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This article discusses the characteristics of turbulent gas—liquid flow through tubular reactors/contactors equipped with
screen-type static mixers from a macromixing perspective. The effect of changing the reactor configuration, and the
operating conditions, were investigated by using four different screen geometries of varying mesh numbers. Residence
time distribution experiments were conducted in the turbulent regime (4500 < Re < 29,000). Using a deconvolution tech-
nique, the RTD function was extracted to quantify the axial/longitudinal liquid-phase dispersion coefficient. The findings
highlight that axial dispersion increases with an increasing flow rate and/or gas-phase volume fraction. However,
regardless of the number and geometry of the mixing elements, reactor configuration, and/or operating conditions,
the recorded liquid-phase axial dispersion coefficients in the presence of screens was lower than that for an empty
pipe. Furthermore, the geometry of the screen was found to directly affect the axial dispersion coefficient in the reactor.
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Introduction

Static mixers are becoming indispensable in the process
industry and their application for process intensification pur-
poses is quickly gaining momentum." This is driven by their
intrinsic capability of achieving higher mass transfer and heat
addition/removal rates when compared to traditional contac-
tors/reactors, at lower capital and operating costs while also
handling large flow rates.'” Other advantages include a
smaller space requirement, higher reaction rates, optimal
selectivity, lower by-product formation, reduced waste genera-
tion, and enhanced operation safety.

A wide array of static mixers is commercially available in a
variety of geometries, however, a common feature of these
mixers is that turbulence is continuously produced and dissi-
pated along the reactor length while redistributing the fluid
transversely to the main flow with the only energy cost being a
function of the pressure drop which dictates the power
required for pumping.z’5 ® Studies available in the open litera-
ture investigated topics ranging from hydrodynamics of flow
to rates of heat and mass transfer or competitive reactions and
selectivity, in single- and/or multi-phase flow,*1° highlight
the abundance of numerical and experimental investigations
that have been performed on various types (e.g., Kenics,
Sulzer SMX and SMV, Lightnin, etc.).

One variant of these mixers, the screen-type static mixer
(STSM), or woven wire mesh, is used to repetitively superim-
pose an adjustable, radially-uniform, highly-turbulent field on

" Correspondence concerning this article should be addressed to F. Azizi at fouad.
azizi@aub.edu.1b.

© 2016 American Institute of Chemical Engineers

1390 April 2017 Vol. 63, No. 4

the nearly plug flow conditions encountered in high velocity
pipe flows.""''~!> The very high energy dissipation rates gener-
ated in the thin region adjacent to the STSM as well as the
quasi-isotropic turbulence further downstream, proved to be
very effective in processing multiphase systems'-''~'313-1¢ and
studying the effect of turbulent mixing on the evolution of
chemical reactions as well as testing the applicability of
micro-mixing models.'”"'®

The ability of STSM to promote contact between different
phases was found to be about fivefold more energy efficient
than mechanically agitated tanks equipped with Rushton-type
impellers.16 Furthermore, interfacial areas as high as
2200 m*/m? could be efficiently generated in the case of gas—
liquid systems,'® while oxygen transfer efficiencies as high as
4.2 kg/kWh'! and volumetric mass transfer coefficients, k;a,
as high as 4.08 s 1% were achieved even in the presence of
surfactants. For the case of liquid-liquid dispersions, volumet-
ric mass transfer coefficients, kya, as high as 13 s ! were
attained and enabled for 99% of the equilibrium conditions to
be achieved in less than 1 s.'?

The aforementioned good performance of STSMs, however,
is directly related to the mixer (screen) geometry, reactor con-
figuration, and/or the operating conditions, where any modifi-
cation in these parameters will directly impact the efficiency
of the reactor by affecting the extent of micro-, meso- and
macro-mixing as well as the pressure drop across the mixer.
Characterizing the flow is therefore of paramount importance
for various economic and environmental considerations as
they govern the process efficiency.

For the case of STSM, the hydrodynamics and residence
time distribution (RTD) of single phase flow were investigated
in a previous study.?' The study focused on the effect of
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Figure 1. Schematic representation of the experimental setup (1) RO water tank, (2) centrifugal pump, (3) gate
valve, (4) ball valve, (5) flow meter, (6) pressure sensors, (7) conductivity sensors, (8) three-way valve, (9)
check valve, (10) compressed gas cylinder, (11) mass flow controller, (12) check valve, (13) high conduc-

tivity water tank.

