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The acoustic characteristics of a column are described when filled with different
random packings of various shapes, sizes and void fractions. An experimental setup
was developed to study the acoustic field in a packed-bed column. Eight different pack-
ings were used to fill the column, and for each packing the acoustic pressure amplitude
and phase were measured along the length of the packed bed. The speed of sound and
the attenuation coefficient were determined using a nonlinear regression technique.
The speed of sound inside the column decreased when the column was filled with pack-
ings. The natural frequencies increased as the void fraction of a particular packing
decreased. It is shown that the attenuation coefficient depends on a nondimensional
frequency defined as wd>/v, where v is the kinematic viscosity, o is the angular fre-
quency, and d is the effective diameter of the packing. © 2006 American Institute of
Chemical Engineers AIChE J, 53: 297-304, 2007
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Introduction

Packed towers are vertical columns used for continuous
contact of liquid and gases, which have been filled with
packing or devices having large surface area to volume ratio.
Random packings are simply dumped into the tower during
installation and allowed to fall at random. In the past readily
available materials, such as broken stone, gravel, or lumps of
coke were used. Although inexpensive, they are not desirable
for reasons of small surface and poor fluid-flow characteris-
tics. The random packings most frequently used at present
are easily obtainable from the chemical industry—the com-
mon ones presently manufactured are: Raschig rings, Lessing
rings, Partition rings and Pall rings. The liquid once distrib-
uted over, trickles down through the packed bed, exposing a
large surface to contact the gas. A packed-bed tower is used
in the chemical industry to increase the mass-transfer rates
by increasing the surface area of exposure between the liquid
and gas.

Enhancing the mass-transfer rates of many industrial pro-
cesses is very critical since this would not only increase the
efficiency of these processes, but would also represent huge
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cuts in the expenditures. The use of acoustic oscillations to
enhance heat and mass transfer has been receiving increasing
attention in the recent past (Al-Taweel and Landau, 1976;
Sujith et al., 2000). Theoretical (Sujith and Zinn, 2000) and
experimental (Scarborough et al., 2005) studies have shown
that the performance of packed-bed driers can be enhanced
under certain conditions, when excited by acoustic oscilla-
tions. It has also been shown that the acoustic velocity rather
than the acoustic pressure primarily contributes to the mass-
transfer enhancement (Scarborough et al., 2005). Hence, it is
important to understand the structure of the acoustic field
that can be excited in packed-bed towers.

Numerous models were developed to describe the acoustic
characteristics of air-filled granular materials (Attenborough
et al., 2000, Chotiros et al., 1999). Umnova et al. (2002)
developed a model that described the acoustical properties of
packings of spheres. Sound propagation in air saturated pack-
ings was described by Allard et al. (1998). Buckingham
(1997) described the theory of acoustic attenuation, disper-
sion, and pulse propagation in unconsolidated granular mate-
rials. Herrera et al. (2002) developed a model for the sound-
pressure distribution inside fluidized beds. The model also
computed the speed of sound for fluidized beds, based on the
standing-wave theory.

However, no results have been reported on the effect of
packing size, packing geometry or sound frequency on the
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sound-wave patterns in a packed bed. This proved to be the
main motivation behind the present investigation on the acous-
tic characteristics of a packed bed filled with random packings.

Theoretical Background

The packed bed is assumed to behave as a porous medium
that resists fluid motion and effects changes in the gas-
dynamic properties of the fluid. This assumption is valid for
small amplitude acoustic oscillations (operated in the linear
regime with a maximum value of p'/py of 0.5%) that are
unlikely to affect the packing in the bed. The packed column
may be thought of as consisting of a solid material with
pores that are interconnected in a random, but isotropic man-
ner. The fluid can percolate through these pores in any direc-
tion. The fraction of the volume that is not occupied by the
solid is called void fraction and denoted by &. The solid is
assumed to be perfectly rigid and incompressible.

The actual velocity of the fluid as it passes through the
“pores” will not be constant in direction or magnitude. How-
ever, for the one-dimensional (1-D) model developed here, a
mean velocity u (x, ) can be defined as the volumetric flow
rate per unit cross-sectional area in the bed in a direction
along the bed axis. Consequently, at the interfaces of the bed
and the gaseous media upstream and downstream of the bed,
the mean velocity u will be continuous.

