
Chemical Engineering Journal 94 (2003) 189–198

Analysis of axial dispersion in an oscillatory-flow continuous reactor
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Abstract

Experimental results of axial mixing for single-phase flow in pulsed sieve plate column (PSPC) were presented and discussed. The study
is aimed at the use of the PSPC as a new type of oscillatory-flow tubular reactor for emulsion polymerization processes. The effects of
pulsation frequency and amplitude, flow rate, plate spacing and fluid viscosity were studied. Axial dispersion coefficients were determined
by fitting the axial dispersion model to the measurements of residence time distribution. A total of 213 runs were carried out with water
at 20◦C, covering the range of pulsation frequency from 0 to 4.5 s−1, amplitude of pulsation from 5 to 25 mm, plate spacing 25, 50 and
100 mm, and water flow rate from 3.8 to 11.8 l/h. The results show that, under absence of pulsation, axial dispersion increases with flow
rate and exhibits a maximum with respect to the plate spacing. For pulsed (oscillatory) flow, axial dispersion coefficient increases with
amplitude and frequency of pulsation, and the effect of plate spacing is dependent of the pulsation velocity. Additional 39 experiments for
pulsed flow were performed with aqueous solution of poly(vinyl alcohol) with viscosity varying in the range 1.4–10.0 cP. The results show
that the axial dispersion decreases with plate spacing, increases with the viscosity for plate spacing 25 mm and is nearly independent of
viscosity for plate spacing 50 and 100 mm. A correlation proposed in the literature was tested.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Axial dispersion; Oscillatory-flow reactor; Single-phase flow

1. Introduction

Industrial emulsion polymerization is mostly carried out
in stirred tank reactors operated in batch or semibatch modes.
To meet future requirements of tighter product specifica-
tions, lower environmental pollution, reduced production
costs, and to reduce batch-to-batch variations, the use of
small continuous reactors may be a potential alternative to
replace semibatch processes. Reactors with broad residence
time distributions, such as continuous stirred tanks and loop
tubular reactors, show sustained oscillations in particle num-
ber and conversion as was shown by Greene et al.[1] and
Kiparissides et al.[2]. Pulsed tubular reactors can avoid
this oscillatory behavior, and present interesting features,
such as intense radial mixing and good heat transfer (high
area-to-volume ratio) as shown by Hoedemakers[3] and Pa-
quet and Ray[4].

In the present work, a new type of oscillatory-flow tubular
reactor, the pulsed sieve plate column (PSPC) has been stud-
ied with respect to the axial mixing. The perforated plates
coupled with the pulsed (oscillatory) flow may promote ex-

∗ Corresponding author. Tel.:+55-11-3091-2254;
fax: +55-11-3813-2380.
E-mail address:rgiudici@usp.br (R. Giudici).

cellent radial mixing and controllable axial dispersion. Good
radial mixing favors the heat removal, which plays an im-
portant role in polymerization reactors. The control of axial
dispersion allows one to operate the PSPC in wide range
of backmixing behavior, from an almost continuous stirred
tank reactor (CSTR) to an almost plug flow reactor (PFR).
The control of axial dispersion in continuous emulsion poly-
merization reactor is very interesting because particle size
distribution (PSD), one of the most important characteristics
of an emulsion, is strongly influenced by the axial disper-
sion (PSD is narrow in an ideal PFR and broad in a CSTR).

The performance of a PSPC has been experimentally
investigated with the objective to characterize the axial dis-
persion for a single-phase flow in this system, as a function
of pulsation frequency, stroke length of pulsation, flow rate,
and distance between plates. Dispersion coefficients were
obtained from residence time distribution (RTD) measure-
ments in the equipment. RTD is an important tool for the
analysis of real reactors, to detect and quantify non-ideal
flow patterns in chemical reactors. Deviations from the ideal
plug flow behavior can arises different causes, such as, the
presence of stagnant regions (dead zones), and the presence
of regions which offer little resistance to flow (channel-
ing, by-passing, or short circuit). Additional secondary
mechanisms that may cause mixing, as pointed out by
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Nomenclature

a parameter inEq. (7)
A pulsation amplitude (m)
b parameter inEq. (7)
c tracer concentration (kg/m3)
cF tracer concentration in fluid flux (kg/m3)
cIFF tracer concentration for a Dirac delta

injection type (kg/m3)
CD drag coefficient in the holes (Eq. (8))
d0 hole diameter (m)
dPS spherical particle diameter (m)
D column diameter (m)
Dea axial dispersion coefficient (m2/s)
D0

ea axial dispersion coefficient for zero
flow rate (m2/s)

e fractions of free area in the plates
f pulsation frequency (s−1)
F function
g gravitational constant (m/s2)
h plate spacing (m)
l Prandtl mixing length (m)
L column length (m)
M total amount of tracer injected (kg)
P power dissipation (W/kg)
Pe Peclet number for a column of

length L (Pe= uL/Dea)

