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Abstract: In this paper, the influence of hydrodynamic conditions in Kenics static mixer, which
acts as a multifunctional reactor, on precipitation kinetics of barium sulfate is investigated. The
investigated range of the Reynolds number varied between 500 and 5000, which covered both laminar
and turbulent flow regimes. In all experiments, the relative supersaturation was maintained at the
constant level (σ = 205). The obtained precipitate was collected and used for crystal size distribution
(CSD) determination. On that basis, the kinetic parameters of the process were calculated using the
mixed suspension mixed product removal (MSMPR) mathematical model of the process. It was found
that for the whole investigated range of Reynolds number, the mixing conditions were satisfactory.
CSD analysis showed that in the laminar regime, a clear tendency in crystal behavior could not be
noticed. However, during the analysis of the turbulent regime, the presence of a critical Reynolds
number was noticed. Above this value, there is a change in the flow pattern, which results in a
change of kinetic parameters (B, G), as well as manifests in a form of a decrease in the value of mean
diameters of crystals. The flow pattern change is caused by the geometry of the reactor’s inserts.

Keywords: precipitation; barium sulfate; crystallization; static mixer; Kenics

1. Introduction

Precipitation is a very rapid process accomplished by mixing reactants under ap-
propriate process conditions. Unlike crystallization by cooling or solvent evaporation,
crystallization with a chemical reaction is an irreversible process. Due to the relatively high
local supersaturations, nucleation usually occurs in the labile state of the system. As a
result, excellent conditions for homo- and heterogeneous primary nucleation are achieved.
The crystallization with a chemical reaction, such as in the case of all crystallization pro-
cesses, consists of three stages: supersaturation generation, nucleation, and crystal growth.
They may be accompanied by additional (usually undesired) phenomena influencing the
final crystallization product quality. Among the others, one may mention aggregation and
breakage processes, as well as aging [1].

A static mixer is an apparatus developed for unconventional mixing, where the fluid
is mixed by splitting and recombining streams using specially design mixing inserts [2].
This fluid movement increases the heat and mass transport in the cross-section by creating
secondary transfer flows [3]. The high mixing efficiency of static mixers is achieved
by specially shaped static mixing elements. These elements create vortices, providing
local turbulence even at low flow velocities. The fluid flowing through the mixer hits
these elements so that the flow energy is converted into mechanical energy. However,
obtaining higher turbulence is associated with higher pressure drops [4]. Static mixers
are exceptionally good in mixing laminar flows because of their ability to divide and
redistribute streamlines by using only energy of flow [5]. This is especially important in
viscous fluids flow. In such cases, velocity is relatively low—such that it is classified as a
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laminar regime. Static mixers, due to their great variety, are used in many industries, from
the food industry [6], through petrochemistry [7], to wastewater treatment [8].

Barium sulfate takes the form of soft, rhombic, white crystals. However, the color
of the barite mineral may vary, depending on the impurities [9]. Barium sulfate is used
in many different fields of science, industry, and others. The most common ones are the
application as a contrast medium for videography [10–13] and as a pigment in white
paint [14,15]. Nevertheless, the less known applications of such crystalline solids are as
a catalyst reservoir in Stille cross-coupling reaction [16], as a weighting agent for muds
drilling to prevent blowout during drilling of oil and gas [17], as a waste-sorbing material
in dye wastewater treatment [18], as a polymer additive [19,20], as a pyrotechnic time delay
composition [21] and as a composition of thermal control coatings for spacecraft [22,23].
Additionally, barium sulfate has also found its application in catalytic processes of kinetic
resolution as catalyst support [16,24–26].

