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ABSTRACT

This study was concerning to improve the mass transfer rate by packing-vibration and to
investigate the relationship among the mass transfer factors in the gas-liquid contact absor-



ption system.

4 «L. A. Wenzel

The gas-liquid contact mass transfer system was operated by [the vibration of the newly

designed spiral wires-radial plates packing in the column. The gas hold-up, gas-liquid interf-

acial areas and liquidside mass transfer coefficients were measured and analyzed, and a qua-

ntitative mass transfer equation on this absorption system was presented.

1. Introduction

Efforts to improve mass transfer rates in
countercurrenticolumns contacting gas-liquid
or liquid-liquid systems have been extensive.
Improved packing has been developed by Vo-
yer and Miller,2® Chen®#% Kim,!2!® Mashe-
lker,’® and Sahay!® among others. Improve-
ment through the vibration of the packing or
the fluid has been prepared by Buchanan,?
Bretsznajder and Pasiuk?, and by Jameson
and Davidson.?

The aim of this study is to develop a sim-
ple and effective mass transfer column which
can be successfully used both for liquid-liquid
and for gas-liquid contacting. The design was
chosen with combination of the spiral wires
with the radial
plates reported by Karr!®!? in an oscillating

used earlier by Kim!21¥

arrangement.

Using such a system mass transfer factors
including gas holdup, gas-liquid interfacial
area, and mass transfer coefficient were me-
asured and compared with results of conven-
tional systems. Initially the air-water system
was used, but later experiments were done
by contacting an air-CO, phase with potash
solution. As yet no work has been done with

liquid-liquid system.

2. Thecretical Approach

Vibration effects in a gas-liquid contacting
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system operate through the perturbation of
the gas-liquid interface. Energy applied to the
system may produce wave action in the bu-
bble coalescence. In the system described
here vibration is of modest intensity, and
the perturbation of the interface by pressure
waves is considered to be the dominant eff-
ect of plate vibration.

The intensity of the reciprocating motion
will affect the intensity of pressure wave
transmitted to the interface which will, in
consequence, affect the mass transfer rate.
In the development that follows it is assum-
ed that the column, in which the liquid phase

is continuous, is in static state but moving

vertically in simple harmonic motion as the

plates and wires are similarly moved. It is
also assumed that gas bubble radii are not
affected by the reciprocating motion.

When the liquid column with contained gas
bubbles is vibrated in the vertical plane by
simple harmonic motion of amplitude A and
circular frequency w, the pressure acting on
the bubble surface will result from system
pressure, hydrostatic head, and moment cha-
nges in the liquid phase:

Py = Py + pgh — phAw? sinot ¢))]

The term phAw? sinwf is the pressure
effect caused by momentum changes resulting
from the harmonic motion.

This is called the fluctuation pressure, Py’.

Taking the root mean square value of the

fluctuation pressure,

o=yt = [ @yar/ ] ar )
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_h
=77 —= pAw? @

Therefore, the mean fluctuation pressure
affecting the gas bubble interface is

Py =P/ B= ;/ﬁf oBAw* 3

Where B is a correction factor for viscous
damping on the surface.® The term BP; can
now be included in expressions relating mass
transfer effects to the intensity of harmonic
oscillation.

The fluctuation component of the velocity
of the gas bubble interface can be expressed
as a linear function between the limits

V= (Vo +V")¢(x) at y =0 “4)
V= Vog (%) at y = A/c 5)

Where V.’ is the fluctuation velocity com-
ponent in the x—direction parallel to the
interface.

V. is the fluctuation velocity co-
mponent in the plane of the in-
terface due to fluctuations in
interfacial tension.

If we assume that V.’ varies linearly as
proposed above, and apply the continuity eq-

uation!¥

7= —K_Wx' )], = —LWa+ Py

ox
- 2V @ 1 ®

' _ 1

If 6 =~ %
vr=2 W7y -]

In the laminar sublayer around the gas
bubbles,14,16)

__ D
Y 4wy ®)
A= ﬁ%‘{ )
By = V2 10

and therefore, rearranging Equation (10) and

replacing Py from Eq. (3) gives
’— :{/gi(Bsz)l/z (11)

The thickness of the laminar sulayer can
now be fixed by putting D = Dr when y=94
and using equations (7), (8) and (9)

5= (K%%)Uz[l + %}1/2 12)

Using Equation (12) and the Levich Mo-
del# the mass transfer coefficient for the
absorption column with its packing in har-
monic oscillation can be expressed as

Ky = (—O‘-I-DG‘EEVLYIZ]:I + “Z-’;/ ]1/2

(13)
where Ki,v is the overall mass transfer coe-
fficient in terms of liquid phase driving force
units with the system in hormonic oscillati-
on. In the case of a column, packed but wit-
hout vibration, Ki,p is

e 14

So the ratio of mass transfer coefficients, the
coefficients when the column is vibrated as
related to that when the column is not vibr-
ated, is

(A

(15)

oy

Ay
or R?=— [1 + (_«%)1/2(Aw2)1/2J (16)

3. Experimental Method

In order to determine the packing design
and vibration effects in gas-liquid contacting,
gas holdup and mass transfer effectiveness
as determined by gas-liquid interfacial area,
the liquid phase mass transfer coefficient
and volumetric mass transfer coefficient were
measured. Initially these data were obtained
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for an empty column, then in the column
with packing but without vibration, and fin-
ally in the column with the packing oscilla-
tory.