[Color figure can be viewed at wileyonlinelibrary.com]

number of mixing elements, inter-screen spacing, screen
geometry/design, and flow velocities on the pressure drop and
axial dispersion in the reactor. It was found that screen mixers
compared favorably with other types of static mixers from an
energy efficiency point of view (i.e., pressure drop measure-
ments), and that the axial dispersion coefficient increased with
an increasing flow velocity while always remaining lower than
that measured for empty pipes. The definition of the character-
istic length for Reynolds number calculation also proved to be
an import criterion in characterizing macro-mixing in the case
of STSM. For example, an increase in the mesh Reynolds
number (calculated based on the mesh size of the screen)
reflected a decrease in the axial dispersion coefficient, while
the same data showed a decrease in axial dispersion with a
reduction in the jet Reynolds number (calculated based on the
fraction open area of the screen).?’ No data pertaining to the
presence of a second phase on axial mixing was reported.
Consequently, the objective of this study is to investigate
the macro-mixing (in terms of RTD measurements) in turbu-
lently flowing gas-liquid dispersions through STSM. In partic-
ular, the investigation will focus on the effect of adding a
second phase on the liquid-phase axial dispersion coefficient
over a wide range of operating and design conditions. The
results of this study will therefore be of great importance in
reaching optimal designs based on macromixing patterns for
multiphase tubular reactors/contactors equipped with STSM.

Experimental Setup

Unlike the work of Abou Hweij and Azizi*' where a pulse
injection was used to measure the RTD for single phase flow,
in the current work, a step change in the conductivity of water
was applied due to the higher flow rates investigated. This was
accomplished by switching the feed to the reactor between a
reverse osmosis (RO) water of low electrical conductivity and
another RO water which contains KCIl and that exhibits a
much higher conductivity. The analysis was then performed
by measuring the electrical conductivity at both entrance and
exit to the mixing section.
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The experimental setup used in the present investigation
is a minor modification of the setup used in the previous
study of Abou Hweij and Azizi.>' The modified setup which
is schematically depicted in Figure 1 has been adjusted to
allow for the injection of a secondary gaseous phase to the
primary aqueous phase and to switch between various water
sources.

RO water and RO water containing KCI (100 g/L) were col-
lected in 500 L tanks from which they were fed to the static
mixer loop using a constant speed centrifugal pump (Pedrollo,
model PKm80). The manually regulated flow rate of water
entering the mixing section was measured by means of a digi-
tal flow meter (Omega model: FP7002A) while the gas flow
was controlled automatically by means of a mass flow control-
ler (Omega model: FMA 8311). Liquid flow rates varied
between 8, 10, 16, 20, 24, 30, and 40 L/min while the gas flow
rates were controlled to obtain a gas holdup of 5, 10, and 20%
in the reactor. Experiments in the absence of a secondary
phase were also conducted. This provided a large range of
experimental conditions over which the RTD experiments
were performed. Depending on the flow rate and the corre-
sponding holdup, the Reynolds number (based on the empty
pipe diameter) ranged between 4500 and 29,000.

For detailed information about the experimental setup and
its various constituents, the reader is referred to the work of
Abou Hweij and Azizi.?! However, it should be mentioned
that the effective diameter of the mixing section which con-
tained a varying number of static elements is 37 mm with a
total length, L, of 600 mm. The setup was provided with an
injection valve through which the secondary gaseous phase
was introduced and conductivity measurements were taken at
the inlet and outlet to the mixing section by means of two
identical conductivity sensors (Omega model CDCE 90-X)
placed at 75 and 675 mm from the gas-inlet point, respective-
ly. Two pressure transducers (Siemens QBE2002-P1) were
also fixed at the top and bottom of the reactor section, 855 mm
apart. Data from all sensors was collected at a frequency of 10
Hz by means of a National Instruments® data acquisition
board (NI USB-6218) using a LabView™ program.
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Table 1. Characteristics of the Investigated Stainless Steel

STSM
Mesh M X b X (M —b) X
number, Mn 10° (m) 10% (m) 10® (m) o (%)
20 1.27 0.4064 0.8636 46.2
30 0.8382 0.3048 0.5334 40.8
50 0.508 0.2286 0.2794 30.3
80 03175 0.1397 0.1778 314

The effect of changing the screen geometry on the RTD was
investigated for four different screen designs, the characteris-
tics of which are presented in Table 1 and their geometry
shown in Figure 2. It should be noted that the numerical value
of the mesh number (cf. Table 1) indicates the number of
meshes per inch (i.e., mesh number = 25.4/M in mm).

Furthermore, three different reactor/contactor configura-
tions were tested, where RTD measurements were taken in the
presence of 4 or 8§ STSM elements equidistantly placed in the
mixing section in addition to the case where no elements were
inserted. Moreover, the first screen element was held at
60 mm above the inlet conductivity sensor for the case when
eight screen elements were used and at 120 mm above the sen-
sor when four screens were used. Such a configuration was
adopted because it ensures a proper distribution of the screens
over the entire mixing section volume.