The linearized-acoustic continuity and momentum equa-
tions for a porous medium can be written as (Morse and
Ingard, 1968; Crighton et al., 1992)
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Some packings may tend to move with the fluid, thus, adding
to its effective mass. Therefore, to express the inertial prop-
erties of the fluid in the pores, we use an effective density p,,
greater than p, the density of the fluid in the open. Assuming
that the solution has a periodic-time dependence, that is,
Pt = P'(x) € and u'(xf) = U'(x)e”, the following
equation is derived for the acoustic pressure after eliminating
the acoustic velocity
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number. It must be noted that at low-frequencies, the near
presence of the solid material would tend to hold the temper-
ature constant (Morse and Ingard, 1968; Allard, 1998), and
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¢, would tend towards the isothermal speed of sound, which
is lower than the adiabatic speed of sound by a factor of y"/%
where 7y is the ratio of the specific heats. At very high-
frequencies, ¢, would tend towards the adiabatic speed of
sound. However, it is not established at what frequency the
change over takes place.

From Eq. 4 it is seen that by separating the real (k,.,;) and
imaginary (K;,.,) parts of the complex wave number there
exists a positive imaginary part, indicating the presence of
damping/attenuation in the acoustic field due to the presence
of packings. Therefore, for modeling the acoustic field, it is
important to determine the damping/attenuation coefficient.
In this study, the attenuation factor is determined as a func-
tion of various physical parameters to compare the influence
of various random packings on the acoustic field of a
packed-bed tower. The influence of the packings on the
speed of sound of the vibrating air column in the packed-bed
column is also important. The natural frequencies of the
packed bed are a function of the wave number (k), and the
speed of sound (c). Hence, the influence of the packings on
the natural frequency of the column is of considerable inter-
est as well.

Experimental Setup and
Measurement Technique

The experimental setup consisted of a packed bed—a 1.9
meter column filled with random packings, two acoustic driv-
ers, PCB high-sensitivity piezoelectric transducers (model
106B30, and sensitivity 525mV/psi), a function generator,
power amplifiers, data acquisition system, and a cathode ray
oscilloscope. The setup is shown in Figure 1. The packed-
bed column consisted of a 1.9 meter PVC pipe with dimen-
sions of 110 mm (outer diameter), and a thickness of 8 mm.
The column was filled each time with different-random pack-
ings of various sizes and shape. The pipe was open at one
end while the other end was closed by an aluminum plate of
thickness 20 mm. For acoustic pressure measurements, 26
ports (in line) were drilled along the length of the pipe to
mount transducers. The first port was at the closed end while
the remaining 25 ports were equally spaced at a distance of
7 cm, with the second port at a distance of 12 cm from the
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Figure 1. Experimental setup.
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closed end. The pressure transducers were placed in these
ports in an airtight manner, thus, ensuring that the ports had
negligible effect on the sound propagation in the column.
Two types of random packings, Raschig rings and Lessing
rings were used in the experiments. These packings (cylindri-
cal in shape) were chosen mainly because apart from meeting
the experimental requirements they were also readily avail-
able off the shelf. The size (outer diameter) of the packings
varied from 12 mm to 25 mm, with the void fraction being
lowest for the packing having the smallest diameter, and an
increase in the diameter of the packing corresponded to an
increase in the void fraction of the packings. The experi-
ments were performed at 27°C and at atmospheric pressure.

A pair of acoustic drivers (16-ohm impedance and 100 Watts
output) were used to excite standing waves of chosen ampli-
tude and frequency in the column. The frequencies chosen
are the natural frequencies of the packed bed, since, at these
frequencies maximum sound-pressure level can be obtained
with minimum source amplitude. The acoustic drivers were
mounted at the open end of the column, and were connected
such that they behaved as coherent sources. The natural fre-
quencies were measured experimentally. The acoustic pres-
sure amplitude at the closed end of the packed bed (which is
a pressure maximum) was measured for various excitation
frequencies. The maximum amplitude was obtained at the
resonant frequencies.