Q flow rate (l/h)
R net reaction rate (kg/m3 s)
S cross-sectional area of the column (m2)
t time (s)
u superficial velocity (m/s)
uS settling velocity (m/s)
V column section volume (m3)
z axial position (m)

Greek letters
δ(t) Dirac delta function for time variable (s−1)
µC viscosity of the continuous phase (kg/m s)
ρC density of the continuous phase (kg/m3)
ρM monomer density (kg/m3)
ρP polymer density (kg/m3)
ρPS density of spherical particle (kg/m3)
σDea S.D. of axial dispersion coefficient (m2/s)
σf S.D. of pulsation frequency (s−1)
σQ S.D. of flow rate (l/h)

Subscripts
C continuous phase
m mean value
M monomer
P polymer
PS spherical particle
S settling

Pratt and Baird[5] and Qader et al.[6], are: molecular
and turbulent diffusion in both radial and axial directions;
non-flat velocity profile; dispersion of particles due to differ-
ences in terminal velocities; flow maldistribution inside the
reactor.

RTD curves are usually obtained from stimulus-response
experiments, in which the concentration of a substance
(named tracer) at the inflow is disturbed, and the response
at the reactor exit is measured. The tracer is usually an
inert compound, which behaves like the fluid flowing in the
reactor.

From the RTD analysis, it is possible to obtain parameters
that characterize the flow dispersion by fitting parameters of
a model representing the flow in the reactor. These parame-
ters are usually dependent on the fluid properties, the vessel
geometry, and the flow nature.

2. Axial dispersion model

The axial dispersion model, also called axially dispersed
plug flow model, is usually employed to describe non-ideal
tubular flow. It is assumed that, superimposed to the main
flow, there exists an axial mixing of material which is gov-
erned by an analogous to the Fick’s law of diffusion. The
axial mixing is characterized by the axial dispersion co-
efficient, Dea, mathematically analogous to, but physically
different, from the molecular diffusion coefficient. The ax-
ial coefficient can be expressed by the dimensionless Peclet
number(Pe = uL/Dea), whereu is the average superficial
flow velocity andL is the column length. Mecklenburgh
and Hartland[7] presented a rigorous theoretical treatment
on axial mixing.

The axial dispersion model is mathematically described
by Levenspiel and Bischoff[8]

∂c

∂t
= −u

∂c

∂z
+ Dea

∂2c

∂z2
+ R (1)

wherec is the concentration,t the time,z the axial posi-
tion, andR the net reaction rate. The second term in the
right-hand side ofEq. (2)represents the axial dispersion, in
a form mathematically analogous to the Fick’s law of dif-
fusion, that is, the flux is proportional to the concentration
gradient. The dispersion coefficientDea, is an effective pa-
rameter that accounts for the effect of different causes of
axial mixing (e.g. non-uniform velocity profile, molecular
diffusivity, turbulence, presence and type of internals that
causes a flow pattern, etc.).

In order to determineDea, data obtained from transient
stimulus-response experiments can be used in a fitting model
procedure. For the case considered in the present study, with
no reaction occurring during the RTD runs, the correspond-
ing reaction term (R) was excluded fromEq. (1). The ade-
quate boundary conditions are that for semi-infinite column
with injection and detection in flux, proportional to the flow
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as pointed out by Kreft and Zuber[9]:

cF(0, t) = M

Sz
δ(t) (2)

cF(z, 0) = 0 (3)

lim
z→∞ cF(z, t) = 0 (4)

Considering the work of Kreft and Zuber[9] one can con-
clude that the boundary conditions given byEqs. (2)–(4)
apply to our case, that is, for infinite media or “open–open”
boundary conditions, because “if there is no transport by
molecular diffusion through the injection cross-section, the
existence or non-existence of the dispersive medium from 0
to −∞ has no influence on the discussed solutions”. In the
equipment used, the feeding pipe is located at about 75 mm
above the center of the pulsator travel length (50 mm from
uppermost position of the pulsator surface), and close to
(less than 10 mm from lower position) the first sieve plate.
The flow at this feeding position (slightly below the first
plate) is expected to have similar hydrodynamic behavior
as that in the remainder of the column. This justifies the
choice of open-boundary condition at the bottom of the
column. The “zigzag” in the lateral surface of the expan-
sion joint favors some turbulence at the region below the
first plate.

