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Fixed bed columns are often used in chemical
engineering industry in physical operations (such as
absorption, leaching, rectification) and in two- or three-
phase chemical operations. Fluid flow in such equipment
induces axial mixing (dispersion) which can be quantified
using the axial dispersion coefficient. Besides the axial
dispersion, radial liquid dispersion occurs, the latter one
being however less intensive.

The axial dispersion is an important parameter affecting
the performance of fixed bed columns, thus, the literature
indicates a large number of theoretical and experimental
studies on the subject [1-22].

Tsotsas and Schlünder [7] present a theoretical study
related to the axial dispersion dependence on flow in fixed
beds. They define three types of flow: micro-, meso- and
macroscopic. In their study, the large discrepancy obtained
for gas dispersion data is attributed to the mesoscopic flow
which is described using a model. Also, the dependence
of macroscopic flow and axial dispersion is discussed.

Jacksson and Harmon [8] established the axial
dispersion coefficient in fixed beds for small Reynolds
numbers (Re < 0.1). The dispersion coefficient values were
determined experimentally in the form of Pe = f(Re·Sc)
for methane dispersion in supercritical CO2.

A mathematical model was proposed for axial and radial
dispersions in a porous cylindrical granular fixed bed by
Arora and Kukreja [9]. The model was solved numerically
via the finite element method using the orthogonal
collocation technique. Crittenden, Brinkmann and Field [11]
determined the axial dispersion coefficient in pulsed and
non-pulsed liquid flow in a spherical particle fixed bed
column.

Nigam, Iliuþã and Larachi [14] have studied
experimentally the axial dispersion in a gas-liquid cocurrent
flow fixed bed column containing different shaped catalyst
particles. They have determined experimentally the liquid
Péclet number, for different velocity values of the two
phases. Perin, Chaudourne, Jallut and Lieto [15] have
studied theoretically and experimentally the axial dispersion
in a gas-liquid counter-current flow fixed bed column. The
obtained values for PeL and Peg are compared to the
literature values.

Delgado [16] analyzed experimental data from literature
to characterize dispersion in porous media for different
dispersion regimes. He established equations to determine
the axial and the radial dispersion coefficients based on a
large number of his own experimental and literature data.

The majority of axial dispersion studies focus on fixed
beds containing non-porous particles, at room temperature.

The present paper studies the axial mixing (dispersion)
in a liquid flow column with a fixed bed of cylindrical
charcoal particles. The residence time distribution and the
axial dispersion coefficient (DL) for different temperature
and liquid phase flowrate values are established. The
number of cells and the exit age distribution function E(è)
are established using the mixing cell model. The latter
parameter is compared to the distribution function that
was established experimentally. Also, the temperature and
the Reynolds number influence on the Bodenstein number
has been studied.

For one phase fluid flow in a fixed granular bed, the axial
dispersion model is given by [2]:

(1)

The initial and boundary conditions are:

Solving the above equation (1) with the specified
conditions (2) and (4) gives the exit age distribution function
E(θ). The E(θ) function variance is given by:

(5)

If Péclet number (Pe) has large values, the equation (5)
simplifies to:

        (6)

Using the equations (5) and (6), one can establish the
Péclet number.
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The axial dispersion coefficient can be obtained using
the definition of Péclet number (σθ

2 is established
experimentally).

The Bodenstein number defined as:

(7)

is usually used for granular fixed bed columns. The Péclet
and Bodenstein number dependence is given by:

  (8)

Experimental part
The experimental set-up, presented in figure 1, was used

to determine the residence time distribution and the axial
dispersion coefficient in a liquid flow column with a granular
fixed bed. The experimental set-up includes a fixed bed
column (1), a liquid reservoir (2), a flowmeter (3) to
measure the liquid flowrate, a conductometer (4) with a
probe (5) to determine the solution electric conductivity at
the column exit, a vessel (6) to immerse the
conductometer probe and two digital thermometers (7)
and (8) to measure the liquid phase temperatures at the
column entrance and exit, respectively. The column (1)
made of thermo-resistant glass, with an inside diameter,
D, of 0.036 m and a total height of 0.45 m,  has an outside
heat proof glass jacket (1a). The column base is equipped
with a stainless steel sieve (1b) which sustains the fixed
bed (1c) containing cylindrical charcoal particles (d = 3.1
mm, l = 4 mm). The charcoal particles were coated with
paraffin such that the tracer diffusion in particle pores is
not allowed. The pores were blocked with paraffin vapors.