Experimental method

Unlike the study on single phase flow,?! in the current work,
RTD measurements were performed by switching the feed to
the mixing section from an RO water (of very low initial con-
ductivity) to another high conductivity water containing
100 g/L of KCI. RO water was pumped from a clean supply
tank and the outlet of the mixing section was recirculated to
the same tank. A three-way valve helped change the feed to
the pump from the low to the high conductivity water by
quickly switching the source tank from that containing RO
water to that containing the highly concentrated KCl solution
without interrupting the flow. Once the feed was switched
(step up or step down), the outlet of the reactor was directed to
an outside drain for a period long enough to ensure that the
new fluid entering the system has filled its volume. After that,
the loop was closed again so the outlet of the reactor was
recycled to the same source tank. This allowed the possibility
of running the system for extended periods of time. Additional
liquids of low and high conductivity were routinely added to
the source tanks to make-up for the lost volumes and maintain

@ —_

Figure 2. Geometry of the woven mesh STSM showing both (a) top and (b) rotated views.
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Figure 3. Flow regime map that shows the experimen-
tal runs that were performed in the current
study vs. the regime boundaries for an air-
water vertical flow as reported by Weisman.**

their content above 350 L. KCl was used as the tracer because
of the linear relationship between its concentration and electri-
cal conductivity.

Methodology

Residence time studies follow a well-established, mature the-
ory that has been gaining momentum since the 1950s with the
pioneering work of Danckwerts,** even though his well-known
axial dispersion model was developed by Langmuir.**?* In this
theory, the response of the system to a disturbance is analyzed
to characterize the macro-mixing, and/or the flow, within it.
Several articles and textbook chapters have been devoted to
explain this theory,‘g’z'i_29 and therefore the reader is referred to
these works to get familiarized with its concept and various
parameters.

Because of the short residence time of the flow in the mix-
ing section under investigation in this work, which is in the
order of 0.75-4.8 s, and because the flow, when switched
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Figure 4. (a) raw conductivity measurements at the inlet and outlet, and (b) their corresponding step functions,

F(t), (N =8, ***Mn =20, ¢ =10%, Q_= 8 L/min).

[Color figure can be viewed at wileyonlinelibrary.com]

between the two fluids, have to go through a major part of the
system before entering the mixing section, the step change
was considered imperfect. Under these conditions and know-
ing the inlet and outlet tracer concentrations, the system
response, or the exit-age distribution function, E(f), can be
obtained by the deconvolution of these two signals (i.e., inlet
and outlet).

RTD analysis and deconvolution

Because of the linear relation between the concentration of
KClI and its electric conductivity, measuring the conductivity
at the inlet and outlet of the mixing section leads to the knowl-
edge of the concentration profile. This can be used to obtain
the step function, F(¢), according to Eq. 1, where C,,,, is the
concentration of KCl in the high conductivity water.

——Numerical Derivation
- — Gaussian Fit

0 20 a0 60 80
Time (s)

conductivity(r)
max [conductivity(t)]

F(t)=[ (1)

9 (l)} _
Cmax step

The derivative of this step function will then yield the distribu-
tion functions at both ends of the reactor, C;,(f) and C,,,().

d

(Fin(t)) and Cour(t): . (Fout(t)) (2)

d
Cn(0)= 4, dt

dt
These two concentration distribution functions are related
together through the convolution integral via the system
response as shown in Eq. 3. Solving the convolution integral is
a straight forward task, however, the deconvolution problem,
that is extracting the response function, E(¢), when C,,(#) and
C;,(t) are known, does offer several challenges.
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Figure 5. Concentration distribution function calculated by the numerical derivation of F(t) and its corresponding
fitted version, (a) at the inlet and (b) at the outlet of the mixing section, (N=8, Mn =20, ¢ =10%,

Q,_ =8 L/min).

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6. Normalized outlet distribution functions: experimental vs. convolution of inlet distribution function and

impulse response for N =4, Mn = 30.

(a) Qr =16 L/min, ¢ =0%, (b) Or =20 L/min, ¢ =5%, (¢) Qr =30 L/min, ¢ =10%, (d) O =40 L/min, ¢ =20%. [Color figure

can be viewed at wileyonlinelibrary.com]

t 1
C,,u,(t)=JCm(t’) -E(t—t')dt'=JCin(t—t') CE(f)d!  (3)
0 0

Many techniques have been proposed for the solution of the
deconvolution problem in chemical engineering applica-
tions.> 23! Most of these techniques rely on transforming
the convolution integral into a multiplication in the frequency
or Laplace domains (after applying a Fourier or a Laplace
transform). This is then followed by calculating the response
function, which becomes the ratio of the outlet to inlet func-
tions, then applying an inverse transform to get the time
domain response function.?'°

FFT[CW,(I)]> @)

E(t)=IFFT < FFTCa(1)]