In Eqs. (2)–(4)cF is the tracer concentration in feed flow,
M the total amount of tracer injected,δ(t) the Dirac delta
function (a peak at timet = 0) andS the cross-sectional
area of the column. Theoretically, the pulse-like injection of
tracer is mathematically described by a Dirac’s delta func-
tion. In the experiments, the injection of tracer was made in
very short times (1–2 s) if compared to the mean residence
time (5–15 min), so that the tracer injection can be for all
purposes considered instantaneous.

The solution ofEq. (1)for the tracer concentration at the
column exit after a perfect pulse (Dirac’s delta) tracer input
at timet = 0, is given by Kreft and Zuber[9] as:

cIFF = M

V

1

((4πDea/L4)u2t3)1/2
exp

(−(1 − ut/L)2

4Deat/L2

)
(5)

wherecIFF is the tracer concentration at the reactor exit,V
the column section volume andL the column section length
between the injection point(z = 0) and the detection point
(z = L).

The approach for determining the effective dispersion
coefficientDea was to fit the model,Eq. (5), to the exper-
imental measurements of the residence time distribution.
In Eq. (5), M/V and u, may also be treated as model pa-
rameters. Preliminary tests performed by the authors have
shown that this procedure, with three adjustable parameters,
give values of axial dispersion coefficient more reliable
than the usual models whereDea, (or Pe) is the only fitted
parameter.

In a previous work, Brunello et al.[10] have determined
the axial dispersion coefficients for the same equipment and

conditions used here, but only for water and plate spacing of
25 and 50 mm. Brunello et al.[10] used the axial dispersion
model, but with the “closed–closed” boundary conditions
discussed by Wen and Fan[11]. However, it must be pointed
out that the estimates ofPe using Eq. (5) does not differ
significantly from estimates using “closed–closed” bound-
ary conditions as given by Gouvea et al.[12]. Preliminary
results of the present study were first presented by Palma
and Giudici[13].

3. Previous works on axial dispersion in PSPC

PSPCs were patented by Van Dijk[14] and have been
most used for liquid–liquid extraction in different applica-
tions of two-phase flow as shown by Logsdail and Slater
[15].

In the present work, a PSPC is studied for application
as a continuous reactor for emulsion polymerization. In this
system, the monomer droplets typically size from 10−6 to
10−5 m, the polymer particle size are typically in the range
10−8 to 10−7 m and micelle are typically in the range 1×
10−9 to 5×10−9 m, therefore they are very small and are sta-
bilized by emulsifier as shown by Hoedemakers[3]. Due to
the agitation provided by the pulsation and the sieve-plates,
there is enough radial mixing to prevent the droplets coales-
cence. An estimate of Stokes settling velocity of micelles,
polymer particles, and monomer droplets, can be done using
Eq. (6), as in Paquet and Ray[4]:

uS = d2
PS(ρPS− ρC)g

18µC
(6)

Applying Eq. (6) for a typical emulsion polymerization of
vinyl acetate at 55◦C (densities of monomer, polymer and
water are respectivelyρM = 0.93 g/cm3, ρP = 1.15 g/cm3,
ρC = 1.0 g/cm3, and water viscosity isµC = 0.56 cP) re-
sults in settling velocities lower than 6.5 × 10−7 cm/s. For
typical mean residence times of 1 h, buoyancy effects are
clearly negligible for polymer particles and micelles. Under
these conditions, the fluid flowing through the column can
be considered single phase.

Only few authors have studied axial dispersion for
single-phase flow in PSPCs, namely Miyauchi and Oya
[16], Novotny et al.[17], Baird [18], Rao et al.[19], God-
frey et al.[20] and Ingham et al.[21]. These studies provide
a good starting point for better understanding of the more
complex two-phase systems as well as for the development
of better correlations. Literature data on single-phase axial
dispersion in PSPC have been correlated as a function of
column diameter (D), geometric characteristics of the plate,
such as hole diameter (d0), fractional plate free area (e) and
plate spacing (h); operating conditions, such as pulsation
frequency (f ), pulsation amplitude (A), and superficial flow
velocity (u); and fluid properties, density (ρC), and viscosity
(µC).
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Ingham et al.[21] obtained the following empirical equa-
tion for the axial dispersion coefficient in PSPCs at zero flow
rate:

D0
ea = a

(
ρCd0fA

µC

)−0.3

(fA)(1 − e2)
D1.33

(he2C2
D)0.33

+b

(
fA2

e2

) (
h

A

)0.45

(7)

whereD0
ea is the axial dispersion coefficient at zero flow

rate, that is, only caused by pulsation,a andb are empirical
constants for the effects of axial mixing close to the plates
and those in the main body of the column compartments,
whose values are given for different geometry,CD is the drag
coefficient in the holes, which is a function of the Reynolds
number based on plate hole size:

CD = F

(
ρCd0fA

µC

)
(8)

However, those authors suggested the use ofCD = 0.6 in-
stead ofEq. (8).