Barium sulfate was investigated by many authors from various perspectives. Usually,
the main focus is placed on finding a way to neutralize harmful BaCl2 by the production
of BaSO4. Piotrowski et al. [27] made an attempt to investigate reaction kinetics of such a
reaction, where BaCl2 is a toxic byproduct in steel hardening technology. The impact of the
presence of sodium chloride on crystallization was considered. The focus was placed on
the application of artificial neural networks to model the process—with success. Berenjian
et al. [28] investigated the impact of various parameters on the particle size of barium
sulfate, such as feeding rates, temperature, initial reagent concentrations, and presence of
the additive. Fischer et al. [29] also tested the influence of pH and impurities present in the
particle size of barium sulfate. Wojtas et al. [30] researched the hydrodynamic conditions of
barium sulfate precipitation in a jet reactor, considering various reactor geometry (symmet-
ric and vortex T-mixer), using Large Eddy Simulation. Ronquim et al. [31] analyzed the
rate of seeded precipitation process, where the seeding agent was barium sulfate crystals.
Kieffer et al. [32] investigated the influence of process parameters on barium sulfate particle
precipitation in a hollow fiber membrane device. The concentration of reagents mainly
affected the CSD, however, the effect of flow rates was less pronounced.

There is no information on experimental measurements of barium sulfate precipita-
tion in a static mixer of Kenics geometry. As the parameter that allows one to compare
precipitation kinetics in reactors of various geometry induction time was selected. It was
investigated in the past but is a bit underestimated, as it can serve as a reference value for
the comparison of precipitation kinetics in various types of reactors [33–35]. Symeopoulos
et al. [33] tested spontaneous precipitation of barium sulfate. The reaction was performed
in a double-walled reactor with the cylindrical-shaped reactor; however, the supersatu-
ration was created by means of thermostated Y-shaped glass tube. Authors measured
induction time, using UV-Vis spectrometry and proved that it is strongly dependent on
supersaturations, i.e., concentrations of stock solutions in precipitation process. For con-
centration of 1× 10−4 mol/dm3 achieved induction time was 75 min. Cafiero et al. [34]
tested precipitation of barium sulfate in spinning disc reactor achieving induction time
approximately equal to 2.5× 10−3 s for the concentration of 1× 10−5 mol/dm3. McCarthy
et al. [35] tested precipitation of barium sulfate in a narrow channel flow reactor. Obtained
induction time varied from 1 to 32× 10−3 s.

Concluding, experimental investigation of barium sulfate precipitation in Kenics static
mixer used as a multifunctional reactor was never reported up till now. However, there was
several research done on the crystallization of barium sulfate in plug flow reactors [36–40].
Nevertheless, the use of static mixers in reactive crystallization would be of large benefit
from the process point of view. In comparison to standard tank reactors, a static mixer is
more compact, provides good heat and mass transfer, is easily scalable, and the residence
time is relatively short. For the above reasons, the attempt to describe the precipitation of
barium sulfate in the reactor of the described geometry was made.
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2. Mathematical Model of the Process
2.1. Kinetic Parameters

Efficiency (η) is defined as the ratio of the driving force consumed in the process to
the driving force of the phenomenon at the inlet:

η =
σinlet − σoutlet

σinlet
× 100% (1)

where: σinlet/outlet—relative supersaturation inlet and outlet, respectively (−).
In order to determine the kinetic parameters, the population balance needs to be

considered. There are a few possibilities to model a Kenics static mixer as a reactor. One
is to use a PFR (Plug Flow Reactor) [41,42]. The reactor used in this research may also be
modeled as MSMPR (mixed suspension, mixed product removal) crystallizer under a few
assumptions. Such a reactor is characterized primarily by [43]:

• Perfect mixing of the suspension,
• Zero crystal seeds size,
• No aggregation and breakage of crystals,
• McCabe law fulfilled,
• No growth dispersion.

Population balances calculation results can be represented by the two functions q3 and
Q3 [43]:

q3 =
mi

m∆Li
, (2)

Q3 =
∑ mi

m
× 100% (3)

where: mi—mass of i-th class particles (kg), m—total mass of sample (kg), ∆Li—particle
class size width (m).

The number density function (n(Li)), is calculated as follows:

n(Li) =
mimT

kvρsL3
i ∆Li ∑ mi

, (4)

where: mT—magma density
(
kg/m3), kv—volume shape coefficient, (—), Li—average size

of i-th particle class (m), ρs—density of crystals (kg/m3).
For MSMPR, the population balance can be simplified to Equation (5):

n(Li) = n0 × e(−
Li

G·τ ), (5)

where: n0—value of number density function for crystals nuclei
(
1/m×m3).

