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Abstract

The aim of the present study was to determine #leeg of the hydrodynamic
parameters (liquid holdup, gas pressure drop i) bed liquid/solid mass transfer
coefficients in a reactor operating in the forcedsmg flow. The experiments were
carried out for SLOW mode of base-impulse periddjaid feeding using liquids
differing in physicochemical properties. The opienal parameters were chosen in
such a way so as to induce natural pulsationsamntipulse of the liquid. The analysis
of the local and averaging values of the determip@@meterse(y, k.s) shows that
such a way of conducting the process may be fal®réds the operation of the
reactor. Correlations enabling to calculate thei@slof the hydrodynamic parameters
and liquid/solid mass transfer coefficients of tieactor operating in liquid induced
pulsing flow (LIPF) regime were worked out.

Keywords: trickle-bed, induced pulsing flow, hydyo@mic, liquid-solid mass
transfer.

1. Introduction

Trickle bed reactors (TBRs) with fixed bed are coontg used in petroleum and
petrochemical industry, mainly in the processetedting various fractions of crude
oil with hydrogen. If the aim of the process isighhconversion of the component
present in the liquid phase in a low concentratioen mass transfer rate of that
component to the surface of the catalyst is thetihgn step of the overall rate of
reaction. As research showed (Barteln{t889)) the operation of the reactor is
favourable in the pulse flow regime in which liglgdlid mass transfer coefficients
are much higher than in the trickling flow. The og®n of the reactor in this
hydrodynamic regime requires supplying the apparaitih relatively big streams of
gas and liquid, the result of which is short resiketime of the reacting substances in
bed and which has an impact on their conversiore @nthe ways to improve the
efficiency of the TBRs operation was the idea adithoperation at periodically
changing supply with liquid phase. It can be carreut using the method of
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temporary stoppage of the liquid flow through tleaator (the ON-OFF method) or
the BASE-IMPULSE method where liquid velocity isactyed between low but no
equal to zero (base) and high value (impulse).

As the latest literature data show (Trivizadakid &arabelas (2006b)), one does not
obtain significant increase in the liquid/solid masansfer coefficients while carrying
out the process using the ON-OFF method. Thuspbsented in this work research
was done using the BASE-IMPULS method. Moreoveg, walocities of both phases
were chosen in such a way so as to induce natutsaons in the liquid impulse.
This is a relatively narrow range of changes inoggy of gas and liquid situated
between two lines dividing (on the map) GCF/LIPE &CF/PF regimes. The aim of
research was to determine the basic hydrodynamianpeters (liquid holdup, gas
pressure drop) and liquid/solid mass transfer cmeffts. The determined parameters
will make it possible to assess the benefits regpufirom such a way of conducting
the process.

2. Experiments

Our intention was to conduct measurements for B&BT — and SLOW modes of
BASE-IMPULSE periodic liquid feeding. Unfortunatelgs the experiments showed,
the used in the research solutions foamed in comtigic gas on the packing. It made
it impossible to work in the LIPF FAST regime asciase of these liquids, the region
in which induced pulsing flow occurs was practigalie same as for the self-induced
pulsing flow (lines GCF/LIPF and GCF/PF coincided the flow map). Therefore,
measurements were done only under SLOW mode conditiThe flow map with
marked ranges of changes in velocity of both phasesirried out experiments was
presented in Fig.1.
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Fig. 1. Range of liquid and gas velocities covergdneasurements.

2.1. Experimental set-up and conditions.

The experimental set-up was shown in Fig.2. A colwh0.057m in diameter made
of transparent polyvinyl chloride was filled withags spheres of 3mm in diameter
(a=1240nT, €=0.38) up to the height of 1.4m. Nitrogen was uagthe gas phase and
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water solutions were the liquid phase. Their contmrs and properties are set
together in Table 1. The column was supplied wigit by means of two separate
ways of feeding one of which ensured low (base)thedother high (impulse) liquid
flow rate. Both ways were equipped with a system etdctromagnetic valves
controlled by timer. Moreover, the set-up was epgei with electronic temperature
meters (T) and a system of electromagnetic valveakimg it possible to
simultaneously cut off the inflow and outflow ofthogphases. Gas pressure drops in
bed were measured by means of differential pressansducer (DPT). During the
measurements, besides velocity of gas phase amd Inglocities in base and
impulse, their duration was also changed; the basation wasyt= 20s, 15s and 10s
whereas impulse duration wgs+ 20s, 15s, 10s, 7s, 5s and 3s.

