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Abstract: The annular reactor is a very useful
design to carry many chemical reactions. Its
advantages such the low pressure drop and ease
of temperature control renders it more desirable
than traditional reactor, for example in the use as
a double heat exchanger, a dialyzers or a photo-
catalytic reactors, where a UV lamp can be
placed in the core of the reactor. In this study,
the isothermal mass transfer from the inner side
of the outer tube of the annular reactor is being
studied by the Finite Element technique within a
range of flow rates corresponding to
200<Re<12000. The study focuses on the effect
of the geometry on the rate of mass transfer in
the developing flow and in the fully developed
zones. The results showed that the surface mass
transfer is highest at the entrance and decreases
as the flow becomes fully developed. Also, the
annulus diameter ratio and the inlet section
dimensions were found to have an important
impact on the efficiency of the reactor. These
results are in agreement with previous CFD and
experimental studies.

Keywords: Annular Reactor, Solid Liquid Mass
Transfer, Finite Element, Developing flow, Fully
developed flow.

1. Introduction

Annular reactors are being increasingly in used
in chemical processes [1-4]. Its design offers
many recognized advantages such as low
pressure drop, large surface area to volume, easy
temperature control, and nearly isothermal
reaction conditions. It is important that when
designing these reactors to consider the effect of
the geometry on the flow pattern and its impact
on mass and heat transfer occurring in the
reactor. The study of the mass transfer has many
practical applications: for example for the case of
catalytic reactions where the rate of reaction is
controlled by the diffusion of the
reactants/products to or away from the surface of
the catalyst. Also for the diffusion controlled
corrosion where the rate of corrosion is
controlled by the diffusion of the oxidizer to the
surface[5]. Moreover, for the case of annular
heat exchanger, the analogy between heat and

mass transfer enables us to deduce heat or mass
transfer from the other [6, 7].

Usually the rate of mass transfer is reported in
the form of dimensional relationships relating
Sherwood Number (the ratio of convective to
diffusive mass transfer) with Reynolds (ratio of
inertial force to viscous force) and Schmidt
Numbers (the ratio of momentum diffusivity to
molecular diffusivity). These correlation have
been obtained experimentally by many
techniques: the chemical reaction between the
liquid and solid [8-10], the dissolution of the
sparingly soluble solid into liquid[11-13], the
electrochemical technique [14-17], adsorption
[18, 19], and even have been followed with the
scanning electron microscopy [20]. However,
these correlations have the drawback that they
are applicable only to a specific reactor
configuration operated under a certain range of
hydrodynamic conditions[21, 22].

CFD has also been used [23-26]: if well
formulated, CFD has the advantages of being
time and cost consuming, coupled to being non-
intrusive and able to predict the results of tests
that are not easily performed. Several
mathematical models have been proposed and
evaluated which included mass transfer in
annular reactors used for different applications,
but their systems were limited either to laminar,
or to fully developed turbulent flow
conditions[27-30]. However, due to the design of
annular reactor, a fully developed flow is
unattainable. Fortunately, developing flow is
desirable as it yields favorable mass transfer
conditions. On the other hand, mass transfer
modelling under developing flow condition is a
complex task. Esteban et al [31]studied the
difference between the U and L entrance shape
for the annular reactor on the rate of mass
transfer using the finite volume technique and
concluded that though most of the mass transfer
took place near the entrance region of the
reactor, but both of the two shape gave similar
efficiency. They also found that among the
different turbulence models, the Low Reynolds
Number model gave the closest results to the
experiments. In this study, the commercial CFD
Comsol® was used to study the effect of the
flow rate and the geometrical design (Ratio of
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large diameter to small diameter, and length of
entrance spacing) on the mass transfer of the
internal wall of the outer tube of reactor. The
study focuses on the mass transfer in the flow
developing and fully developed zones. Table 1
shows the different correlations found in
literature for mass transfer in the annular reactor.

2. Governing equation

In this study, the dissolution of a sparingly
soluble wall (benzoic acid) was used to simulate
the mass transfer from the wall. Esteban et al
[31] used successfully this technique in the Finite
Volume analysis with the commercial software
Fluent® to determine the mass transfer in the
annular reactor. The laminar flow model was
used to study the flow within the range
200<Re<2100 and the Low Reynolds Number
turbulence model was used for the range
2100<Re<12000.

It is assumed that the fluid is Newtonian fluid
(water), incompressible, isothermal (298 K) and

non-reactive with constant physical properties
and that the reactor is operating in steady state
conditions. Also, as the saturation concentration
of the benzoic acid is very low, it is assumed that
it does not change the physical properties of the
water or the flow profile. This allowed solving
the flow independently from the mass transfer:
the CFD model was solved in two steps: First,
the equations of continuity and motion were
solved for getting the flow field across the
computational domain. Then, the velocity values
were kept “frozen” and the equation of
conservation of species was solved using the
converged flow solution. This solving strategy
saves computation time and brings stability to
the solution.