The kinetic parameters that are determined on the basis of CSD are linear crystal
growth rate G and nucleation intensity B. As overall linear growth rate is concerned, it can
be defined as mass deposited per unit area of crystal surface and per unit time. As such,
the expression for G will take the form [1]:

G =
dL
dt

(6)

Nucleation intensity and linear crystal growth rate can be related to each other as they
can be also written in terms of supersaturation. This relation is [1]:

B = n0 × G (7)

Barium sulfate precipitation reaction can be described as follows:

Ba2+ + SO2−
4 → BaSO4 . (8)
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The driving force of the process determined by the relative supersaturation may be
defined as [1,43]:

σ = S− 1, (9)

where: σ—relative supersaturation (−), S—supersaturation (—).
It is calculated on the basis of ionic activity and solubility [44]:

σ =

(
IP
Ksp

) 1
v
− 1, (10)

where: IP—ionic activity in solution
[(

mol
dm3

)3
]

, Ksp—solubility product constant of BaSO4

equal to 1.1× 10−10 [45], v—the number of ions in the salt particle.

IP = [CBa2+ × γBa2+ ]
[
CSO2−

4
× γSO2−

4

]
, (11)

where: γ—ion activity coefficients [−]

lgγ = −
0.509·z2

i

√
I

1 +
√

I
, (12)

where: zi—ion charge [−], I—ionic strength [mol/dm3]

I =
1
2 ∑ ciz2

i (13)

2.2. Hydrodynamic Conditions

With respect to hydraulic conditions, it is important to determine the dominant mixing
mechanism in relation to crystallization. The first task is to determine the residence time
(τ), which in the continuous reactors is defined in accordance with the idea of plug flow
and defined as [1,43]:

τ =
V

Vf eed
, (14)

where: V—volume of reactor
(
m3), Vf eed—volumetric flow rate of feed (m3/s).

Induction time (tind) can be approximated by the following formula [1,43]:

tind =
80× L2

M
DABln(S)

(15)

where: L2
M—characteristic size of the molecule equal to: 90.6× 10−20 m2, DAB—kinematic

diffusion coefficient equal to: 2× 10−9 (m2/s).
Macromixing is responsible for homogenization of the mixture and reduction of the

formation of zones with much larger supersaturation than the specified one. Therefore, the
micromixing time should be significantly less than the residence time. This guarantees a
good and quick mixing of the dosed substrates, which reduces the intensity of primary
nucleation. In addition, macromixing has a significant impact on the difference in the
residence time of individual particles in the reactor. However, micromixing has a significant
impact on the kinetics of nucleation and crystal growth. This happens when the induction
time is greater than the micromixing time. In the opposite case, the effect of micromixing is
negligible on the crystal size distribution.

Macromixing time (tmac) is defined as [43]:

tmac = 7.3 3

√
d2

εav
. (16)
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And the micromixing time (tmic) can be calculated using the formula [43]:

tmic = 50
√

η

ρεav
ln(Sc), (17)

where: d—diameter of reactor (m), Sc—Schmidt number (—), εav—average unit power
input

(
W
kg

)
.

εav =
∆p·Vslurry

mslurry
, (18)

where: mslurry—mass of slurry in the reactor (kg).
One of the most important aspects of crystallization processes is crystal growth. Ac-

cording to Mersmann et al. [46] one may distinguish three phenomena that may control
crystal growth, i.e., heat transfer, bulk diffusion, and/or surface integration. Heat transfer is
a limiting step considering crystallization from melt, due to the fact that the bulk diffusion
and surface integration are relatively rapid. However, considering precipitation, i.e., crys-
tallization from solution, the crystal growth rate is limited by bulk diffusion. These limiting
phenomena strongly depend on supersaturation values. Bulk diffusion controlling crystal
growth is taken into account at high supersaturations, however at lower supersaturations it
is determined by surface integration. Nevertheless, it is rather difficult to objectively decide
what values of supersaturation are high and low. In order to prove which mechanism limits
the crystal growth following Equations where introduced.

The bulk diffusion limits the crystal growth, when:

σ > 0.01×
√

ρ

M· 3
√

Ksp
. (19)

The surface integration limits the crystal growth, when:

σ < 2× 10−4 ×
√

ρ

M× 3
√

Ksp
. (20)

3. Materials and Methods
3.1. Stock Solutions

Barium chloride and sodium sulfate solutions of 0.008 mol/dm3 were prepared by
dissolving barium chloride dihydrate (VWR Int., Radnor, PA, USA) and anhydrous sodium
sulfate (VWR Int., Radnor, PA, USA), respectively, in 30 L of demineralized water obtained
by reverse osmosis. The solutions were prepared directly before experiments and mixed
for at least 1 h.