A

Fig. 2. Scheme of experimental set-up: 1- nitroggimder, 2 — gas flow meters, 3 — dampener, 4ck@e
column, 5 — conductivity cells, 6 — data acquisiti@ — liquid tank, 8 — liquid flow meters, 9 — thmstat, 10 —

liquid pumps, EV — electromagnetic valve.

Solutions Compositions of the solutions Density Viscosity Surface tension
number P o [kg/m? (L0 [Pas] oG [N/m]

0.01 mol/dni KsFe(CN)

1 0.05 mol/dm K,Fe(CN) 1055.85 1.091 49.1
1 mol/dn? KCI
0.01 mol/dni KsFe(CN)
0.05 mol/dni K,Fe(CN)

2 1 mol/dn? KCl 1122.7 2.468 56.6
glycerol (~30% weight)

3* methanol (~24% weight) 960.1 1.64 45.8

4* water 999.8 1.04 72.4

* - only for study of the hydrodynamic

Table 1. Physicochemical properties of the tesystem (t = 21°C).
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3. Hydrodynamic parameters of the reactor.

Liquid holdup was determined by measuring the wamain conductivity of the two-
phase gas-liquid mixture flowing through the bedthe column, 5 conductometric
cells were placed at the distance of 0.225m eduoér oEach of them consisted of two
platinum wire gauzes of diameter equal to thathef ¢olumn. Measuring procedure
described in earlier papers of authors (Bartelmrngs Janecki (2003)) was used. One
can notice the fluctuation of liquid holdup values individual electrodes while
conducting the process in the conditions of pecdaltlf changing supply of the
reactor with liquid phase. Their values are showikig.3 in the form of the ratio of
€Lq value on a given height of bed to the arithmeteamof the liquid holdup value in
bed. The greatest differences were obtained in oaseethanol solution, however
they did not exceed a dozen or so percent. In wethe above fact, the averaged
along the bed values efy were taken into account in the next considerations.
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Fig.3. Relative liquid holdup distribution along thed for solution No 4.

In LIPF SLOW regime liquid holdup decrease with therease in gas velocity like in
the GCF regime. However, the increase in meandigeiocity causes in increase of

€q value, which was illustrated in Fig.4 for everysbaand impulse duration. These
parameters are taken into consideration in the rhigaid velocity defined as:

tyw,, + tipW

W =
Lav tb +tip

(1)
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Fig.4. The comparison @fq4 values obtained for GCF and PF regimes (blue poamd LIPF SLOW (red points)
regime for solution No 4.

Correlations available in literature were analyrearder to find the most favorable
form of the equation correlating the measuggdvalues. Giakoumakis et al. (2005)
and Trivizadakis et al. (2006a) suggested the nelifiarachi et al. (1991) equation
as the correlation which describes the measargdalues with good accuracy and
which were obtained at FAST mode of liquid modulatia the ON-OFF method.
The carried out computational simulations showed fiadetermined in the present
work € 4 values the most appropriate is the form of equasieggested by Specchia
and Baldi (1977). Thus, that form of the equatiors waed to correlate our own data
base obtaining:

e =348((Re,,, (G, )™ )
The equation (2), with the mean relative error p£€e1.93 % and standard deviation
of o5 = 1.88 %, correlates 578 experimental data obdsfioethe LIPF SLOW regime

(Fig.5).
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Fig.5. The comparison @fq4 values experimentally determined and calculateshfequation (2).