Such approach however is likely to present several hurdles
since this transformation amplifies the noise from the sensors
used for measuring the concentrations, and the use of a proper
filtering technique to remove this noise becomes essential.
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Many studies are dedicated to such filter designs and several
filter variants that have been applied with varying degrees of
accuracy are available in the literature.***>273%42 Another
technique that is commonly used to solve the deconvolution
problem is to assume that the residence time distribution func-
tion, E(t), follows a conventional RTD model (e.g., axial dis-
persion model), which could be a one- or a two-parameter
model. The solution of the problem is now reduced to search-
ing for the best model parameters that would minimize the
error between the outcome of the convolution integral and the
measured outlet concentration.”®

This latter technique, however, may conceal a large amount
of information pertaining to the flow by lumping them into
one parameter. Hence, in a fashion similar to the previous
work on single phase flow?*' the technique to obtain the distri-
bution function E(¢) from the inlet and outlet concentration
measurements by applying the filter proposed by Mills and
Dudukovic®® will be employed in the current work. In this
approach a second-order smoothing filter is used to remove
the noise from measured data to obtain the frequency domain
impulse response, according to Eq. 5.2"%
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Figure 7. Effect of flow velocity on E(t) and E(6) for various operating conditions and screen geometries.

[Color figure can be viewed at wileyonlinelibrary.com]

E(w _ éaut(w)/éjn(w)
1+ S(w)-S *(w)

(&)

Cin(w)-Cp, (@)

where, 7y is the filtering parameter, and the term
[y S(w) - S (w)/Cin(w) é;(w)} plays the role of a digital

filter. S(w) is the FFT of the smoothing formula coefficient
series [1, —2, 1, 0, ..., 0]; which is a matrix of length k, the
number of sampling points. The quantities marked with an
asterisk (i.e., C;,* and S*) denote the complex conjugate of
the inlet concentration and the smoothing formula
series.3364243 The length of the matrix, k, is equivalent to the
number of sampled points in each experimental run, i.e., the
size of the vector C;, and/or C,,,,.

While the filtering parameter is unbounded and can assume
any positive real value (y € R"), the choice of y, and the
method required to find it is described elsewhere.?!>

After calculating E (), the residence time distribution func-
tion, E(t), of the reactor can now be obtained by calculating
the inverse transform of E ().
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E(t)=IFFT (E(w)) (6)

A user defined function that performs these numerical calcula-
tions in Matlab® was used. This in-house code would solve the
various equations to obtain the value of the fitting parameter,
7, and consequently the impulse response, E(¢). Once the latter
function is known, the various moments of the distribution can
be calculated (i.e., mean residence time, 7,,, and variance, 02)
and further characterization of the reactor can be performed.

thJ tE(t)dt @)
0
azj (t— 1) E(t)dt= j PE(t)dt—1, )
0 0

Results and Discussion

Various operational parameters as well as reactor/contactor
design geometries were varied with the objective of testing
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Figure 8. Theoretical vs. calculated liquid phase residence time at various operating conditions and dispersed

phase volume fractions.

[Color figure can be viewed at wileyonlinelibrary.com]

their effect on the two phase flow through tubular contactors
equipped with STSMs, in particular, the liquid-phase resi-
dence time distribution in the reactor. The experimental find-
ings of these cases are reported in the following sections.
However, it should be noted that all experimental runs were
performed in the bubbly regime. This was validated by visual
observation of the flow as well as by plotting the gas volumet-
ric flux vs. the liquid volumetric flux on the flow regime map
as presented by Weisman** for air—water vertical flow in a
pipe. Figure 3 clearly shows that all experimental runs that
were undertaken in the current work fall in the bubbly regime.

RTD experiments

Residence time distribution experiments were performed
using KCI as the tracer because of the linear relationship
between its concentration and conductivity. Similarly to the
previous work on single phase flow, the analysis assumed an
imperfect pulse technique for which a signal deconvolution

1,000

D, (em?/s)
,_E_(

o Mn=20,N=4, ¢ =0%
o Mn =30, N=4, ¢ =20%

10 :
0 10,000 20,000 30,000
Re (-)

was required to obtain the impulse response or the residence
time distribution function, E(7). The raw data was treated as
defined earlier in Eqs. 1-3 where the raw measurements were
first conditioned to remove the background conductivity of
pure RO water and then were transformed to obtain the inlet
and outlet distribution functions. This conditioning allowed
for removing the observed fluctuations before the observed
sharp increase in conductivity.