The column top is covered with a rubber cap having
three apertures for the liquid distributor (1e), the tube that
connects to the exterior (1f) and the digital thermometer
(7), respectively.  The liquid phase column outlet (1g) and
water column jacket inlet and outlet, (1h) and (1i),
respectively, are also indicated in figure 1.

The experiments have been conducted at atmospheric
pressure, two temperatures (30 and 50oC) and different
liquid flowrates (distilled water: 7.65, 13.3, 17.55 and 22.45
L/h).

Results and discussions
The pulse response technique has been used to obtain

experimentally the exit age distribution function. For this
purpose, the tracer used has been a sodium chloride
solution of 20% mass concentration. The tracer was
introduced in a pulsed signal with a 20 mL capacity syringe.
In each experiment, 5 mL solution was introduced at the
column upper part and the timer was immediately started.
Every five seconds, the liquid electric conductivity at the
column exit was read with the conductometer (4). Table 1
presents experimental data for electric conductivity. Based
on the calibration curve, previously obtained, the sodium
chloride concentrations at the column exit were
interpolated.

These results and the equations (9) and (10) have been
used to render the average residence time value  (t mean
time) and the distribution function of the residence times
E(θ) [2, 5]:

(9)    (10)

In figures 4 and 5 the distribution functions of the
residence times are graphically represented for different
temperature and liquid flowrate values, indicating that the
distribution functions E(θ) present a maximum in the
neighborhood of θ = 1 value.

For most of the dependencies, the maximum of the
distribution function for the residence times corresponds
to a value of θ < 1, fact that reveals the existence of some
preferential flow regions inside the granular fixed bed
column. The preferential flow areas and the other flow
“defects” determine the appearance of axial dispersion.

To establish the density function variance of the
distribution E(θ), the following relation is used:

(11)

Next, based on the equations (5) and (6) and the
dispersion function values E(θ), the Péclet number was
determined and , finally, using the equation (8), the
Bodenstein number was calculated. Because the charcoal
particles have a cylindrical form, the particle diameter (d)
was calculated as the product of the equivalent particle
diameter (de) and the form factor (ψ).

Using the Bodenstein number definition (7), the axial
dispersion coefficient (DL) was determined. Figures 6 and
7 show graphically the Bodenstein number variation
depending on the liquid phase ficticious speed (v) and the
Reynolds number at temperatures of 30 and 50oC.

Figures 8 and 9 support the fact that the axial dispersion
coefficient depends on the liquid phase velocity and the
Reynolds number, at the same above mentioned
temperature values.

As can be seen from figures 6 and 7, the Bodenstein
number decreases with the liquid phase velocity and
respectively, with the Reynolds number. For small values
of the velocity and the Reynolds number, respectively, Bo
= f(v) and Bo = f(Re) dependencies are practically linear.
As for Bo = f(v) dependencies, the temperature increase
induces a decrease in the Bodenstein number. The
temperature increase in Bo = f(Re) dependencies
generates an increase in the Bodenstein number. The
temperature increase determines a decrease of the liquid
phase dynamic viscosity and, consequently, an increase
of the Reynolds number value.

Fig. 1.   Experimental setup (1 - fixed bed column, 2 - liquid
reservoir, 3 - flowmeter, 4 -conductometer, 5 - conductometer

probe, 6 - vessel, 7, 8 - digital thermometers)
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The diagram represented in figure 8 emphasizes an
increase of the axial dispersion coefficient with the liquid
phase velocity.  This observation is also underlined in other
studies [3, 11]. For small values of the liquid phase velocity,
the increase of the axial dispersion coefficient DL is
negligible. As one can see from figure 8, the temperature
influences positively the dispersion coefficient DL, meaning
that as the temperature value increases, so the coefficient
DL value does. This result is confirmed by other literature
data [1].