The experimental apparatus is shown in
Figs. 1 and 2. The tower consisted of a
7.6 cm ID x 91 cm high acrylic cylinder. Eig-
ht spiral wires ran vertically through the
column which was interrupted by eight four-
armed plates at 10 cm plate-to-plate distanc-
es. The spiral wires were 0.4 mm thick stai-
nless steel coiled in a 6 mm diameter circle
with a 12 mm pitch. These wires were strung
between perforated stainless steel end plates
that were 0.7 mm thick having 9 holes of
1.2 mm diameter. Vibration was obtained by
attaching a central rod to a motor-driven

(Ho
@)

@ Air holding tank

® Air-water saturator

@ Mixing bottle

@ Spiral wire-rradial plate packed column
® Gas-liquid separator

® Vibrator

@ Vibration controller

« L. A. Wenzel

cam with a 4.8cm maximun off-set. Both
the frequency of rotation and the cam length
could be varied, though here only frequency
was changed.

Operating condition for the column are re-
ported in Tabdle 1. Initially the column was
run using air and distilled water to determi-
ne gas-holdup variations. Operation occurred
with air flow but without liquid circulation.
When the air flow was abruptly stopped the
gas holdup could be measured as the fraction
of the column that was empty. The gas ho-
ldup and bubble rising velocity were then
calculated from the relationships. 2

_ @
? = 7S
~ U,
Ur= £

¢

®

Solution feeding pump
©@ Solutlon tank

@ FeSO, solution bottles
@ Distilled water flask
@ PH meter

@ Recorder

Fig. 1. Flowchart for Experimental Apparatus

ahataat ®H203 M 135 19824 28
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0.6cm

Fig. 2. Top view of Spiral wires-Radial plate
packing in the Column

Table 1. Experimental Operating Conditions

» Superficial gas 1 5.2—24. 2cm/sec

velocity

:1.0340.01 atm

: K2C0s(0. 6gmole/1),
KHCO;(0.257)
KCI(1.92#), NaOC1(0—0.27)
o : 80dyne/cm, D=1,35X
10"%cm?/sec

- Liquid density 11.15—1.18 gr/cm?

- Liquid viscosity :1.16—1.30 C.P.

- PH 110.4

+ Froth height

« Total pressure
« Potash solution

: 79cm=0. 6.cm

- Temperature 123+2°C
(column)
« Vibration :3.3cm
stroke
(Amplitude)
« Frequency : 1st(200rpm) 2nd(260rpm)
range 3rd(325rpm) 4th(380rpm)

The gas-liquid interfacial area and mass
transfer coefficients were measured using the
air + CO, and potash solution system. CO,
and liquid phase concentrations, and physic-
ochemical properties were measured by me-
thods reported earlier.'®

The variations in mass transfer coefficie-
nts and gas liquid interfacial area determin-
able using the Danckwerts plot graphical

method®® based on the rate equation of the-
form

Ra )2 . (KLa>z
%._/_ = K ——
(A* VD @t D

4. Results and Discussion

Figures 3 and 4 show the results obtained
on gas holdup and gas bubble rising rate
using the air-water system. The gas holdup,
shown in Fig. 3, increased with increasing
gas flow rate whether or not packing was
present in the column and regardless of the
state of vibration of the packing. The holdup
was greatest for vibrated packing, increasing
with increasing vibration frequency. The
holdup was lowest in the empty coumn obvi-
ously column internals impede bubble rise
and increase gas holdup. Within the condit-
ions expressed here vibration of the packing
intensifies this retardation.

The bubble rising rate shown in Fig. «
is much less sensitive to gas flow rate than
is the holdup. However the retardation effect
of the packing, and especially of vibrated
packing is still evident,

The mass transfer performance of the abs-
orption column is shown in the Danckwerts
plots given as Figures 5-11. Figs. 5 and 6
are for the empty column and column with
spiral wires-radial plates but without vibrati-
on, respectively. Figs. 7-11 are for the pac-
ked column with vibration present. Each of
these plots is for a fixed gas flow rate but
gives lines for each of the four levels of
vibration frequency used. The interfacial
area, mass transfer coefficient, and volume-
tric mass transfer coefficient, Kra, obtained
by analysis of these data are shown in Figs..
12-14.

