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Abstract: The effects of vibration intensity, superficial gas velocity and content of
solid particles on the volumetric oxygen mass transfer coefficient (kja) ina 16.6 cm
i.d. multiphase reciprocating plate column were strudied. The k;a increased with in-
creasing vibration intensity and superficial gas velocity, and decreased with increas-
ing content of solid particles. The kja was correlated with the specific time-averaged
power consumtion, the superficial gas velocity, the column diameter and the content
of solid particles.

Keywords: reciprocating plate column, volumetric oxygen mass transfer coefficient,
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INTRODUCTION

Reciprocating plate columns (RPCs) belong to the generation of novel reac-
tors,! because of their efficient mass transfer. As a multiphase contacting device,
RPC combine aeration and agitation, ensuring favorable hydrodynamic and mass
transfer characteristics. RPCs have wide use in waste water treatment,? as well as
the biosynthesis of extracellular polysaccharides3—5 and metabolites.® As in the
case of other contacting devices, the volumetric oxygen mass transfer coefficient
(k1a) is used to measure the oxygen mass transfer rate in RPCs.

The values of kja in RPCs depends on the vibration intensity (product of am-
plitude and frequency of reciprocating movement, Af), the superficial gas velocity,
the physical characteristics of the liquid phase, the type and content of solid parti-
cles placed into interplate spaces and the column geometry (the column diameter,
the number of the perforated plates, the hole diameter and the fraction of plate free
area).”"9 With increasing vibration intensity at a constant aeration rate, the kja is
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enhanced over the whole range of vibration intensity, due to more effective mixing
and more uniform dissipation of the external energy over the column height.8-14
The kja increases up to a maximum value with increasing superficial gas velocity
at a constant vibration intensity, as a result of the higher energy which the gas phase
passes to the liquid phase.8:11- 13-15 The influence of the superficial gas velocity is
significantly lower at low vibration intensities.8: 12, 16-18 At higher vibration inten-
sities, the dispersion is homogeneous, and the oxygen mass transfer depends
mainly on the power input by the action of the agitator, which increases both the
gas holdup and the interfacial area.l®

There is no agreement among different investigators about the influence of the
superficial liquid velocity on the mass transfer in RPCs. According to some au-
thors, the superficial liquid velocity has no!3 or only a very smalll!-12:17 influence
on the mass transfer. Others have shown a strong influence of the superficial liquid
velocity on kja.14:18 The effect of the superficial liquid velocity on kja dependes
strongly on the geometry of the RPC and the superficial gas velocity.!?

The physical properties of the liquid phase have a strong effect on the oxygen
mass transfer in RPCs. It is well known that kja decreases with increasing liquid
viscosity.l7 On the other hand, kja increases on addition of compounds which in-
hibit the process of bubble coalescence, such as non-electrolytes and alcohols.20

The value of kja increases when solid particles are placed into the interplate
spaces of RPCs, regardless of the type of solid particles (spheres®:Y or Rashig rings!3).
The effect of solid particles appears to be dependent on the column diameter. With in-
creasing content of solid particles, the mass transfer is enhanced negligibly in a 2.54
cm i.d. column, while it increases significantly in a 9.2 cm i.d. column.?

The reciprocating plate geometry strongly affects kja, which decreases with
increasing plate hole diameter.10-13 With increasing fracional free plate area, kja
also decreases.!0:17 The value of kja is enhanced when the number of perforated
plates is increased, due to a more intensive transfer of external energy to the
gas—liquid dispersion.8-10.17

In previous studies, the oxygen mass transfer in two multiphase RPCs, having
2.54 and 9.2 cm i.d. with and without the presence of solid particles (spheres) in the
interplate spaces,8? were investigated. In this work, the study of the oxygen mass
transfer was expanded to a gas—liquid—solid RPC of larger diameter (16.6 cm i.d.
column). The main goal was to investigate the effects of the operating conditions
(vibration intensity, superficial gas velocity and content of solid particles) on ka.
It was also planned to compare the oxygen mass transfer rate in RPCs of different
diameter. Finally, the aim was to check whether a correlation connecting k;a with
the operating conditions could be derived for all three columns.