The experiment was performed at three natural frequencies
of excitation corresponding to the fifth, sixth and seventh
modes for each type of packings. These modes were particu-
larly chosen because of the limitations caused by the driver
units and the amplifiers; nevertheless similar trends are
expected at other modes too. The data obtained for the three
modes were analyzed, the acoustic characteristics plotted and
the attenuation coefficient was obtained for each of the above
cases. The column was then filled with a different packing,
and the earlier processes were repeated. Four sizes of pack-
ings for each of the Raschig rings type and Lessing rings
type were used to fill the column and the characteristics were
obtained. The Raschig rings packings that were used had
void fractions of 0.9156, 0.8903, 0.8312 and 0.8075, while
the Lessing rings packings had void fractions of 0.9008,
0.8666, 0.8011 and 0.7222.

Data Reduction

The steady-state acoustic pressure present at any position
along the pipe is given by the expression (Kinsler and Frey, 1962)

p/ =2P, (efwcei[(utka] + eocxei[wfka]) 5)

with boundary condition as at x = 0, |p’| = 2Py,

Here, o is the attenuation coefficient, k is the wave num-
ber, Py a constant and x = 0 represents a closed end. The
real (k,.q) and imaginary (kj,.e) parts of the complex wave
number k' in Eq. 4 correspond to k (real-wave number)
and—o. (the attenuation coefficient) in Eq. 5. The resulting
pressure amplitude at any position along the pipe is given by

|P| = 2Py (cosh? ax cos? kx + sinh? ox sin’ kx)% 6)

AIChE Journal February 2007 Vol. 53, No. 2

Published on behalf of the AIChE

The corresponding phase is given by

¢ = tan” ' [tanh owx tan kx] @)

Since the transducers were spaced at a distance of 7 cm
apart, the exact location of the minima may have not been
captured. Hence, to avoid such errors a nonlinear regression
technique was used to find the exact location of the minima using
the experimental data (Janardhan et al., 1976; Salikuddin and
Zinn, 1980). The acoustic pressure was obtained at 26 loca-
tions along the packed bed. Denoting |P,,,| as the amplitude
at each of these locations the acoustic characteristics are
obtained in the following manner:

Defining an error function of the form

26

E= Z“Pth‘ - |Pexp|]2 (8)

n=1

Substituting for |P,,|, the theoretically calculated value from
Eq. 6 in the earlier expression we get an equation for £ in o
and k. Minimizing E with respect to o and k yields OE/0x =
0 and OE/0k = 0, resulting in two simultaneous equations (in
o and k) which can be solved numerically to obtain « and k.

A sample plot of the experimentally measured acoustic-
pressure amplitude and phase, and the corresponding distri-
butions from the regression technique are shown in Figure 2a
and 2b respectively for the fifth mode of excitation of the
Raschig rings with void fraction 0.8075. From Eq. 6 we see
that the nodal points of minimum are given by (Kinsler and
Frey, 1962)

2n—1

By -
2

i n=1273,... (O]
and the amplitudes are given by
Prnin = 2P0 (sinh ax) ~ 2Pg(ox) (10)

From Eq. 10 we observe that the amplitudes at the minima
increase with the corresponding increase in distance from the
closed end. This feature is also observed experimentally as
can be seen in Figure 2a. Further, it can easily be shown that
the amplitudes at the pressure antinodes can be expressed as

Prmax = 2Po(coshox) =~ 2Py(1 + oczxz)% (11)

This behavior is also seen in these plots. The acoustic
waves decay as they travel away from the driver towards the
rigid termination. This results in the acoustic amplitudes
being higher towards the acoustic driver.

The efficacy of the nonlinear regression technique is well
illustrated in the Figures 2a and 2b. In order to estimate the
uncertainty in the calculated o and &, a statistical analysis
was performed. The acoustic pressure measured by the trans-
ducers had an uncertainty of 2%. The experiments were con-
ducted at constant temperature, pressure and humidity to
reduce the effect of temperature gradients and other environ-
mental effects. The frequency measurements had an uncer-
tainty of 0.1%, and was verified by transducer measurements.
These uncertainties were specified by the manufacturer for
the respective hardware. The uncertainty involved in the
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(a) Sample plot showing the comparison between the experimentally determined acoustic pressure am-
plitude distribution (normalized with the closed end amplitude), and the acoustic pressure amplitude
obtained from the non-linear regression analysis for the 5th mode of the Raschig ring having void frac-
tion ¢ = 0.8075 (calculated values of « and k are 0.425 m™' and 7.3577 m™', respectively); (b) sample plot
showing the comparison between the experimentally determined acoustic phase difference distribution
(with respect to the closed end), and the acoustic phase difference obtained from the nonlinear regres-
sion analysis for the 5th mode of the Raschig ring, having void fraction ¢ = 0.8075 (calculated values of a
and k are 0.425 m™ and 7.3577 m™, respectively).

