and F = 1.03 x 107,

below in Table 4.

Table 4. Optimized values of the axial d|sper3|on liquid-solid mass 1.0

transfer and wetting factor at Vsg = 2.50 x 102ms? e B - .

Superficial velocity Optimized values Objective 08

of theliquid phase function =

Vax10m ¢! DX 10' m?s* [ kisx 1 m<* | Fu Fx1C =

6.01 9.61 7.06 0.57 1.26 ;;; 0.6
5.67 9.21 6.81 0.54 1.24 =
5.31 8.32 6.67 0.51 1.16 = g4
4.95 7.47 6.32 0.47 1.15
4.5¢ 6.71 5.9¢ 0.4€ 1.12 02 Legend
4.24 5.59 5.78 0.45 1.10 _g—- Experimental
3.8¢€ 5.0¢ 5.43 0.4: 1.0¢ Present model results
3.54 4.47 5.17 0.42 1.07 0.0- T 1 T T y , v T —
3.1¢ 3.7¢ 497 | 03¢ | 1.0t 0 oY a 160 200
2.88 3.21 4.4¢ 0.37 1.0¢ ¢ R
2.48 2.87 4.03 0.33 1.01 Figure 3. Validation of the tracer concentration at the outlet of the N,/H,O-
21 25| aer 03[ 0o | (OIS B o i e e
1.78 2.17 2.79 0.2 0.86 | D, =832x10"m?*™? ks=6.67x10°ms™, Fy=0.51and F=1.16 x 10°.
1.41 2.1z 2.41 0.2¢ 0.7¢
1.0€ 2.0¢ 2.0¢ 02z | 0.6z A model validation process was established by comgahe
0.79 201 187 0.21 047 | theoretical results obtained with the values of thetimized

parameters and the experimental data for thres.t@%te results
presented in Figs. 1 to 3 confirm this model.

1.0 e iR S e S o o The axial dispersion coefficient, liquid-solid mageansfer
i coefficient and the wetting efficiency are influeddy changes in the
= 0.8 liquid flow. The behavior of B, k s and k can be described by the
= empirical correlations, Eqgs. (42), (43) and (44)ey are restricted to
= following operation rangespa 3.90 x1¢f, 1496< Rq < 178, 0.8%
= %9 Sq <4.18 and 0.2% Fy, < 0.57.
=
047 Dax = 3704(Re )~ 018(Ry ) 297 R = 0.9982 42)
0.2 | Legend
¢ Experimental ki s= 287(Re. ) 953(sq ) 023 R =0.9979 (43)
0.0 Present model results
0 40 80 120 160 200 = 047(R 039 'R =0.9981 44
v L Fv = 047(Re ) (44)
Figure 1. Validation of the tracer concentration at the outlet of the Ny/H,0- Figures (4), (5) and (6) present parity plots o thbtained
KCI/activate;d cagbon: ¢ results in gas andlliquid superficial velocities Vss  results. The parameters,Dk s and F, were fitted by the least-
=250x 10"m s” and Vs, =248 x 10°m s™; O results in parameters Da = gquares method via empirical correlations preseirteHgs. (42),

2.87x 107" m%™ kis=4.03x 10°m s™, Fy=0.33 and F = 1.01 x 10°.
X ts X M X (43) and (44).
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1 6 8 0 B
(-an)CaIc x 107 {I‘l‘lz-"b;)

Figure 4. (Da)™ vs. (D) for the system Na/H,O- KCI / activated carbon in
low interaction. Vs, = (6.01 x 10%t0 7.90 x 10"y m s* and Ve = 2.50x 102 m s™.
9.0 -

7.2

54

(k[“‘;)m" x10°mss

1.8 36

Cal
(ps)

Figure 5. (k.s)®® vs. (ki)™ for the system Ny/H,O- KCI / activated carbon in
low interaction. Vs, = (6.01 x 10%t0 7.90 x 10"y m s* and Ve = 2.50x 102 m s™.

54 72 9.0

6 3,
x 10 m'/s

0.63 —
e
0.54 T
T 10%
045
= 036
0.27
0.18 |-
0.18 0.27 0.36 0.45 0.54 0.63
Cal
(V)

Figure 6. (Fy)™® vs. (F)® for the system N,/H,O- KCI / activated carbon in low
interaction. Vs, = (6.01 x 10°t0 7.90 x 10%) m s™ and Vsg = 250 x 10° m s™.

Conclusion

Based on the experimental and modelling studiethefliquid

phase in a low interaction system, the followingutts were obtained:

(i) the estimation of the parameterg,X s and ky, (ii) the validation
of the model and (iii) the analysis of the behavadr the axial
dispersion coefficient, liquid-solid mass transfevefficient and
wetting efficiency by new forms of empirical coatbns, Eqgs. (42),
(43) and (44). The final values of the parametezgsevobtained with
values of the objective function, F = 1.26 x°10 4.70 x 1d. Thus,
the range of the optimized values of the paraméigefiting between
the theoretical and experimental response was @sel), = 9.61 X
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10" n?s't02.01 x 10 mP st ks=7.06 x 16 ms'to 1.87 x 16 m &
and k; =0.57 t0 0.21.
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