EXPERIMENTAL

The scheme of the experimental setup can be found elsewhere.2! The dimensions of the column
and perforated plates, as well as the ranges of operating conditions are given in Table I. The RPC con-
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sisted of a 16.6 cm i.d. glass tube and a set of 15 perforated plates fixed on a rod which moved
up-and-down through the column. The perforated plates were mounted on the rod at equal distances (5.0
cm). The plate stack was driven by an electromotor (1.5 kW) and an excenter. The amplitude was con-
stant (2.35 cm) in all experiments, while the vibration frequency was varied in the range from 0 to 6 Hz
by a three-phase frequency regulator (Yaskawa, Model VS-606V7). The gas phase (air at room tempera-
ture) was fed into the column by a compressor and a regulating valve (the average value of the pressure
was 200 mbar) through four nozzles (nozzle diameter 1.5 mm) at the column botom. The gas flow rate
was regulated by a needle valve and measured by rotameters (Medingen, Dresden).

TABLE I. Geometric characteristics of the RPC and operating conditions

Column diameter (internal), cm 16.6
Column height (total), cm 153
Dispersion height, cm 97

Working volume, dm?3 20.87
Number of plates - 15

Plate diameter, cm 16.15

Hole diameter, cm 0.78

Plate thickness, cm 0.12
Fractional plate free area, % 46.6
Spacing, cm 5.0

Length of tie-rod, cm 10.3
Amplitude of plate reciprocation, cm 2.35
Vibration frequency, Hz 2-6

Superficial gas velocity, cm/s 0.5, 1.0 and 1.5

The superficial gas velocity was 0.5, 1.0 or 1.5 cm/s. The static pressure of the gas near the
rotameter was measured by a digital manometer (Laser, Leskovac, Serbia). An aqueous solution of so-
dium sulphite (0.8 M) and polypropylene shpheres (density 930 kg/m3 and diameter 8.35+0.05 mm)
were used as the liquid and solid phase, respectively. The spheres were placed in each interplate space
(the solids content: 3.8 and 6.6 %, that is 190 and 321 particles per interplate space, respectively). These
contents of solid particles were shown to enable the maximum gas holdup in a RPC.22

The instantaneous pressure at the column bottom was measured by a differential pressure
transducer (—50 to +50 kPa; IHTM, Model TPr—100.05, Belgrade, Serbia), connected via an ampli-
fier and an A/D converter to a PC. The instantaneous power consumption was calculated from the
instantaneous pressure variation at the column bottom and the instantaneous plate velocity:23

P= Ap A, ug (D

The time-averaged power consumption was calculated by integration of the instantaneous
power consumption over a definite time period as follows:

t
1
Pav_T‘(")|P|dt )

The sulphite oxidation method was used for the determination of kja. The value of kja was
calculated from the maximum oxygen adsorption rate and the oxygen solubility in an aqueous solu-
tion of sodium sulphite:
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kla = ro,max/co (3)
The oxygen absorption rate was experimentally measured by means of sodium sulphite oxida-
tion in the presence of copper sulphate as a catalyst.” An aqueous solution of sodium sulphite (0.8
M) was prepared in a separate vessel by dissolving the predetermined mass of sulphite in distilled
water. The initial pH of the solution was adjusted to 8.5 by adding a NaOH solution (5 M). Then, a
concentrated solution of copper sulphate (0.1 M) was added and properly mixed, so that the final
catalyst concentration was 10"4 M. This sulphite solution was transported into the RPC. The sulphite
concentration was determined iodometrically in the initial sulphite solution and in a sample of the
solution taken from the middle of the column after a certain period of time (10 to 20 minutes). The
oxygen solubility in 0.8 M sodium sulphate solution was used in this calculation instead of the un-
measurable oxygen solubility in the sulphite solution; the former was calculated from an empirical
equation based on the sulphate concentration and temperature of the sulphite solution.24
The gas hold-up was measured by a method based on the direct measurement of the liquid vol-
ume, retained in the column after the gas flow was stopped and the electromotor was switched off. The
height of the void fraction of the column was previously correlated to the volume of liquid drawn off
from the column. The height of the dispersion was held constant in all test runs. The gas hold-up was
calculated as the volume of the dispersed gas, divided by the total volume of the dispersion.?3

RESULTS AND DISCUSSION

The dependence of kja on the vibration intensity at two contents of solid par-
ticles and three different superficial gas velocities is shown in Fig. 1. With increas-
ing of both the vibration intensity and the superficial gas velocity, kja increased,

due to the enhanced break-up of bubbles and the enhanced gas hold-up, respec-
08

Fig. 1. Dependence of kja on the vi-
bration intensity (g, % by volume:
3.84 — full line; and 6.6 — dashed
a .02 0.04 006 co8 010 oz line; U, cm/s: 0.5 — circle; 1.0 — tri-
Af mis angle; and 1.5 — square).