(a) Correlation coefficient = 0.9846; (b) Correlation coefficient = 0.9980.

measurement of the void fraction of the packings was 0.2%.
The uncertainty in the acoustic pressure was taken into con-
sideration, while determining the errors involved in the non-
linear regression technique, and the error analysis showed
that the attenuation constant, and the wave number had an
uncertainty of 0.5% each. Also the speed of sound calcu-
lated using the values of the attenuation constant and wave
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number had an uncertainty of 1.5%. The errors in the earlier
calculations were found using the standard error analysis tech-
nique of finding the individual relative errors associated with
each of the variables, and then defining the overall error propa-
gation to be the sum of the relative errors (Taylor, 1982).

The size of the packings was much smaller than the dia-
meter of the duct; hence, the results are not biased by the
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Figure 3.

300

(a) Variation in acoustic pressure amplitude (normalized with the closed end amplitude) with axial dis-
tance for the fifth mode of acoustic excitation for the Raschig rings type packings, having void fractions
of 0.9156, 0.8903, 0.8312 and 0.8075, at frequencies of 304 Hz, 294 Hz, 290 Hz and 284 Hz, respectively;
(b) variation in acoustic phase (with respect to the closed end) with axial distance for the fifth mode of
acoustic excitation for the Raschig rings type packings, having void fractions of 0.9156, 0.8903, 0.8312
and 0.8075, at frequencies of 304 Hz, 294 Hz, 290 Hz and 284 Hz, respectively.
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Figure 4. (a) Variation in acoustic pressure amplitude (normalized with the closed end amplitude) with axial dis-
tance for the sixth mode of acoustic excitation for the Raschig rings type packings, having void fractions
of 0.9156, 0.8903, 0.8312 and 0.8075, at frequencies of 373 Hz, 361 Hz, 355 Hz and 351 Hz, respectively;
(b) variation in acoustic phase (with respect to the closed end) with axial distance for the sixth mode of
acoustic excitation for the Raschig rings type packings, having void fractions of 0.9156, 0.8903, 0.8312
and 0.8075, at frequencies of 373 Hz, 361 Hz, 355 Hz and 351 Hz, respectively.

random orientation of the packings. A statistical approach
was used to ascertain this, by repeating the experiments
(with the column being filled with the same packings) a few
times. The results obtained were well within the uncertainty
limits stated in the article.

Experimental Results

The acoustic pressure amplitude and phase variation along
the nondimensional-axial distance (kx) for the standing wave
in the packed-bed column for Raschig rings are shown in
Figures 3-5. In these plots, the acoustic-pressure amplitude is
normalized with the pressure amplitude at the closed end (P,
and x = 0 on the horizontal axis represents the closed end.
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There was no dependence of the acoustic-pressure distribution
on the pressure amplitude at the closed end which was varied
from 30 Pascals to 300 Pascals, indicating that the sound prop-
agation is essentially linear. The linear attenuation is mainly
because of the viscous and thermal-boundary layer effects in
the column. At higher-pressure amplitudes, the nonlinear prop-
agation would lead to the generation of harmonics, leading to
a distortion of the wave. At amplitudes that are high enough,
shockwaves may be formed (Naugolnykh and Ostrovsky,
1998). In the phase angle plots, the phase angle is calculated
with respect to the closed end, and x = O represents the closed
end on the horizontal axis. All phase angles are in radians.
Figures 3a, 4a and 5a show the variation in the acoustic-
pressure amplitude, as a function of the nondimensional-axial
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Figure 5. (a) Variation in acoustic pressure amplitude (normalized with the closed end amplitude) with axial dis-
tance for the seventh mode of acoustic excitation for the Raschig rings type packings, having void frac-
tions of 0.9156, 0.8903, 0.8312 and 0.8075, at frequencies of 422 Hz, 428 Hz, 420 Hz and 418 Hz, respec-
tively; (b) variation in acoustic phase (with respect to the closed end) with axial distance for the seventh
mode of acoustic excitation for the Raschig rings type packings, having void fractions of 0.9156, 0.8903,
0.8312 and 0.8075, at frequencies of 422 Hz, 428 Hz, 420 Hz and 418 Hz, respectively.
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Figure 6. (a) Variation in acoustic pressure amplitude (normalized with the closed end amplitude) with axial dis-
tance for the fifth mode of acoustic excitation for the Lessing rings type packings, having void fractions
of 0.9008, 0.8666, 0.8011 and 0.7222, at frequencies of 306 Hz, 299 Hz, 290 Hz and 286 Hz, respectively;
(b) variation in acoustic phase (with respect to the closed end) with axial distance for the fifth mode of
acoustic excitation for the the Lessing rings type packings, having void fractions of 0.9008, 0.8666,
0.8011 and 0.7222, at frequencies of 306 Hz, 299 Hz, 290 Hz and 286 Hz, respectively.