The influence of the continuous phase velocity is given,
based on a theoretical basis, by the equation proposed by
Miyauchi and Oya[16]:

Dea = D0
ea

(
1 + u

2fA

)
(9)

Ingham et al.[21] worked with PSPCs with the follow-
ing features: column diameters, 40, 76, 101 and 152 mm;
effective length 0.8, 1, 1.5, 2 and 3 m; plate free area 17
and 22%; plate hole diameter 3 and 3.2 mm; plate spacing
23–192 mm. The pulsation covered the range of amplitudes
from 4 to 240 mm and frequencies from 0.3 to 3.2 s−1. Their
results showed that, for the same fluid, geometric character-
istics and operating conditions, the axial dispersion is most
affected by the pulsation amplitude and frequency, and plate
spacing. This strong influence of plate spacing was also ob-
served by Nabli et al.[22] for a disk-and-doughnuts column
similar to a PSPC.

The experimental values of axial dispersion coefficient
obtained by Ingham et al.[21] are in the range 10−4 to
10−3 m2/s. These values are similar to those obtained by
Meuldijk et al.[23], 0.84×10−4 to 3×10−4 m2/s, in a pulsed
column packed with Raschig rings. According to Meuldijk
et al. [23], the control of axial dispersion under this range,
during the vinyl acetate emulsion polymerization in a pulsed
packed column, allows stable operation of the reactor, elim-
inating the oscillations in monomer conversion and number
of particles, those typically are observed in well-mixed con-
tinuous reactors.

4. Experimental setup and procedure

The equipment used in the present work is presented
schematically inFig. 1and is similar to those used by Palma

Fig. 1. Schematic of experimental setup. A: PSPC; B: sampling probe; C:
pulsator; D: pulse damper; E: tracer injection; F: spectrophotometer; G:
computer and data acquisition system; H: rotameters; I: valve; J: feeding
tanks.

[24], Meuldijk et al.[23], Mayer et al.[25,26]and Brunello
et al. [10].

The column A is made of three glass tube sections of
length 800 mm and internal diameter 39.6 mm. A sampling
probe is installed at the end of each glass section and con-
sist of a 3 mm tube perpendicularly connected to the column
wall. Axial positions of the sampling line connections are
870, 1748 and 2616 mm downstream from the feed point.
Sampling line is a 3 mm diameter tube and about 3 m long
from the sampling point to the spectrophotometer cuvette.
The plates are made of stainless steel, with 39 holes of 3 mm
diameter in triangular arrange, resulting in a free area of
22.3%. Pulsation is provided by a pulsator, C, made by a
teflon expansion linked to an excentric rotor and a continu-
ous current electric motor. A variac allows one to adjust the
pulsing frequency from 0.2 to 4.5 s−1, the pulsing amplitude
can be varied from 5 to 25 mm. The flow rate ranged from 4
to 12 l/h of water. Plate spacing was changed to 25, 50 and
100 mm. Temperature was kept in 20± 1◦C in all experi-
ments here reported. Water in the feeding tanks was kept at
20◦C and temperature was continually monitored at the col-
umn inlet and at the column outlet streams. Runs in which
any measured temperature was out of the range 20± 1◦C
were discarded.

Water flows from the tanks, J, with flow rates were reg-
ulated by valve, I, and measured by a rotameter, H. Close
to the column feeding, a tee, E, allows the injection of the
tracer, a 0.3% methylene blue solution. The injected volume
was 0.05 ml. This amount was determined from previous
experiments in order to provide tracer concentrations at the
spectrophotometer in the recommended accurate range.

Residence time distribution is measured on-line by con-
tinuously sampling through the sampling line, B, followed
by a spectrophotometer, F, connected to a computer for au-
tomatic data acquisition. In all cases, sampling flow rate
(1.6–3.5 l/h) was regulated to a value lower than half of the
total flow rate in the column (4–12 l/h). Time data for each
run was shifted by the mean residence time in the sam-
pling line (50–120 s). Dispersion in the sampling line (di-
ameter 3 mm and volume 21 cm3) was measured also by
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Fig. 2. Measured and calculated response curves. The lines correspond to
curves calculated withEq. (5), with fitted Dea values. Numerical values
of concentration was adopted equal to the absorbance values directly
indicated by the spectrophotometer.

stimulus-response methodology and result was negligible in
comparison to the dispersion in the column.