All experimental runs were conducted three times to ensure
repeatability of the results. To eliminate the noise and oscilla-
tions in the measurements of conductivity due to the introduc-
tion of a secondary gaseous phase, the tip of the conductivity
sensors were surrounded by a mesh that prevented the gas bub-
bles from coming into contact with the measuring chamber of
the probe. This ensured a smooth profile for the conductivity
measurement. A sample of the raw measured data for the con-
ductivity is shown in Figure 4a. This figure clearly shows that
switching the water feed from RO to RO + KCI causes a

(b)
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Figure 9. Variation of the liquid-phase axial dispersion coefficient with Re for different screen geometries, number
of screen elements at various dispersed phase volume fraction.

[Color figure can be viewed at wileyonlinelibrary.com]

1396 DOI 10.1002/aic

Published on behalf of the AIChE

April 2017 Vol. 63, No. 4 AIChE Journal

95U9017 SLOLIWOD aAITERID 3[qeojdde sy Aq pausencb afe sejonre VO ‘esn Jo sajni Joj ArIqiTaulUO 8|1/ UO (SUONIPUOI-PUE-SWB) W0 AB|IMAJeld [l juo//Sdny) SUONIPUOD pue swie | 841 985 *[202/50/80] Uo ArelqiTauliuo Ao|im ‘NON VST T- 14 VNIH AQ 65/ST 9R/200T 0T/I0p/wWoo A 1M Ale.d 1 puljuoayoe//sdny Wolj pepeojumod ‘v */TOZ ‘S065/VST


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

(aQ) Mn=50,N=8
1000 | o¢p=0%
I:I(‘b:S%
odp=10% o
A ©
ab=20%
;7-'. F
Q§100 o
10 S —
1,000 10,000

Re (-)

(b) Mn =80, N=8
1,000 I °¢=0%
I Ud):S%
od=10%
a$h=20%
L
;%100 F
o 7
a“o
o
o @
10 . e
1,000 10,000
Re (-)

Figure 10. Effect of increasing the gas holdup on the axial dispersion coefficient as a function of the mixture

Reynolds number.

[Color figure can be viewed at wileyonlinelibrary.com]

substantial change in the conductivity of the water. Addition-
ally, Figure 4b shows the raw data after being transformed
into their respective step functions, F;,(f) and F,,(?).

After transforming the raw data to their respective step
functions, F(f), the concentration distribution functions, C;,
and C,,, were then calculated by first numerically deriving
F(#) and then smoothing the function and fitting it to a Gauss-
ian distribution. This transformation is shown in Figures 5a, b
at the inlet and outlet of the mixing section, respectively. The
figures clearly show that the numerical derivation of F(¢) intro-
duces a lot of oscillations in the distribution which were con-
sequently removed by the use of a proper smoothing function.
To minimize the error while calculating the numerical deriva-
tive of F(f) a five-point central differencing scheme was used
on all measured points while a three-point forward (or back-
ward) was applied to the two ends of the measurements. These
derivatives (where only their positive values are showing in
Figures 4a, b) were then smoothed using the built-in Lowess
smoothing function of Matlab® (using locally weighted linear
regression on a span of five points) and then fitted to a Gauss-
ian distribution which was deemed representative of the data.
Furthermore, it should be noted that the absence of observed
fluctuations in Figures 4a, b before the bell-curve is due to the
aforementioned pre-conditioning of the raw conductivity data
where the background conductivity of RO water was removed,
which rendered a smooth line as observed in Figure 3b.

Using an in-house computational subroutine that would per-
form the deconvolution using the filter presented by Mills and
Dudukovic,® E(t) was then obtained for each experimental
run. While solving the deconvolution problem, the subroutine
ensures that the first and second moments of the RTD function
are conserved. Further information about its accuracy and the
additional time-domain smoothing required to obtain E(?) are
described elsewhere.!

To check the accuracy of the approach and validate the
data, the convolution integral described in Eq. 3 was per-
formed on most calculated results to check if the convolution
of the normalized inlet concentration distribution with the cal-
culated E(t) would match the normalized outlet concentration
distribution. Figures 6a—d show the results of this convolution
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for various operating conditions and dispersed phase volume
fractions, and as can be observed a good match was always
obtained. This indicates that the computed RTD renders an
accurate description of the macromixing behavior of the sys-
tem. It should be noted that while the data was collected at an
interval of 0.1 s, Figures 6a—d are plotted at an interval of 0.5 s
for clarity and reducing the clutter.

Effect of Flow Velocity on RTD. A higher flow velocity
dictates a shorter residence time in the mixing section and
therefore the RTD function, E(t) is expected to become nar-
rower and shifted toward shorter times. This is clearly
observed in Figures 7a, c where the narrower E(t) is observed
at higher Re for two different screen geometries. However, a
proper interpretation and comparison between the various
RTD functions can only be performed after using the dimen-
sionless time, ®, which is defined as the ratio of the time, ¢, to
the mean residence time, ¢, (®@=t/t,). Under these condi-
tions, it becomes very clear that the dimensionless distribution
E(0), broadens with an increase in the flow rate entering the
mixing section (cf. Figures 7b, d). This is an indication of the
increase in the axial dispersion coefficient with an increase in
the flow velocity.