The influence of the velocities of flowing media gas pressure drop in bed was
shown in Fig.6.
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Fig.6. The influence of the mean liquid and ga®eitiles on gas pressure drop in bed for solutioNo

Statistical tests showed that irrespective of tbgtetd system and the method of
forcing pulsation in the reactor th®P/H values calculated from Sai and Varma
(1987) equation are close to the ones obtainethenpresented experiments. The
correlation derived by these authors takes intosiciemation the physicochemical
properties of the liquid studied via dimensionlessdules in which these properties
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are related to those of pure water. Thus, the gahigoressure drop were correlated
using the form of equation derived by the abovénanst The following dependence
was obtained as a result of the estimation of thestant and exponents of the

equation:
Re 0.912 o 0.05 11 13
et ) (6) B ()
ReLav 0-L “L pw

where F=fRa ., % This equation with the mean relative error pf=e8.1 % and
standard deviation afs; = 6.7 %, correlates 702 experimental points (Fig.7
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Fig.7. The comparison of ti&P/H values experimentally determined and calculftad equation (3).

4. Liquid/solid mass transfer.

Mass transfer coefficients between liquid and pagksurface were determined by
means of electrochemical method. It consists in smeéag the density of the
electrochemical reaction current whose rate isrotiatd by diffusion of ions to the
surface of an electrode (cathode). The electrodetioraused was the cathodic
reduction of potassium ferricyanide. The solutionswa mixture potassium
ferri/ferrocyanide and a large excess of potassthioride as so-called current
carrier. The rudiments of the discussed technique lm found in the works of
Selman and Tobias (1978) and Mizushima (1971). Teeogity of the basic solution
was increased to 2-f®as by adding glycerol. Further increase in visgasade the
work of the column impossible due to forming ofosiy foam. The cathode was
platinum spheres with the diameter equal to inadgkpg diameter (3mm) positioned
along the axis of the bed at the distance of 0.2é&ah other (the first electrode was
placed at the height of 0.48m from the top). Platinstrips padding the inner wall of
the column were the anode.
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The aim of the carried out experiments was to pwtether the operation of the
reactor in LIPF regime, forced by cyclic changeshim liquid feeding and carried out
by means of BASE-IMPULSE method, is favourable amrds the rate of the mass
transfer processes. Thus, the findings of the measmts were shown in the form of
the so-called “enhancement coefficient” definedtlzs ratio of the value of mass
transfer coefficient (k) determined in the tested by us LIPF regime tovidlee of
this coefficient determined in the steady statewpr= (Wi av)uipr and vy = idem. For
such velocities of liquid and gas phases the reamperates in the gas continuous
flow regime (GCF). Both values, that is {iscr and (ks)upr Were experimentally
determined for each of four electrodes placed akhegaxis of the apparatus. Fig.8
shows the dependence of the enhancement coeffmietite velocity of both phases
and the liquid impulse duration.

A
1.3 - Wg [m/s]

¢0.14

m0.2

2 0.24
00.27

8 10 12 14 16 18
Re Lav

B Wg [m/s]

¢0.14
m0.2

A0.24
00.27

16 18

Fig.8. Enhancement coefficient depending on thennfeynold’s number of liquid (A pt= 20+ 7s. B -, = 5s
(solid points) andit= 3s (open points).

The shown in the above figurgvalues represent the mean arithmetic value of
enhancement coefficients calculated for four etetds placed along packing. While
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analysing this chart, it can be concluded thatemignumber of experimental points
lies above the = 1 value. It means that the mean value of masster coefficients
in LIPF regimes is higher than in GCF regime, @t shhme velocities of both phases.
Experimental points whose impulse duration was whiort (f, = 3s and 5s) and the
reactor operated at a relatively great velocitythef gas phase (w=0.28 m/s) are
below the¢ = 1 value. The presented comparison shows thatssible to select the
parameters of the cyclic work of the column in swclway as to intensify the
liquid/solid mass transfer.