Data treatment was done by fitting the solution of the axial
dispersion model,Eq. (5), to the experimentally measured
RTD using non-linear regression in time domain[27]. The
values of absorbance directly read in the spectrophotometer
were adopted as the tracer concentration (in arbitrary units),
since the data treatment does not require absolute measure-
ments of concentration. A sample of experimental and ad-
justed RTD curves is presented inFig. 2.

5. Results and discussion

A set of 213 planned runs were carried out, in the range
of pulsing amplitude 5, 10, 15, 20 and 25 mm; pulsing fre-
quencies from 0 to 4.5 s−1; plate spacing 25, 50 and 100 mm,
and flow rate 3.8, 5.5, 7.5, 9.9 and 11.8 l/h.

5.1. Reproducibility

Table 1presents the values obtained in replicated experi-
ments, showing good reproducibility. Flow rate and pulsing
frequencies presented S.D. not higher than 0.34 and 0.87%
of the respective average values, the worse values are within
2.0 S.D. Pulsing amplitude was adjusted once at each run
and its error was lower than 0.5 mm. Also good reproduction
can be seen for the axial dispersion coefficients, the worse
reproducibility for those obtained under no pulsation (zero
frequency). The S.D. forDea were in the range from 6 to
11% of the average values, the worse values within 1.4–1.8
S.D. and the 95% confidence limits lie between 6 and 11%
of the mean values.

5.2. Effect of frequency and amplitude of pulsation, flow
rate and plate spacing in pulsed experiments

Figs. 3–5show the effects of the pulsation frequency (f )
and amplitude (A) for plate spacingh = 25, 50 and 100 mm,

Table 1
Reproducibility of axial dispersion coefficients in PSPC (h = 50 mm)

Run Q (l/h) f (s−1) Dea (cm2/s) Dea,calc (cm2/s)a

B148 9.89 0.19 1.08
B59 9.89 0.20 1.43
B15 9.86 0.21 1.27
B52 9.89 0.21 1.19
B81 9.89 0.23 1.30

Mean 9.88 0.21 1.25 0.54
S.D. 0.01 0.01 0.13 –

B12 11.82 2.28 2.72
B50 11.85 2.28 2.65
B66 11.85 2.28 2.53
B72 11.78 2.28 2.71
B95 11.82 2.31 3.00
B104 11.88 2.33 2.72

Mean 11.83 2.29 2.72 3.90
S.D. 0.03 0.02 0.15 –

B108 11.85 4.45 4.05
B101 11.90 4.48 4.71
B107 11.88 4.49 3.98
B09 11.79 4.50 4.56
B87 11.88 4.50 5.24
B97 11.83 4.53 4.33
B105 11.87 4.54 5.06

Mean 11.83 4.50 4.56 7.19
S.D. 0.03 0.03 0.48 –

a OBS: Dea,calc was calculated by the correlation,Eqs. (7) and (9).

respectively, at flow rateQ = 11.8 l/h. For moderate and
high values of amplitude (10–25 mm), the axial dispersion
coefficient increases as the pulsation frequency increases.
For lower values of amplitude (A = 5 mm), the axial dis-
persion coefficient is practically not affected by pulsation
frequency. According to the isotropic turbulence theory by
Kolmogoroff [28], the axial dispersion coefficient is related

Fig. 3. Effect of pulsing frequency and amplitude on the axial dispersion
coefficient (Q = 11.8 l/h, u = 0.267 cm/s,h = 25 mm).
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Fig. 4. Effect of pulsing frequency and amplitude on the axial dispersion
coefficient (Q = 11.8 l/h, u = 0.267 cm/s,h = 50 mm).

to the Prandtl mixing length,l, and the power dissipation in
a system due to mechanical agitation,P, by the following
equation:

Dea = l4/3P1/3 (10)

P ∝ (Af)3 (11)

According toEq. (10), Dea would increase withP and l.
However, the increase ofP promotes turbulence and mixing
of the flow and consequentlyl decreases. FromFigs. 3–5we
can see that forA = 5 mm the decrease ofl compensates
the increase off, so theDea values remains almost constant
for the f range studied. ForA = 25 mm there is a small
decrease ofl with the increase off, so we can observe a net
increase ofDea with f. This influence ofA may be due to the
presence of the perforated plates. The increase ofA favors

Fig. 5. Effect of pulsing frequency and amplitude on the axial dispersion
coefficient (Q = 11.8 l/h, u = 0.267 cm/s,h = 100 mm).

the increase of mixing, sol decreases strongly already for
small values off. The greater the relationA/h the greater the
Dea values.