distance (kx), along the length of the column when excited in
the fifth, sixth and seventh modes for the four types of
Raschig-ring packings. The pressure amplitude at the node
keeps increasing as we move away from the closed end (at
x = 0). This increase is higher for higher frequencies and
lower-void fractions. The variation in phase angle (Figures
3b, 4b, 5b) becomes more gradual at higher-frequencies and
lower-void fractions. These trends are indicative of the
acoustic attenuation. Figures 6a and 6b show similar trends
in the case of Lessing Rings—in the interest of space the
plots are shown for one void fraction only.

Attenuation coefficient

From the graphs of the variation in acoustic pressure am-
plitude with the axial distance (kx) it is observed that, for a
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given random packing (shape), the acoustic attenuation
increases with decrease in void fraction. The attenuation is
higher at higher-frequencies. Furthermore, the attenuation
coefficient is seen to vary with the type of packing used to
fill the column. From the measurement of the acoustic-stand-
ing wave, the attenuation coefficient was quantified using the
data-reduction procedure described earlier. The variation in
attenuation coefficient as a function of the void fraction for
various modes (frequencies) is shown in Figures 7a and 7b
for Raschig rings and Lessing rings, respectively. These plots
show similar trends for both the types of packings.

In summary, the attenuation coefficient depends on the ex-
citation frequency o, the effective diameter of the packing
d (d = 6(1 — ¢)/a, is the diameter of a sphere having the
same surface to volume ratio as the packing, where a, is the
specific area), the kinematic viscosity v (since the attenuation
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Figure 7. (a) Variation in attenuation coefficient (hondimensionalized) with the void fraction for the four Raschig
rings type packings when excited at 3 different acoustic modes; (b) variation in attenuation coefficient
(nondimensionalized) with the void fraction for the four Lessing rings type packings when excited at

three different acoustic modes.
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Figure 8. (a) Variation of the attenuation coefficient (nondimensionalized) with nondimensional frequency for the
four Raschig rings type packings; (b) variation of the attenuation coefficient (nhondimensionalized) with
nondimensional frequency for the four Lessing rings type packings.

will depend on the frictional resistance), and the type of
packing present in the column; that is o = flw, d, v, type of
packing)

Using dimensional analysis it can be shown that

d2
o :f<w—, type of packing) (12)
y

where, wd?/v can be interpreted as a nondimensional fre-
quency, denoted by Q.

Figures 8a and 8b show the variation of the nondimen-
sional-attenuation coefficient (¢L), as a function of the non-
dimensional frequency. It can be seen that the curves in
Figures 8a and 8b, indeed collapse into one.

The physical significance of the nondimensional frequency
can be seen by recasting it as follows

2
Q:%:U—dw—d:ReSt (13)
v v U

where Re is the Reynolds number, and St is the Strouhal num-
ber. The attenuation coefficient depends on the drag, and,
hence, is a function of Reynolds number. Furthermore, it
should also be a function of the ratio of the flow, and acoustic
time scales, which is expressed by the Strouhal number.

wd d/Uu

where 4 is the wavelength and ¢ is the speed of sound.