Next, based on the mixing cell model, the cell number
and the residence time distribution function were
calculated. According to this model, the cell number and

Table 1
ELECTRIC CONDUCTIVITY OF NaCl SOLUTION AT THE COLUMN EXIT IN TIME

Fig. 4. The distribution functions of the residence times
E(θ) = f(θ), T = 30oC

Fig. 2. Sodium chloride concentration variation in liquid
phase, at the column exit as a function of time, T = 30oC

Fig. 3. Sodium chloride concentration variation in liquid
phase, at the column exit as a function of time, T = 50oC

Fig. 5. The distribution functions of the residence times
E(θ) = f(θ), T = 50oC

Fig. 6. Bodenstein number vs. liquid phase velocity at T =
30oC and respectively, 50oC

Fig. 7. Bodenstein number vs. Reynolds number at T = 30oC and
respectively, 50oC
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the distribution function E(θ) are calculated using the
following relations:

  

Using the experimental data for the distribution variance
σθ

2, the cell number has been determined. The obtained
results are shown in the table 2.

Table 2
CELL NUMBER (n)

Fig. 9. Comparison between the dispersion
functions E(θ)exp = f(θ) and E(θ)calc = f(θ), T = 30oC:
a) Mv = 7.65 L/h, b) Mv = 13.3 L/h, c) Mv = 22.45 L/h

(12)

(13)

Fig. 10. Comparison between the dispersion functions
E(θ)exp= f(θ) and E(θ) = f(è), T = 50oC:

a) Mv = 7.65 L/h, b) Mv = 13.3 L/h, c) Mv = 22.45 L/h

Fig. 8. The axial dispersion coefficient
dependence on the liquid phase velocity at T

= 30oC and respectively, 50oC

Using equation (13) and table 2 data, the function values
E(θ) were calculated and graphically represented in the
figures 9 and 10.

The experimental determined values of E(θ) function
are shown in the same graphs. Thus, it can be inferred that
for small values of the liquid phase flowrate, up to 7,65 L/h,
the values of the two functions E(θ), i.e. the E(θ)
experimentally determined, E(θ)exp, and the E(θ)
calculated based on the mixing cell model, E(θ)calc, are in
good agreement. For larger values of the liquid flowrate,
the two functions, E(θ)exp and E(θ)calc values are different.

This fact can be explained as follows: the fixed bed
column used in this study has regions with preferential
flow due to a ratio of column diameter to particle diameter
D/d close to 10. When the liquid flowrate increases, the
preferential flow intensifies and the axial dispersion
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increases. Accordingly, the cell number is smaller, fact that
will determine smaller E(θ)calc values with respect to the
E(θ)exp values.

Conclusions
In this paper, axial mixing for a liquid phase flow in a

fixed bed column, with porous cylindrical particles, has
been studied.

Using a fixed bed column with charcoal cylindrical
particles and distilled water as liquid phase, the distribution
function of the residence times, E(θ)exp, and the distribution
dispersion σθ

2, for two different temperature values (30,
50oC) and different liquid flowrates, were experimentally
determined.

Also, the Péclet and the Bodenstein numbers and the
axial dispersion coefficient (DL) were established via
experiments.

Based on the mixing cell model, the cell number and
the distribution function E(θ)calc  were determined. A good
agreement between the two distribution functions, E(θ)exp
and E(θ)calc is obtained only for small values of the liquid
phase flowrate.

The experimental data within this study outline the
temperature and the liquid phase velocity influences on
the Bodenstein number and the axial dispersion coefficient.

Notations
co- tracer concentration at the initial time, kg/m3

c- tracer concentration at a certain time, kg/m3

d- particle diameter, m
u- interstitial liquid velocity (in the intergranular space), m/s
v- liquid superficial velocity, m/s
D- column diameter, m
DL- axial dispersion coefficient, m2/s
L- fixed bed length (height), m
t- time, s
z- axial direction, m
ci - tracer concentration at the column exit, at the initial time ti, kg/m3

t – average residence time, s
E(θ) – distribution function of the residence times, dimensionless
Δti(=ti-ti-1) the time period between two consecutive electric
conductivity readings, s
Pe – the Péclet number (Pe=uL/DL), dimensionless
Bo – the Bodenstein number (Bo=vd/εDL), dimensionless
Re – the Reynolds number (Re=ρvd/η), dimensionless
ε - the fixed bed porosity,  dimensionless
ρ – the liquid density, kg/m3

η - the liquid dynamic viscosity, Pa·s
σθ

2 – the E(θ) function dispersion, dimensionless

n – the cell number, dimensionless
θ – dimensionless time (θ = t/t), dimensionless
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