Figures 9 and 10 presents the changes in the emim&nt coefficients values on
individual electrodes and influence of the duratminbase and impulse on tife
value.
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Fig.9. Changes in thie value along packing; solution No 14w 0.14 m/s, w, = 0.032m/s,
Wi = 0.0068m/s; A 4t=20s; B—4=15s; C—4=10s.
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Fig.10. The influence of base and impulse duratiothe enhancement coefficient value; solution No1,
Wy = 0.14 m/s, \, = 0.0032 m/s, w, = 0.0063 m/s.

The lowest values of the enhancement coefficienevedtained on electrode 4 lying
at the distance of 0.235m from the bottom of thiirom. As research shows, long
impulse duration is favourable from the point oéwithe enhancement coefficient.
However, the base duration seems to influenceptiialue to a lesser extent (lower
base duration influences the enhancement coeftigeny little).

Trying to interpret the obtained results the folloviwere compared: mass transfer
coefficients in base with kvalues determined for GCF regime at J¥¢r = (Wip)LipF
and ks in impulse with ks values determined for self-inducing pulse flow véhe
(Wo)pr = (Wup)upr. Such a comparison requires, on the one hand iegrrgut
measurements for GCF and PF regimes with adequatelgen velocities of the
liquid phase and next processing the signal froeneflectrodes from which one has to
cut out the parts that refer to base and impulskcatculate the mean kvalue for
these parts. The calculation of the kalue were generally higher in base than in GCF
regime, however, lower than in PF regime in impulke example of a signal from
the electrodes is shown in Fig.11.

11
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Fig.11. Signals from the electrodes placed alorugipa; solution No 2, w= 0.27 m/s, W, = 0.0014 m/s,
W jp =0.0038 m/st=10s, = 10 s.

It seems that the basic parameters necessar\etpret the results will be the analysis
of the structure of signals from the electrodesg@ibalong packing.

5. Summary

The basic aim of the present study was to prove ithiat beneficial to carry out
processes in a trickle bed reactor in the pulsenedorced by periodic changes in
liquid feeding the apparatus using the BASE-IMPUL&Ethod. It was shown that
the operation of the reactor in the tested rangeopkrational parameters changes
(natural pulses are induced in the impulse) enseves distribution of liquid on the
bed considerably limiting the danger “hot spotstniong on its surface. Basic
hydrodynamic parameters of the reactor were dete@nand equations correlating
the obtained results were formulated. The colletigdtodynamic data base will be
the comparative base for simulations of cocurrast and liquid flow through packed
bed conducted by means of the computational fluyidachics procedures (CFD)
(numerical package — Fluent 6.1.22). It was alsiv@rthat, due to proper choice of
cyclic reactor operation parameters, the increaseliquid/solid mass transfer
coefficient in relation to the value of the obtalnender stationary operation of the
apparatus (GCF) can be obtained.
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The collected base of mass transfer coefficigntdc GCF, PF and LIPF regimes will
the subject to further analysis, whose aim willabieetter understanding of the reactor
functioning in the forced by periodic liquid feedipulse flow.

The research was sponsored by MNil (Project No094CT019 25).

Notation
a — specific packing surface, 1/m
dp — diameter of packing, m
NOY =Y
e, = Iilz —oel Al o — mean relative error, %
i=1 expj
2AP[d,
f=————
‘ pLWEavH
H — bed height, m
k.s  —mass transfer coefficient, m/s
AP — pressure drop, Pa
t —time, s
w,  —superficial velocity, m/s
Greek letters
€ — bed porosity
€Ld — dynamic liquid holdup
I — viscosity, Pas
p — density, kg m
o — surface tension, N'n
2
N(IY. =Y
o, = 1 DR —e, | (100% — standard deviation, %
N-151 Yo
¢ - enhancement coefficient
Dimensionless numbers
. d +AP/H
Ga, = ”pL(png ) — liquid phase modified Galileo number
ML
w, [d, [p,
Re, =———— — Reynolds number
Ha
Subscripts
av — average value
b — base
g —gas

i — local parameter
ip —impulse
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L — liquid

w — water

a —a-phaseg=gq, L
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