Axial dispersion coefficients are about 1.5 times higher for
plate spacingh = 25 mm than forh = 50 mm, for amplitude
A = 25 mm; for smaller values of amplitude the differences
diminish and for amplitudeA = 5 mm they are practically
equal for all plate spacing studied. For plate spacingh =
100 mm, the axial dispersion coefficient are rather smaller
than that forh = 50 mm. Similar behavior was observed for
other flow rates (not shown).

We can observe inFig. 4, for small values of pulsation
frequency, there is a decrease of the axial dispersion, fol-
lowed by a slight increase. This may be due to the decrease
of the mixing length, as suggested by Ni and Pereira[29].
According to these authors, the introduction of pulsation
increases the mechanical energy dissipation to the system,
which breaks up eddies and reduces the mixing length, and
thus the dispersion coefficients. From this point on, the in-
crease of pulsation causes an increase in turbulence and ax-
ial dispersion.

For sake of comparison, two experimental data obtained
by Ingham et al.[21] were also included inFigs. 3–5. These
data were originally under zero flow conditions and were
corrected to flow rateQ = 11, 8 l/h usingEq. (9). There
is a fair agreement to the experimental data obtained in the
present work for plate spacingh = 25 and 50 mm. However
for plate spacingh = 100 mm, the data obtained by Ing-
ham et al.[21] are about two times higher than that obtained
in the present work.Figs. 3–5also show the predictions
by the correlation of Ingham et al.[21], given byEq. (7)
and (9). The qualitative trend of increase ofDea with both
the pulsing frequency and amplitude predicted by the corre-
lation is observed inFigs. 3–5for plate spacingh = 25, 50
and 100 mm. The quantitative predictions of the axial dis-
persion coefficients are in good agreement to our results for
plate spacingh = 25 mm for moderate to high values of
pulsation frequency. For plate spacingh = 50 and 100 mm,
the predicted values are higher than our results for ampli-
tudeA = 25 mm, and smaller for amplitudeA = 5 mm. The
difference increases with plate spacing. The correlation of
Ingham et al.[21] is unable to predict the value of axial dis-
persion for non-pulsed flow (f = 0 s−1) because it exhibits
a discontinuity at this point.

Fig. 6 shows the effects of the flow rate and plate spac-
ing, for high pulsation intensity, at pulsation amplitudeA =
25 mm and frequencyf = 3.5 s−1. There is a clear (yet
small) trend of experimental values ofDea increasing lin-
early with flow rate. As pointed out by Ingham et al.[21],
under many practical circumstancesu � 2Af, so the effect
of flow rate is not expected to be large. The highest experi-
mental values ofDea are that forh = 25 mm; no significant
difference can be observed forh = 50 and 100 mm.

The calculated results by the correlation of Ingham et al.
[21] and Miyauchi and Oya[16], also shown inFig. 6, pre-
dict higherDea values than the experimental values and are
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Fig. 6. Effect of flow rate Q on the axial dispersion coefficient
(A = 25 mm,f = 3.5 s−1, u (cm/s) = 2.256× 10−2 Q (l/h)).

almost insensitive to the flow rate. More significant is the
fact that the correlation predicts an increase ofDea with h,
which is not observed from the experimental data.

According to Ni and Pereira[29], the flow rate also con-
tributes to the increasing ofDea through the increase of the
mechanical energy dissipation, due to the presence of perfo-
rated plates, and, consequently, the mixing length increases.
However, the mixing length is much less affected by the
flow rate than by the pulsation intensity.

Fig. 7shows the effect of the flow rate and plate spacing,
for low pulsation intensity, at pulsation amplitudeA = 5 mm
and frequencyf = 0.2 s−1. There is a small decrease inDea

Fig. 7. Effect of flow rateQ on the axial dispersion coefficient (A = 5 mm,
f = 0.2 s−1, u (cm/s) = 2.256× 10−2 Q (l/h)).

at low flow rates, and then an increase ofDea with flow rate.
The lowest experimental values are those forh = 25 mm,
while it was expected to have the greatestDea for this plate
spacing. The calculatedDea values by the correlation of In-
gham et al.[21] and Miyauchi and Oya[16], also shown
in Fig. 7, predict lower values than the observed ones. The
correlation predicts almost the sameDea values for the three
plate spacing values, because the sensitivity of the correla-
tion diminishes for low pulsation intensity.

FromFig. 7, for h = 50 and 100 mm, it can be observed
a decrease ofDea for small values of flow rate, followed
by a slightly increase. This may be due to the change of
the flow patterns, as laminar to transition flow regime, with
increasing flow rate. The mixing length decreases as the flow
rate increases and eddies break up. From this point on, the
increase of flow rate increases the turbulence and the axial
dispersion.