The equations solved by the Laminar Flow
interface are the Navier-Stokes equations for
conservation of momentum and the continuity
equation for conservation of mass:

Table (1): Some correlations reported in literature for mass transfer in annuli.

Hydrodynamic Condition | Ref. | Correlation

Laminar Flow

Fully developed [321 | sh_ =1.614 (Re.Sc.pd, /I )% @)
Developing [17] sh =1.029Re0'55.8c%.(d ] 1)0472 (i)
1
[33] | sh, =2.703 (ReSc.ed, / 1)3 (i)
Turbulent Flow
1
[341 | sh. =0.027Re®Sc?.(d,/ d,)° )
1 .
[35] | sh. =0.145Re?®Sc3.(d, / 1)°% (vi)
Developing [17] sh =0.095Re°'85.Sc%.(d / |)o.472 (vii)
2 1 1
[33] | sh, =0.305Re?Sce.(gd, / 1)° (viii)

[34]

av

2 .
Sh. =0.032Re%8.Sc .{1+(de/ |)3}(d2/ (d,)°% (ix)

1
3
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where p is the density, u is the velocity vector, p
is the pressure, and  is the viscous stress tensor.

For the case of the turbulent flow, the Reynolds-
averaged Navier-Stokes equations (RANS) were
used.
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where U is the averaged velocity field, P is the
averaged pressure, and T is the averaged viscous
stress tensor.

The Low Reynolds Number (LRN k-¢) modelling
approach has been chosen to solve the turbulent
flow. It has an embedded wall damping effect
that enables the flow modelling to be extended to
the wall without the need to the wall equations
used with the other turbulent flow models (i.e k-
&, k-w) [31, 36].

For the mass transfer step, the transport of
diluted species module was used. The
concentration at the dissolving wall was kept
constant at the saturation concentration of the
benzoic acid. The mass transport equation
incorporated the mass transfer due to convection
using the flow profile calculated and to diffusion
using the value of D,, equal to 9.3*10™ m%s
[37]

The conservation of species A assuming constant
density and applying Reynolds method of
averaging of the instantaneous fluctuating
concentration is expressed as:

C, +i(UjC_A):i D, oC, _i(uj/CA/)
ot 8xj 6xj 8xj 8xj

where C, indicates the concentration of the
benzoic acid and the bar indicates a time

averaged value. uj and C,' are the fluctuating
flow velocity and species A concentration

respectively. The uiC, terms describe the

|

turbulent mass transport, and in analogy with
Fick’s law. It is assumed that:

(uj'cA' ):J,g --D'VC,

The term D' is called the turbulent diffusivity or
eddy diffusivity. It is not a physical property of
the fluid mixture like D,, but depends on the
character of flow, mainly intensity of turbulence
and on position in the system varying
considerably from the turbulent core to the phase
boundary. The quantity like momentum, energy
and concentration are transported by turbulent
eddies, i.e. the same mechanism, so there should
be a correlation between the parameters
appearing in their flux equations. Applying the
Reynolds analogy between the turbulent
momentum transfer and the turbulent mass
transfer a dimensionless number is defined called
the turbulent Schmidt number:

0 _ _H

Sc _pD o)

In the computational fluid dynamics, many
turbulence models have been developed which
enable the determination of the eddy viscosity.
The Sc® dimensionless number typically is close
to unity [38-41] and it was decided to use the
value of 0.9 in the following calculations.

3. Geometrical Model

The annular reactor geometry studied in the
present work is shown in figure (1). The reactor
main dimensions are: 30 mm outer tube
diameter, 20 mm inner tube diameter, and 12
mm inlet diameter tube. The inlet port of the
reactor was centred on the front plate and it was
placed 30 mm away from the inner tube rounded
front. The annular reactor had two sections on
the inner wall of the outer tube that could be set
at constant concentration: The first section
corresponding to the reactor inlet is named
section A, while the other section is named
section B. This feature allowed for studying the
mass transfer process at different hydrodynamic
conditions along the length of the reactor. The
design can be also simplified by using a 2D
axisymmetric model to replace the 3 D model
(figure 2).
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Fig. (1): Schematic diagram of the 3D annular
reactor model.

Fig. (2): Schematic diagram of the 2D
axisymmetric annular reactor model, illustrating
the longitudinal cut plane in the 3D model.