As shown in Fig. 12, the gas-liquid inter-
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facial area increases with an increase in sup-
erficial gas velocity for all of the column
arrangements considered. This increase is re-
duced when the column packing is vibrated.
For the packed column the interfacial area
is about 50% greater than for the empty
column regardless of superficial gas velocity.
With vibrated packing the increase is even
greater, though the gas velocity effects is
reduced. The average increase due to vibrat-
ion is about 20%. As mentioned above it is
presumed that vibration inhibits gas bubble
rising, and contributes to the break-up of the
natural gas bubble coalesence. 1?

Fig. 13 shows the effect of superfical gas
velocity on mass transfer coefficieient, Ki.
Obviously there is no significant interrelatio-
nship in these variables, but the effects of
the presence of packing and vibration are
large. The mass transfer coefficient is incr-
eased over 3 fold by the presence of packing
and another 50% by vibration of minimal
frequency. The vibration effect increases as
the frequency increases. These effects are
ascribed to the interfacial turbulence caused
by the packing and enhanced by the vibr-
ation.

These two effects are combined in the vo-
lumetric mass transfer coefficient which is
plotted in Fig. 14. Also shown on this figu-
re are results from previous workers? 1820
“These literature values were selected because
those experimental systems were almost the
same as this present work.

The volumetric mass transfer coefficients
obtained here, both with the stationary pac-
king and the vibrating packing are much
greater than reported by these workers.

As these results show, the spiral wire-
radial plates packing with vibration gives

enhanced mass transfer rate, mass transfer

Epst3Et H202 M 1% 19829 23

coefficients, interfacial area and gas holdup
when compared with the stationary packing
or with an empty column. It is postulated
that this enhanced performance results both
from packing geometry and from the trans-
fer of energy from the packing to the fluid
system, not only were gas bubble retained
for a longer time in the column, but they
were dispersed by the packing movement. In
all cases the effect of vibration is large.
Even at the highest gas velocity, where the
vibration effect is least the increase is in
the order of 150% to 50%.

Fig. 15 compares the experimental mass
transfer results obtained using the vibrated
packing with the prediction of Equation (16).
The line representing Equation (16) on that
figure was given a slope appropriate to the
data obtained.

From this B = 0.021 so that the correlati-
ng equation for this system is

0. 0214

e () @ an

This correlation does’nt completely compen-

sate for variations in gas flow rate, but it
does correlate the results so as to give a
maximum deviation in R? of 229, and a

root-mean-square deviation in R? of 49.8%.

5. Conclusions

The spiral wire-radial plate packing use
here has been shown to improve markedly
in its mass transfer performance through the
effects of packing vibration. An increase in
vibrational frequency increased gas holdup
and mass transfer coefficient. The presence
of unvibrated packing increased the interfac-
ial area and mass transfer coefficient by abo-
ut 40% and 2209% respectively in comparison
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to the performance of an empty column,
With the vibrated packing these increases
were about 70% and 380% respectively.

For the gas absorption system studied he-
re volumetric mass transfer coefficients were
superior to other vibrated packings reported
in the literature.%%320

Finally, the relationship developed here

39 v v —]
Vikration i
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2.5 e 3rd 4
o : 2nd
= o @ st
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x
g

5 10 15 20 25
Ki x 102 {sec-1)

Fiy, 7. Danckwerts plots in the packed-vibration
system at Ug=5.2
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Fig. 8. Danckwerts plots in the packed-vibration
system at Ug=10.4
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through a consideration of the pressure wave
effect of packing vibration did account for
the measured transfer coefficients within a
root mean square deviation of 10%.
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i
t
s
= P
s
&
Yibration
1or s 4in
a: 3¢ :
o 2nd .
£5r o ‘st
0 | WUV SIS S S ;1
U 5 10 1 20 25
Kix 107 isez=

Fig. 10. Danckwerts plots in the packed-vibration
system at Ug=20.8



7]- F4Alol A Spiral Wires-Radial Plates 489 3 F&st 33

E
=
E
= 15- .
=
o« Vibration
X A 4th
or e 3nd 1
o 2nd
o : 1Ist
o,sl 1
i
o [ .. - - A e
¢ 5 10 15 20 25

Ki x 1072 (sec)

Fig. 11. Danckwerts plots in the packed-vibration
system at Uy =24.2

{ ' ' T
}
Lok
?Gl
[
!
2CI
Ll |
£ o8t
£ .
08
o
|
cor LIRS LN 1
t " [Ptsvirsten
i © st
," & . Packing ‘j
ozt s : No-packing
i
|
i
g ' X -
1 2 I 6 8 1 20 oW