Using the well-known one parameter model, presented in
Eq. 9, that describes the evolution of the axial dispersion as a
function of time, the Péclet number, Pe, can be approximated
by fitting Eq. 9 to the experimentally determined E(t)

function.
Pe exp <_Pe~(1—®)) ©)

1
2’ Vr. e 4.0

The value of Pe is then used to compute the axial dispersion
coefficient, D,,. The Péclet number for a tube flow is defined
as Pe=L - U/Dgy, where L is the mixing chamber length, and
U is the mean flow velocity.

However, an important parameter in RTD studies remains
the mean residence time of the flow in the reactor. This is gen-
erally used as an indicator to whether the flow channels
through the mixing section or if that section has any dead vol-
umes that the flow cannot penetrate. For this purpose, the
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Figure 11. Effect of dispersed phase volume fraction, ¢, on the variation of the liquid phase axial dispersion at

various operating conditions.

[Color figure can be viewed at wileyonlinelibrary.com]

mean residence time, t,,, computed using Eq. 7, was compared
to the theoretical residence time of the liquid phase, t = V/Q;.
Figures 8a, b show this comparison for two different screen
geometries and number of screen elements inside the pipe.
These figures are plotted for the various flow velocities and
include the data obtained from different dispersed phase vol-
ume fractions. Typically, the mean residence time is expected
to decrease with an increase in the liquid flow velocity, how-
ever, if the reactor shows any channeling effects or the pres-
ence of dead volumes, the mean residence time should be
larger or smaller than the theoretical values, respectively. It is
obvious from Figures 8a, b that the data is randomly scattered
around the theoretical values which proves the fact that no
flow abnormalities are present in the reactor under investiga-
tion. The average relative error for all 312 experimental data
points was found to be *15.7%. This error could be attributed
to measurement errors in the flow meters and the conductivity
Sensors.

Furthermore, the value of the axial dispersion coefficient,
D,., and how it is affected by the flow velocity is presented in
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Figures 9a, b for two different screen geometries. As previous-
ly mentioned, these figures clearly show that the liquid-phase
axial dispersion coefficient increases with an increase in the
mixture velocity and consequently the Reynolds number.

Effect of Gas-phase Volume Fraction. A change in the
gas phase holdup would alter the dispersion in the reactor,
where an increase in ¢ results in an increase in the Sauter
mean diameter and the interfacial area of contact between the
phases.13 Therefore, a change in this parameter is expected to
have a pronounced effect on the liquid phase axial dispersion
coefficient. Plotting D, vs. the mixture Reynolds number, has
showed that the introduction of a second phase increases the
axial dispersion in the reactor when compared to single phase
flow.

This can be clearly observed in Figure 10 where the data
shows an increase in D, when a second phase is present, how-
ever, the effect of increasing ¢ couldn’t be easily delineated
because the data obtained at 5, 10, and 20% holdup always
feel very close to each other.
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Figure 12. Effect of the Reynolds number characteristic length on the axial dispersion coefficient.

(a) D, vs. pipe Reynolds number (calculated based on empty pipe diameter), (b) D,, vs. macroscopic jet Reynolds number, (c)
D,, vs. mesh Reynolds number, and (d) D,, vs. wire Reynolds number. [Color figure can be viewed at wileyonlinelibrary.com]

To get a better idea on the effect of ¢, the data was analyzed
by studying the variation of D, vs. ¢ at the same liquid flow
velocities. Figures 11a—d show the experimental findings at
different liquid phase Reynolds numbers and various reactor
designs. It can be clearly observed that D, increases with an
increase in the gas phase volume fraction for a constant Re;.
The data shows some statistically insignificant fluctuations
which can be attributed to measurement errors. However, the
general trend remained consistent regardless of the number of
inserted screens and/or their geometries. In fact, introducing a
larger gas phase volume fraction to the reactor at a constant
liquid phase flow rate is expected to reduce the liquid holdup
in the reactor and hence increase the axial dispersion coeffi-
cient. Furthermore, the effect of increasing the liquid flow to
the reactor while maintaining the same dispersed phase vol-
ume fraction also showed an increase in the axial dispersion
coefficient. An observation that is consistent with single phase

measurements.
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Further explanation to the effect of the gas phase volume
fraction, relates to the fact that at higher ¢ (and constant Re;),
the interfacial area of contact becomes larger as does the
Sauter mean diameter of the dispersion. Such an increase in
the number of bubbles in a fixed control volume has the inher-
ent effect of increasing the axial dispersion coefficient in the
liquid phase. Furthermore, it is expected that the increased
rates of breakage and coalescence that are observed at higher
volume fractions of the gas phase would also increase the axial
dispersion coefficient.