4. Mesh Design
For the system of the mass transfer from the wall

to a turbulent fluid and for high Schmidt number,
the concentration boundary layer is much smaller
than the velocity boundary layer. This makes it
necessary to use a very fine mesh within the near
wall region using the boundary layer mesh
option in Comsol. The 3D geometry is shown in
Figure (3), whereas the 2D axisymmetric mesh is
shown in figure (4).

Fig. (3): Mesh utilized for the 3D geometry model.

Fig. (4): Mesh utilized for the 2D axisymmetric
model.

The utilized mesh was verified to give mesh —
independent results: the CFD simulation results
for the average mass transfer coefficient were
compared with the calculated resulted from the
correlation presented by Mobarak et al. [17] as
shown in table (2).

Table (2): Percentage difference in the average
mass transfer coefficient predicted by Mobarak et
al.[17] and the CFD results for several mesh
refinement for the 2D model.

Mesh Percent Difference
Extra coarse (4317 elements) | 12.97

Coarser (6742 elements) 4.43

Coarse (9331 elements) 1.89

Normal (16631 elements) 131

Fine (23610 elements) 131

5. Boundary conditions

The boundary conditions for the CFD model
were defined as follows. At the inlet, the mass
flow rate of the fluid was specified and the
direction was defined normal to the boundary.
The hydraulic diameter was fixed at 10 mm and
the turbulence intensity (T1) was set with values
between five and ten percent as recommended in
the Comsol® CFD module user guide [41]. At
all the walls, a no — slip boundary condition was
imposed. Also, zero diffusive flux of species was
specified at the wall, except for the walls coated
with benzoic acid, where constant concentration
of 27.76 mol/m® was fixed. This value
corresponds to the saturation concentration of
benzoic acid in water at 298 K [42].

The flow was either solved using the laminar
flow or the low Reynolds Number turbulence
models, then the velocity profile was kept frozen
and the transport of diluted species was used to
solve for the mass transfer from the wall.
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6. Results

6.1. CFD hydrodynamic simulation:

Figure (5) shows the velocity profile along the
annular  reactor for (a) laminar flow
corresponding to a flow rate of 1.05 Litres per
minute (Re = 500), (b) turbulent flow
corresponding to a flow rate of 21.04 Litres per
minute (Re = 10000). It has to be mentioned that
Reynolds Number was calculated based on the
equivalent diameter. As seen in figure, the abrupt
expansion and change of direction at the inlet
zone generate large velocity gradient near the
surface. The figure also shows the development
of the velocity profile from the developing flow
throughout the reactor inlet to the developed
flow far away from the inlet effects along the
annular volume.

Slice: Velacity magritude (mis) Slice: Velocty magnitude (m/s)

Siice: Velocky magnitude (m/s) Siice: Velocty magnitude (mvs)

vo

Fig. (5): Velocity magnitude (m/s) (a) laminar flow
(Re =500), (b) turbulent flow (Re = 10000).

The velocity profile was also calculated using the
standard k-g& model of turbulence to compare the
resultant profile with the low Reynolds model.
Both of them showed similar results as seen in
figure (6).

Fig. (6): Streamlines of velocity field on the
longitudinal center plane at the inlet region using
(a) low Reynolds k — ¢ turbulence model, (b)
Standard k — € turbulence model.

6.2. Average Mass Transfer

Performing a mass balance over the reactor to
calculate the rate of mass transfer from the
surface yields the following equation for the
average mass transfer coefficient.

K, 2 [—CS"’“_ <, ]
A \C,-C,

where Q is the flow rate, C; and C, are the
concentrations of benzoic acid at the inlet and
outlet of the reactor, respectively. The results of
this work showed agreement with those from
other reported investigations where similar
annular configurations were used. Figure (7) and
figure (8) compare the CFD predicted average
mass transfer coefficients with values given by
some of the correlations reported in table (1) for
laminar and turbulent flows respectively.

2.50 4

= Section A

= section B
—eqn (1)
—eqn (ii)
——eqn (iii)

2.00 4

1.50 4

1.00 4

0.50

Average mass transfer coefficient * 105
(m/s)

0.00

0 200 400 600 800 1000 1200 1400

Reynolds number

Fig. (7): Comparison of the CFD predicted average
mass transfer coefficients for laminar flow with the
ones estimated using different correlations
reported in the literature (Table (1)).
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= Section A

= Section B
—eqn (vii)
——eqn (viii)
—eqn (ix)
——eqn (iv)
—eqn (v)
—eqn (vi)

Average mass transfer coefficient * 1075
(m/s)
=
(=3
2

0.00
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6000 8000 10000 12000 14000

Reynolds number

4000

Fig. (8): Comparison of the CFD predicted average
mass transfer coefficients for transitional and
turbulent flows with the ones estimated using

different correlations reported in the literature
(Table (1)).