Speed of sound

The values of « (—kj;q,) and k (k,.,) obtained were used
to determine the speed of sound from the equation

e

imag —

k2

real

a)z/clz,

5)

obtained by separating the real and imaginary parts of the
complex-wave number (Eq. 4). The phase velocity c,, is
roughly equal to c¢,, when @ > ¢/p, as is the case here.
Figure 9 shows the variation of ¢, as a function of the void
fraction of the packings. From Figure 9, it is observed that
the speed of sound is lower for the packings having low-void
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fractions than for packings with high-void fractions. The
speed of sound did not show frequency dependence in the
range of frequencies studied here, within the experimental
uncertainty. It is further observed that the speed of sound of
the vibrating air column is lower for the Raschig rings than
for the Lessing Rings. Also, the number of modes in the
same frequency range is higher when the pipe was filled
with packings than for the case of the empty pipe. Once the
speed of sound decreases, the natural frequency for the same
mode also decreases. The trends observed (experimentally) in
the change in natural frequencies for the Raschig rings and
the Lessing rings type packing is shown in Tablel.

The speed of sound is proportional to the square root of
the ratio of the stiffness to the mass. The stiffness is
increased by the removal of air in the column due to the
packings. At low-frequencies, the near presence of the solid
material would tend to hold the temperature constant (Morse
and Ingard, 1968; Allard, 1998), and it would tend toward
the isothermal stiffness, which is lower than the adiabatic
stiffness by a factor of ), the ratio of the specific heats. Fur-
thermore, some of the packings may move with the fluid,
thus, adding to its effective mass. At low-frequencies, the de-
crease in speed of sound can be explained in terms of the
contribution from these factors. A lower bound for speed of

340 -
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@ 280
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o 260 - % O X0
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200 T T T T 1
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&

Figure 9. Change in speed of sound of the air column
in the packed bed when filled with each of
the two kinds of packings.
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Table 1. Variation in Natural Frequencies with Void Fractions for the Raschig Rings and Lessing Rings Type Packings

Packing Size

Natural Frequencies (Hz)

Type of Packing (Outer dia.) Void Fraction 5th mode 6th mode 7th mode
Raschig rings 12 mm 0.8075 284 351 418
15 mm 0.8312 290 355 420
20 mm 0.8903 294 361 428
25 mm 0.9156 304 373 422
Lessing rings 12 mm 0.7222 286 344 402
15 mm 0.8011 290 365 420
20 mm 0.8666 299 366 436
25 mm 0.9008 306 373 440
Empty duct - 1 394 481 568
Pp,e 2 Pp

sound will then be —F = ¢j, ipema =& At high-frequencies,
. Po Po .
one can think that the sound waves must travel a longer dis-
tance due to the tortuous path that must be followed as the
waves are scattered through the pores in the packed bed.

Conclusions

The acoustic characteristics of a packed-bed column were
investigated. The acoustic attenuation increased with increase
in frequency and decrease in void fraction. The attenuation
coefficient was shown to be a function of v/wd?* (v is the ki-
nematic viscosity, @ is the angular frequency, and d is the
effective diameter of the packing) and the type of packing.
The speed of sound decreased with decrease in void fraction.
The natural frequencies were found to increase with decreas-
ing void fraction.
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Notation

a, = specific area of packings
co = speed of sound in air, m/s
¢, = speed of sound in the packed bed column, m/s
¢,, = wave velocity, m/s

D = mean-particle diameter

K = wave number

K' = complex-wave number

p’ = acoustic pressure

P = mean pressure
P.,, = experimental pressure amplitude
P,, = theoretical pressure amplitude

P, = constant of Integration
Phase = phase difference (with respect to the closed end)
Q=1/z
P’(x) = acoustic pressure variation in space
U’ = acoustic velocity
U'(x) = acoustic velocity variation in space

Greek Letters

o = non dimensionalised attenuation coefficient
E = void fraction of packings

P = density of air
pP = effective density of air
@ = frictional resistance

A = ratio of specific heats
Y = kinematic viscosity of air

Q = angular frequency
Q = nondimensional frequency
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