Table 2. Various Definitions of the Reynolds Number

Reynolds number Value

Pipe Reynolds number, Re D - Upix - p/ 1t
Macroscopic jet Reynolds number, Re;., D - (Upi/2) - p/1t
Mesh Reynolds number, Rey, M- Upir - p/ 1
Wire Reynolds number, Re), b Upiv - p/ 1t
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Figure 13. Variation of single phase flow axial dispersion with Re for various reactor designs.

Results for the step change experiments vs. those obtained from a pulse injection. [Color figure can be viewed at wileyonlineli-

brary.com]

Effect of Screen Geometry. To investigate the effect of
varying the screen geometry on the liquid-phase axial disper-
sion in a turbulently flowing gas-liquid dispersion through
STSM, the axial dispersion coefficient was plotted (for the
same flow conditions) against the pipe Reynolds number in Fig-
ure 12a for the various screen geometries presented in Table 1.
It is very clear that all the calculated D, fall in a very narrow
region next to each other and no significant conclusion can be
extracted from such a chart. However, the calculation of the
Reynolds number relies on the definition of the velocity and/or
the characteristic length against which it is computed. In the
case at hand, four distinct Re variants can be found or calculat-
ed for STSMs,'? the definition of which is summarized in Table
2. Plotting the data against any of these Re variants was there-
fore found to render different conclusions pertaining to the vari-
ation of D, in the mixing section.

Figure 12b shows the variation of the axial dispersion coef-
ficient with the macroscopic jet Reynolds number. Because
Re;j,, is a direct function of the screen open area, o, and while

1400 DOI 10.1002/aic
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it is clear that D, increases with an increase in Re.,, the data
showed that the extent of increase in the value of the liquid phase
axial dispersion coefficient decreases when the screen open area
becomes smaller (cf. Table 1). In other words, a smaller screen
open area is expected to homogenize the flow much better by
rendering a smaller liquid-phase axial dispersion coefficient. This
however is overturned when the characteristic length of the
Reynolds number is changed to the mesh opening, M, or the wire
diameter, b, of the STSM. While both M and b decrease with an
increasing mesh number, the data show that the liquid-phase axi-
al dispersion is amplified when using smaller mesh openings and
wire diameters, i.e., with an increasing mesh number.

The choice of the Reynolds number definition and its charac-
teristic length is therefore of paramount importance when trying
to design tubular reactors/contactors equipped with STSM as it
will dictate the extent of the axial dispersion coefficient. Fur-
thermore, these findings are in line with the observations
reported for single phase flow through STSM?' where the
importance of defining the appropriate Re has been highlighted.
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Figure 14. Comparison between the axial dispersion in the presence of screens with that for an empty pipe when
plotted against the empty pipe Reynolds number, Re, for the various gas holdups.

[Color figure can be viewed at wileyonlinelibrary.com]

Pulse vs. Step RTD. Abou Hweij and Azizi®! investigated
the variation of the axial dispersion coefficient in reactors
equipped with STSM for single phase flow. They highlighted
the importance of choosing the characteristic length of Re
when comparing the data, however, they also showed that the
axial dispersion coefficient always increases with the flow
velocity and is always smaller than the values measured in an
empty pipe. The authors also showed the limitations of the
measurement technique for pulse injections under high flow
velocities where the electrical conductivity sensor was not
capable of capturing the pulse change. Because the current
work required the study of turbulently flowing gas—liquid dis-
perisons, the experimental setup was therefore modified to
conduct step change experiments (cf. Section 2).

Since the same screen geometries are employed in both
studies at similar inter-screen spacing, it was necessary to
compare the findings of the pulse experiments with those con-
ducted in the current work (i.e., step change). Figures 13a—d
show the liquid-phase axial dispersion coefficient plotted vs.
the empty pipe Reynolds number. In all cases, D,, increased
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with an increase in Re and the results obtained in the current
study for single phase flow (¢ =0%) seem to be in good
agreement with those obtained in the previous study.”' It is
very clear that the data follows the same trend and they do
overlap in the regions where Re are close to each other which
further confirms the findings of the two studies.

Comparison with Flow in an Empty Pipe and Regression
Analysis. The advantages of utilizing STSMs are highlighted
in Figure 14, which shows the calculated liquid-phase axial
dispersion coefficient, D, for all experimental runs (plotted
against those for the runs where no static mixers were inserted
in the pipe for various dispersed phase volume fractions).
When all the parameters are lumped together (i.e., number of
screen elements, screen geometry, and flow velocity) it is very
evident that STSMs allow for a smaller axial dispersion coeffi-
cient when compared to an empty pipe and therefore a better
mixing performance. While D, values seemed relatively clos-
er to those measured in an empty pipe for very high dispersed
phase volume fractions (i.e., ¢ = 20%), especially at low flow
rates, the remainder of the data showed a much better
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Figure 15. Parity plot for the predicted vs. experimental
liquid-phase axial dispersion coefficient.

performance with the difference between the D, for an empty
pipe and that for the reactor equipped with STSM being more
pronounced.