It is observed that the CFD predicted average
mass transfer coefficients in section A were
much higher than those in section B. Mass
transfer coefficient in section A was nearly twice
that of section B indicating the importance of the
developing flow on the total mass transfer. These
results suggest that the abrupt expansion and
change of direction that the fluid experiences at
the inlet zone generate high turbulence, as well
as a large near — surface concentration gradient,
which results in high mass transfer in section A.
However, as the diffusion layer becomes fully
developed downstream of the entrance in section
B, the mass transfer decreases.

A plot of the CFD predicted value of the average
mass transfer coefficient in the developing flow
region for varying reactor length is given in
figure (9). This figure shows the high value of
the mass transfer coefficient at the leading edge
(corresponding to nearly zero mass transfer
boundary region) and to decrease very rapidly
over the first few centimetres.

The study of the effect of the annulus diameter
ratio (i.e. diameter of outer pipe to diameter of
inner pipe) on the mass transfer coefficient is
shown in figure (10) for section A and figure
(11) for section B. The mass transfer coefficient
can be seen to increase as the annulus diameter
ratio decrease. This can be interpreted as when
the difference between the annulus inlet and
outlet diameters decreases, the surface area — to —
volume ratio increase, which has a significant
influence on the external mass transfer and
increases the efficiency of the annular reactor.

Average mass transfer coefficient *10°5

(m/s)

A Re=6000
*
WRe=8000
#Re=10000
m .
4
| *
A *
[ ]
A = [ ]
A A
A
0 10 20 30 40
L/D ratio

Fig. (9): Variation of the average mass transfer
coefficient with the change in reactor length.
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Fig. (10): Mass transfer coefficient vs. Reynolds
number in section A for three different annulus

diameter ratios.
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Fig. (11): Mass transfer coefficient vs. Reynolds
number in section B for three different annulus

diameter ratios.
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The effect of the change in position of the inner
tube from the inlet port on the average mass
transfer coefficient in section A is shown in
figure (12).

w
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= - #Inlet spacing /D1 = 1.5
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0

1] 2000 4000 6000 8000 10000 12000

Reynolds number

Fig. (12): Variation of the average mass transfer
coefficient with the change in inlet spacing.

It is seen that as the inlet spacing decreases the
mass transfer coefficient increases. This result
can be interpreted by the fact that the decrease in
the inlet spacing increases the intensity of abrupt
expansion that the fluid experiences at the inlet
zone, which in turn generates higher turbulence,
as well as a larger near — surface concentration
gradient, which results in a higher mass transfer
in section A.

6.3. Local Mass Transfer

The local mass transfer coefficient can be
estimated from the experimental correlation
reported in literature by differentiating the
average mass transfer coefficient by the axial
distance, x [31]:

_d(Ka)
X dx

Figure 13 maps the local mass flux magnitude in
section as computed utilizing the laminar flow
model (Re=500).

Figure (14) presents the results obtained for the
reactor operating at Re = 10000. As it can be
seen in the figure, CFD — computed local mass
transfer coefficients were consistent with those
calculated from the correlations. However, for

very small axial distance (x < 0.005 m) some
under prediction with respect to the correlations
was found. This may be attributed to the
weakness of the turbulence model in predicting
and capturing all the small eddies generated at
the inlet due to sudden expansion, separation and
reattachment of the flow

A5.3085x10
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50324
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4a.884
42164
39.443
36.723
34.003
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28.562
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23122
20.402

17.682

14.961
12.241
9.5208
10 6.8006

s i/' 4.0803

1.3601
)
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Fig (13): Local mole flux magnitude in section A
for Re=500.
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Fig. (14): CFD predictions of the local mass
transfer coefficient along the reactor axis at Re =
10000 compared with values calculated from
correlations.

7. Conclusions
In this study, CFD simulations were carried out

in order to predict surface mass transfer in
annular reactors within a range of flow rates
corresponding to 200 < Re < 12,000 using the
laminar flow model and the Low Reynolds
Number k — & turbulence model. The work
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focused on the geometrical design factors that
will affect the mass transfer in the developing
flow zone and the fully developed flow zone.
The CFD predicted mass transfer data obtained
from this work showed good agreement with
those from other reported investigations where
similar annular configurations were used.

The simulations performed revealed the
following results:

= The surface mass transfer taking place near
the entrance region of the reactor is much
higher than that happening in the rest of the
reactor volume. For that reason, this section
should not be ignored when considering the
design of an annular reactor.

= The annulus diameter ratio was proved to
have an important impact on the
performance of the annular reactor. It is
proved that when the difference between the
annulus diameters decreases, the rate of
mass transfer increases.

= As the inlet spacing between the inlet port of
the reactor and the inner tube rounded front
decreases, the rate of mass transfer

increases.
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