From Figs. 6 and 7we observe a trend inversion regard-
ing the effect of plate spacing from high to low pulsation
intensity, due to the change of flow patterns. FromFig. 6
the axial dispersion forh = 25 mm is smaller than that for
h = 50 and 100 mm, which is caused by the smaller mixing
length forh = 25 mm. TheDea values increase with flow
rate as a consequence of the mechanical energy dissipation
due to the plates.

5.3. Effect of flow rate and plate spacing in no-pulsed
experiments

Fig. 8shows the results for zero frequency (no-pulsed ex-
periments) obtained for two different flow velocity (u) and
three different plate spacing (h) values. The axial disper-
sion coefficient increases with plate spacing fromh = 25 to
50 mm for the two flow rates studied; theDea values dimin-
ish with plate spacing fromh = 50 to 100 mm. The axial
dispersion coefficient increases withu and exhibits a maxi-
mum for intermediate values of plate spacing.

Fig. 8. Effect of the flow velocity (u) and plate spacing (h) on the axial
dispersion coefficient, for non-pulsed flow (system without pulsation).



196 M. Palma, R. Giudici / Chemical Engineering Journal 94 (2003) 189–198

FromFig. 8we observe a trend inversion forh = 100 mm
which denotes flow pattern change inside the PSPC. Ana-
lyzing the results ofFig. 8 in terms of mixing length, we
can say that the mixing length grows fromh = 25 to 50 mm
and decreases fromh = 50 to 100 mm for the two veloc-
ities studied. The reasons for this behavior could be better
understood through the CFD studies.

It is interesting to note that the plate spacing has oppo-
site effects in systems with and without pulsing. For pulsed
systems, higher dispersion coefficients were observed for
the lowest plate spacing, while for no-pulsed systems an in-
crease in plate spacing results in maximum value of axial
dispersion coefficients.

5.4. Effect of viscosity in pulsed experiments

Fig. 9 shows the effect of viscosity for plate spacingh =
25, 50 and 100 mm, obtained for pulsation amplitudeA =
25 mm, pulsation frequencyf = 3.5 s−1 and at flow rate
Q = 11.8 l/h. Experiments with different viscosity may be
important to model the polymerization process occurring in
this column when operating as a continuous reactor, since
polymer emulsions have higher viscosity than that of water.
At the concentration range used, the rheological behavior of
the aqueous solutions of poly(vinyl alcohol) is similar to that
of a Newtonian fluid. This kind of solution mimics reason-
ably well the viscosity and rheological behavior of polymer
emulsions with low solid contents, which also present close
to Newtonian characteristic.

For plate spacingh = 25 mm, the axial dispersion in-
creases with viscosity. For plate spacingh = 50 mm, there
is no clear trend of dependence of the viscosity. For plate
spacingh = 100 mm, it seems that the axial dispersion first

Fig. 9. Effect of the viscosity on the axial dispersion coefficient for pulsed
flow (A = 25 mm,f = 3.5 s−1, Q = 11.8 l/h, u = 0.267 cm/s).

decreases and then increase with viscosity, passing through
a minimum.

Fig. 9 also shows the predicted values given by the
correlation of Ingham et al.[21], Eq. (7). The correlation
overestimates the values of axial dispersion for plate spac-
ing 50 and 100 mm, the higher the plate spacing the greater
the difference between predicted and experimental values.
The correlation reproduces well the results for plate spacing
25 mm and for viscosity values up to 4.0 cP. The correlation
shows a slight tendency of increasing the axial dispersion
with the viscosity, which agrees with our observations. The
fall observed in the experimental values of axial dispersion
in Fig. 5 for plate spacingh = 50 and 100 mm and viscos-
ity 2.3 cP may be due to the decrease in the mixing length,
as suggested by Ni and Pereira[29]. The increase of the
viscosity increases the mechanical energy dissipation to the
system, which breaks up eddies and reduces the mixing
length, and thus the dispersion coefficients.

As the effect of viscosity onDea is small in the range
studied (1–10 cP), values ofDea obtained for water at 20◦C
can be used for low solid-content polymer emulsions, that
have similar viscosity at typical polymerization temperatures
(50–65◦C).

5.5. Correlation through dimensionless groups

A first attempt on correlating the joint effects of variables
on the axial dispersion coefficient is presented inFig. 10.
The plot of the dimensionless groupDea/(uh) versus the di-
mensionless groupAf/u resulted in three fairly well-behaved
trends for each plate spacing (h = 25, 50 and 100 mm). The
groupDea/(uh) can be recognized as the inverse of a modi-
fied Peclet number for the column. This group increases as
Af/u increases. All data could be represented, in a first ap-
proximation, by one curve for each value of plate spacing.