Ug (cm/sec)

Fig. 12. Relationship between gas-liquid interfacial
area and superficial gas velocity in the
system of no-packing, packing, and pac-
ked-vibration

-— T —T — T N
{
i
L 4
01 - T = : 4
" ) 'y -
0.6 L 3 - 8 .
— DW%b -
ol v e
£ !_ < ; - 1126} Packing
00~ i
a H
L &
' H
\ i
| H
€05k =
L LSO T 3
003~ . - No-packrg
001} 4
D S S
0 S 0 13 o5 5
Vg tomisecd

Fig. 13. Relationship between mass transfer coeffi-
cient (K,) and superficial gas velocity in
the system of no-packing, packing, and
packed-vibration

08 l ]
1
0.6 ~ K
i- 4
0.4 [ -
02 - .
.
g
A { i
01 - B
W r -
> 008 - 1
| 1
0.06 - 4
f 1
oghr i
! A
} i
! e o 4thy
* 3d i
ez r Previous Wirks & 2nd % Pacised-vibration M
0 : Voyer & Miller o: 15t ¢ i
i:Sanay & Sharma}@nly Packing » . Packing t
¢ Chen & Vaitbh 4. Nc-packi
Cotb— - U S
1 z 4 & 8 10
Ug {cm/sec)

Fig. 14. Relationship between volumetric mass
transfer coefficient and superficial gas
velocity in the system of no-packing, pac-
king and packed vibration.

HWAHAK KONGHAK Vol. 20, No. 1, February 1982



34 72 9 4 .L, A, Wenzel

30 v . r

T T r +

10k"" Ug {em/sec)
e: 52
o104
A 156
05t o 208
a: 242
[
0 " " 1 " - " n i
0 10 20 30 40 50 €0 70
(Aw? f’zlcrri“.sec“-)
Fig. 15. Comparison of Experimental data with Eq. 16
Acknowledgements ko Location of overflow line, cm

This research was performed by IBRD Su-
pport in the Chemical Engineering Departm-
ent of Lehigh University.

Nomenclature

a Interfacial area per unit volume, cm™
A Amplitude of liquid vibration, cm
A* Concentration of dissolved gas at inter-
face, g mole/cm?
B (Aw?*) at the interface/(Aw?) in the
bulk, correction factor
C Numerical constant
D Molecular diffusivity, cm?/sec
Dy Eddy diffusivity, cm?/sec
f Frequency (Hz)
# Mean head of bubble, 27 (1 — ¢), cm
k' aerated liquid height from bubble to top
of column, cm

grat3a H202 Hi1% 19828 29

K, First-order rate constant, sec™! (from
Pohorecki, R., Chem. Eng. Sci., 23, 1447
(1968).)

K. Liquid side mass transfer coefficient,
cm/sec (from intercept of the Danckw-
erts rate equation)

Ki,v Liquid side mass transfer coefficient,
cm/sec (from intercept of the Danckw-
erts rate equation with vibration)

Ki,p Liquid side mass transfer coefficient,
cm/sec (from intercept of the Danckw-
erts rate equation without vibration
(only packing))

Py Pressure applied to liquid surface, dyn-
e/cm?

P Pressure at the surface of bubble, dyne
/cm?

Py Turbulent fluctuation pressure at the
surface of bubble, dyne/cm?

PJ/ [(P;/)zjl/z dyne/cm2
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By Turbulent fluctuation pressure on the
gas bubble interface
@ Overflowed quantity of water at locat-
ion %, cm?
R Ki,v/Ki,p, dimensionless
R Rate of absorption per unit area of su-
rface after contact time, g-mole/cm?.sec
S Cross-sectional area of column, c¢m?
¢t Time, sec
U, Superficial gas velocity, cm/sec
U. Rising velocity of bubble, cm/sec
Vo Characteristic turbulence velocity defin-

To 172
ed by Vo= <7) , cm/sec
Y.,y Fluctuation velocity in x-direction or
y-direction, cm/sec
V/ Root mean square fluctuation velocity at
the interface due to vibration in the
liquid phase, cm/sec
Vo Volumetric gas flow rate at 24°C, 1
atm. cm?/sec
x Distance along direction parallel to the
interface of bubble, cm
y Distance perpendicular from interface
of bubble, cm
Greek symbols
d Thickness of equivalent diffusion subla-
yer, cm
4 Thickness of zone of damped turbulencz
near gas-liquid interface, cm
o Liquid density, g/cm?
o Surface tension of liquid, dyne/cm
7o Tangential stress exerted on surface,
g/cmesec?
¢ Gas holdup, dimensionless
#(x) Function of x
@ Circular frequency (2zf), rad/sec
Overbars
— time average value
~ root mean square
7 fluctuation
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