tively. At higher vibration intensities (approximately higher than 6 cm/s), the ac-
tion of the perforated plates primarily affected the oxygen mass transfer. The solid
particles in the interplate spaces also influenced the oxygen mass transfer in the
RPC. When the content of solid particles was increased from 3.8 to 6.6 % by vol-
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ume, kja decreased. It was found earlier that the same increase in the content of
solid phase did not significantly affect kja in RPCs of smaller diameter (2.54 and
9.2 cm),? despite the increase of the gas hold-up with increasing content of solid
particles.22

1

ka s’

Fig. 2. Dependence of kja on the
specific time-averaged power con-
sumption (&g, % by volume: 3.8 —
open symbols and 6.6 — solid sym-

0.07 .- 2 . bols; u,, cm/s: 0.5 — circle; 1.0 — tri-
10 10 i gt angle; and 1.5 — square; gas-liquid
P V. Win® system — dashed line).
w1

It is known that the time-averaged power consumption strongly depends not
only on the vibration intensity but also on the content of solid particles, increasing
with increasing content of solid particles.8 Thus, it is better to use the time-aver-
aged power consumption than the vibration intensity to combine the effects of
solid particles and vibration intensity on the oxygen mass transfer rate. The de-
pendence of kja on the specific power consumption at different superficial gas ve-
locities and contents of solid particles is shown in Fig. 2. This confirmed earlier ob-
servations that kja decreased with increasing content of solid particles at a specific
power consumption and superficial gas velocity. A recent study showed that a de-
crease of the specific interfacial area was responsible for the negative influence of
solid particles on kja at higher contents.25 Figure 2 also shows that kja is exponen-
tially proportional to the specific time-averaged power consumption, independent
of the superficial gas velocity and the content of solid particles. This result indi-
cated that ka could be correlated with the power consumption and the superficial
gas velocity, as was already done to two RPC of smaller column diameter.® For the
16.6 i.d. RPC, the following correlations were derived for solid phase contents of
3.8 and 6.6 % by volume, respectively:

p 0.786
keya = 0.0097 (VaV) g0 4)
1
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and

P 0.560
kya=0.0112 (;WJ ug 20 (5)
1

The values of the coefficient of linear correlation were 0.99 and 0.98, and the
relative standard deviations were +10.8 and +5.8 for contents of solid particles of
3.8 and 6.6 % by volume, respectively. These data indicate a good agreement be-
tween the calculated and experimentally determined values of kja. The values of
the exponents in equations (4) and (5) showed that the action of the reciprocating

1
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BV, Wind

Fig. 3. Dependence of kja on the specific
power consumption in three-phase RPCs
with solid particle contents of a) 3.8 %
and b) 6.6 % [14g cm/s: 0.5 —circle; 1.0 —
triangle; and 1.5 — square; column diam-

eter, cm: 2.5412 — solid symbols; 9.2° —
D'u;m,v 1" o -1a* Open symbols; and 16.6 (present work —

BV, Win? dark area) — (+) centered symbols].
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agitator was more important of oxygen mass transfer than the aeration rate. Previ-
ously, it was reported that the power consumption and the superficial gas velocity
had the same influence on kja.”

It seemed appropriate to compare the oxygen mass transfer in RPCs of differ-
ent geometries with respect to the major factors, that is the specific power con-
sumption and the superficial gas velocity. The influence of the column geometry
on the oxygen mass transfer rate can be seen in Fig. 3, where the dependence of ka
on the specific time-averaged power consumption in gas—liquid—solid RPCs are
shown. It is obvious that kja increase with increasing both the specific power con-
sumption and the superficial gas velocity in the ranges from 600 to 9,000 W/m3
and 0.5 to 1.5 cm/s, respectively. The lowest value of kja was found in the column
of the smallest diameter (2.54 cm), and the highest value was detected in the larges
column (16.6 cm), regardless of the content of solids. It can be observed that the ar-
eas covering the data for the two larger columns (9.2 and 16.6 cm i.d.) overlapped.
The following correlation for kja applicable for these three RPCs was derived:

P 0.544 (6)
fya = 0,073 058 £ 0326 (av] ()47

n

The coefficient of linear correlation and the relative standard deviation were

0.90 and £19.8 % (number of data: 71) for the contents of solid particles of 3.8 and