Fig. 10. Correlation of all experiments with water.
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Linear regression curves for each plate spacing are plotted in
Fig. 10. The effect of the other variables (A, f, andu) seems
to be reasonably accounted for by these two dimensionless
groups, although the inclusion of the same variable (u) in
both dimensionless groups always favors the appearance of
certain degree of correlation, as discussed by Rowe[30].

SinceAf is the pulsing velocity andu is the convective
velocity, the groupAf/u is the relation between the pulsing
and convective velocity. This dimensionless group can be
recognized as the relation between the oscillatory Reynolds
number and the net flow Reynolds number, as defined by Ni
and Pereira[29]. For great values ofAf/u the flow patterns in
the column are governed by pulsation while bulk flow con-
vection is more important for low values ofAf/u. Although
it would be expected such a flow regime change as a func-
tion of Af/u, Fig. 10does not show any recognizable trend
to confirm such behavior.

We can observe inFig. 10that the curve for plate spacing
h = 100 mm lies between the curves for plate spacing 25
and 50 mm, revealing a complex and somehow intriguing
behavior. This may be due to changes of the fluid dynamic
behavior in the column as plate spacing changes. Further
studies are required in order to offer a sound interpretation
for this point.

5.6. Effect of sampling probe position

Some experiments were performed in order to access if
sampling probe position would affect the results.Table 2
presents a sample of these results, for repeated runs with flow
rate 11.8 l/h and pulsing frequency 0.2 s−1. In one series,
the sampling point used was at the end of the first section
(z = 870 mm) and in the second series the sampling point
used was that at the end of the third section (z = 2616 mm).
Practically, the same values of the axial dispersion coeffi-
cient were obtained in these two situations. Similar results
were also obtained for other operating conditions, always
the coefficients obtained for different axial sampling posi-
tions agree within the confidence interval of the estimates.

Table 2
Axial dispersion coefficients for different axial position of sampling point

Sampling point atz = 870 mm Sampling point atz = 2616 mm

Run Dea (cm2/s) Run Dea (cm2/s)

B04 0.99 B54 1.08
B05 1.06 B56 1.15
B53 1.06 B63 1.42
B57 1.3 B83 0.93
B82 0.93 B86 1.02
B84 0.97 B140 0.92
B85 1.09 – –
B58 1.22 – –

Mean 1.08 – 1.09
S.D. 0.13 – 0.19

h = 50 mm,Qm = 11.8 l/h, σQ = 0.03 l/h, fm = 0.2 s−1, σf = 0.01 s−1.

In all cases the sampling tube was placed at the column
wall. The radial position of the sampling tube is expected
to play a role only for non-pulsating flow experiments, for
which the radial mixing seems much less intense (this was
visually observed during the experiments). Therefore, the
results here reported for non-pulsating experiments should
be interpreted in a qualitative or comparative fashion. For all
pulsated flow experiments, even for the lowest pulsing fre-
quency (0.2 s−1) and the lowest flow rate (3.8 l/h), good ra-
dial mixing was visually observed (quite good radial spread-
ing of the injected tracer).

6. Concluding remarks

An experimental study of axial dispersion in pulsed sieve
plate column is presented. Good reproducibility of the data
obtained in the experiments was observed. Axial dispersion
coefficients in oscillatory flow increase as the frequency and
amplitude of pulsation are increased. In experiments without
pulsation (zero frequency), the axial dispersion coefficient
presented a maximum value for an intermediate value of
plate spacing. The influence of plate spacing is rather com-
plex and deserves further studies. Simple linear correlation
between the dimensionless groupsDea/(uh) and Af/u were
presented for each plate spacing studied. The influence of
the viscosity on the axial dispersion coefficients was rather
small in the range studied.

The available correlation in the literature for axial dis-
persion coefficient in single-phase flow in PSPC was tested
and was not able to correctly predict all the trends experi-
mentally observed. For instance, the effect of plate spacing
seems to be rather complex and calls for further experimen-
tal studies. In addition, numerical simulations by computa-
tional fluid dynamics (CFD) would be helpful in providing
more comprehensive understanding of the pulsed flow in
perforated plates, offering better insight in understanding
the flow and the mixing in such system, as done by Ni et al.
[31] for oscillatory flow in baffled column.

The axial dispersion coefficients ranged from 0.11×10−4

to 9 × 10−4 m2/s, or Pe from 70 to 2.5, showing that the
axial dispersion in the PSPC can be varied in a wide range
and can be adjusted to drive the flow behavior approaching
a PFR or a CSTR. This makes feasible the use of the PSPC
as a number of applications; in particular our group has suc-
cessfully used the PSPC as a continuous emulsion polymer-
ization reactor, Sayer et al.[32] with clear advantages over
the CSTR.
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