The data obtained in the current work were then correlated
against various dimensionless parameters related to the screen
geometry, number of screens, and flow conditions, to be able
to predict the performance of the mixer. The correlated data
included only the measurements obtained in the presence of a
gas phase (i.e., ¢ =5, 10, or 20%). Considering all possible
combination of parameters, a basic model can show the effect
of the various important parameters on the axial dispersion
coefficient.

Dux(cmz/s)Zl.O . N0437 . (b/M)6.37 . ¢*0A14

(10)
Re,;;!  (R*=0.9879)

While all the parameters showed a good statistical significance
(p-value < 0.05), this model was found to give a large standard
error (~53%). However, another more elaborate model was
found. This model renders the lowest possible standard error
(~32%) from a plethora of investigated combinations at the
expense of a more complicated equation.

Dax(sz/S)zl-O . N_9‘49 . (b/M)Zf)*OJIN . Re%19_0.03N

Conclusions

This study investigated the residence time distribution by
means of calculating the liquid-phase axial dispersion coeffi-
cient of turbulently flowing gas—liquid flow in tubular reactors
equipped with STSMs. Step change in the continuous phase
electrical conductivity were tested and the liquid-phase axial
dispersion coefficient was found to increase with an increase
in the total flow rate entering the mixing section while also
increasing with an increase in the dispersed phase volume
fraction at constant liquid flow rates. The screen geometry was
found to have a more pronounced effect which can help better
discern the results. The choice of one of the characteristic
lengths of the screen in calculating the Reynolds number
helped clearly differentiate the results which were otherwise
(i.e., based on the empty pipe Reynolds number) very close to
each other. Deciding which characteristic length to use there-
fore becomes an important design parameter and would be
related to the operation being undertaken. However, the
liquid-phase axial dispersion coefficient was found to be con-
sistently lower in all cases than that measured in gas—liquid
pipe flows operating under the same conditions but without
the insertion of static mixers.
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Notation

b = screen wire diameter, m
C(t) = normalized concentration of tracer
C,;,(t) = concentration distribution function of tracer measured at the

inlet, st

C,.(t) = concentration distribution function of tracer measured at the
- outlet, st

C(w) = FFT of the sampled inlet concentration

D = empty pipe diameter, m
D, = axial dispersion coefficient, cm? 57!
E(n)= residence time distribution function, g7 !
E(w) = FFT of the RTD function

F(t) = RTD cumulative function
= total number of sampled points

kya = volumetric mass transfer coefficient, s~
= length of the mixing zone, m
= screen mesh opening, m

1

Mn = mesh number
1.386—0.23N 0.52+0.23N
Re M Re jet (11) = number of screen elements in the system
Pe = Péclet number
The data predicted from Eq. 11 are plotted in Figure 15 and = total (mixture) volumetric flow rate, L min '
. . . . - -l
the associated regression model coefficients are shown in Qc = gas-phase volumetric flow rate, L min' ~
; = liquid-phase volumetric flow rate, L min
Table 3. .
Re = empty pipe Reynolds number
Re, = wire Reynolds number
Rej,, = macroscopic jet Reynolds number
Rey, = mesh Reynolds number
Table 3. Regression Coefficients Used in Eq. 11 S(w) = FFT of the smoothing formula
t = time, s
Parameter Exponent p-value Lower 95% Upper 95% t,, = mean residence time calculated from RTD, s
— 0aQo 3 H -1
N —9.491 9543 X 1077 —11.438 —7.544 [{]G: ﬁ“‘s i%ha;e :el\f"i‘ty{[mfn !
(bIM) 2.600 0.00638 0.745 4.455 U e iy, a1
(bIM)~ —0.711 6463 X 107° —1.051 —0.371 e volume of the 1¥1’ixin sone. L
Reg 0.196 0.0256 —0.144 0.537 - & ’
Reg" —0.035 0.0189 —0.089 0.017
Rey 1386  1.088 X 1077 0.900 1.872 Greek letters
Rey/" —-0229  2.660 X 1077 —0.312 —0.145 o = fraction open area of the screen
Rejl,, 0.518 0.00016 0.254 0.782 Y= ﬁtting parameter
Re," 0236 1472 x 10" 0.185 0.287 O = dimensionless time
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1= viscosity, kg m~ "-s
p = density, kg m

1 -1
3

o° = variance, s
T = theoretical residence time in the mixing zone, s
¢ = dispersed phase volume fraction
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