6.6 % by volume. Figure 4 indicates a good agreement between the calculated and
experimentally determined values of kja in the 2.54, 9.2 and 16.6 cm i.d. RPC.
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CONCLUSIONS

In this work, the effects of the vibration intensity, superficial gas velocity and
content of solids on kja ina 16.6 cmi.d. gas-liquid-solid RPC were investigated. It
was established that ka increased with increasing vibration intensity and superfi-
cial gas velocity and with decreasing content of solid particles. For a constant con-
tent of solid particles, kja was correlated with the specific power consumption and
the superficial gas velocity.

Based on a comparison with earlier studies, it was shown that kja also in-
creased with increasing diameter of the RPCs. For the applied operating conditions
and three RPCs of different diameter (2.54, 9.2 and 16.6 cm), a correlation con-
necting the volumetric oxygen mass transfer coefficient with the specific power
consumption, the superficial gas velocity, the content of solid particles and the col-
umn diameter was derived. This correlation could be used for scalling-up the RPC
types of contacting devices.

SIMBOLS

A, — Cross column area, m?

A — Amplitude of the vibration, m

a — Specific interfacial area, m2/m?

Af — Vibration intensity, m/s

¢, — Oxygen solubility, mol m™

f—Frequency, Hz

k1 — Mass transfer coefficient, m/s

kya — Volumetric oxygen mass transfer coefficient, s!

Ap — Instanteous pressure drop at the column bottom, kPa
Ap,y — Time-averaged pressure drop at the column bottom, kPa
P — Instantaneous power consumption. W

P,, — Time-averaged power consumption, W

(P,y/V) — Specific time-averaged power consumption, W/m?
T'o.max — Maximum oxygen absorption rate, mol m3 5!

t— Time, s

u, — Superficial gas velocity, m/s

ug — Instantaneous plate velocity, ms!

Greek letters

¢ — Plate free area

&g — Gas hold-up

£s — Solid phase content

p1 — Liquid phase density, kg/m3

Acknowledgement: This work was realized within the project MNT 1456, financed by the Min-
istry of Science and Environmental Protection of the Republic of Serbia.



OXYGEN MASS TRANSFER 531

U3BO

3AINPEMUHCKU KOE®PUIIMIEHT ITIPEHOCA MACE KUCEOHUKA Y
BUIME®A3HOJ KOJIOHU CA BUBPALIMOHOM MEITAJIMIIOM ITPEYHUKA
16,6 cm

Jb. C. BACUR!, UBAHA B. BAHKOBUR-WIWE!, M. 1. TA3WR!, B. b. BEJbKOBUR! u JI. Y. CKAJIAZ

I Texnonowru paxyaitieiti, Ynusepauitiei y Huuty, Jleckosau, 2TexHOJtomKo—MeLﬁaﬂyptuKu axyaitieit,
Ynusepauitieiti y beozpaoy, Beozpao

Y pany je ICIUTUBAH yTHUIAj MHTEH3UTETa BUOpalyja, IpUBHIHE Op3UHE CTpYjama raca
7 yjiella YBPCTHX YECTHIA Ha 3aIPEMUHCKH KOe(UIMjeHT IpeHOoca Mace KNCEOHNKa Y BHUIIIe-
(a3HOj KOJIOHM ca BUOPAIMOHOM MENIATUIIOM TpevyHuKka 16.6 cm. 3anpeMuHCKH KOeduIu-
jeHT mpeHoca Mace KnceoHHKa ce nmoBehasa ca noBehameM MHTEH3UTETa BUOpALHje U IPH-
BHJIHE Op3uHe cTpyjama raca. [loehame yjesna uBpeTux yecruna y mehynpocropuma usme-
by mrounna ytude Ha cMameme 3alPEeMHHCKOr KoedHIUjeHTa MpeHoca Mace KICEeOHUKA.
W3BeneHe cy eMnupujcke Kopelanuje Koje MoBe3yjy 3alpeMUHCKU KOe(UIIjeHT npeHoca
Mace KNCEOHHKa ca CeNU(pUIHOM CPEIHOM CHATOM Melllarka U MPUBUATHOM OP3HHOM CTPY-
jara raca 3a pa3JaM4yuTe yAeJIe YBPCTUX YSCITHIIA.

(IMpumibeno 7. anpuina 2006)
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