3.2. Crystallization with Chemical Reaction

The scheme of the laboratory setup is shown in Figure 1. The stock solutions were
stored in tanks 1 and 2. They were transferred to the reactor using two peristaltic pumps
(Lead Fluid BT 301L) in a 1:1 ratio in such a way, that the summation of their flow rates
resulted in the corresponding Reynolds number. The reaction took place in a multifunc-
tional reactor—Kenics static mixer at temperature of 298 K, according to the following
reaction scheme:

BaCl2 + Na2SO4 → BaSO4 + NaCl . (21)
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Figure 1. Laboratory installation: 1—tank with barium chloride solution; 2—tank with sodium
sulfate solution; 3—peristaltic pump; 4—check valve; 5—multifunctional reactor (static mixer Kenics);
6—valve.

The basic parameters of the static mixer are presented in Table 1. The investigated
range of Re was between 500 and 5000 which corresponds to the flow rate of each solution
between 143 (mL/min) and 1428 (mL/min). In the range of 500 to 1000 step of change
was set to 100, and above this value, the step was set to 250. The Reynolds number was
calculated using the following Equation:

Re =
4×

.
V × ρ

π × d× η
(22)

where:
.

V—volumetric flow rate (m3/s), ρ—density of water
(

kg
m3

)
, d—diameter of reactor

(m), η—dynamic viscosity coefficient of water (Pas).

Table 1. Parameters of multifunctional reactor—static mixer Kenics.

Parameter Symbol Value

Number of mixing elements − 6
Inner diameter d 0.0136 m
Device length L 0.0165 m

Device volume V 14.5 mL
Material − PVC

In a multifunctional reactor, hydraulic conditions are represented by the Reynolds
number. In this case, many authors [5,47] determined the limiting value of Re that separates
laminar and turbulent flow as 1000. As investigated, Re range is from 500 to 5000, both
laminar and turbulent regime are investigated.

When the process achieved a steady state, a 250 mL sample was taken in order to
perform mass balance analysis. Then, 7 L of slurry were collected in order to perform
analytical analysis as well as CSD measurements and microscopic photographs. The first
(small volume) sample was filtered under vacuum on a sintered funnel. Then the funnel
with solid product was dried for 24 h at 55 ◦C. The second sample (large volume) was
also filtered under vacuum on a sintered funnel. Additionally, around 1000 mL of filtrate
(post-reaction solution) was collected for further physicochemical analysis. After completed
filtration, solid product was transferred into a crystallizing dish and dried for 24 h at 55 ◦C.

3.3. Physico-Chemical Properties of Stock and Post-Reaction Solutions

Concentration of stock solutions and post-reaction solutions was measured by indirect
conductometric titration. A digital conductivity meter Elmetron CPC- 551 (Elmetron,
Gliwice, Poland) and a conductivity cell EPS- 2ZE euroSENSOR (Elmetron, Gliwice, Poland)
was applied for conductivity measurements. Barium and sulfate ion concentrations were
determined by titration with sodium sulfate and barium chloride, respectively. Titrants’
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concentration were 0.048 mol/dm3. The samples analyzed were 50 mL in volume and the
titration step was 1 mL for stock solutions, whereas for post-reaction solutions the step was
equaled to 0.1 mL. Because of very low concentrations used, the post-reaction solutions
were also checked with a step of 0.01 mL and 0.001 mL. Density of stock and post-reaction
solutions was measured with Anton Paar DMA 4500M (Anton Paar, Warsaw, Poland), pH
with Elmetron CPC-551 with ELMETRON EPS-1 (Elmetron, Gliwice, Poland) electrode and
dynamic viscosity coefficient with Cambridge Applied Systems VL-400.

3.4. Solid Product Analysis

Crystals were analyzed using Olympus CH30 microscope (Olympus Int., Shenzhen,
China) and Analysette 22 (Fritsch GmbH, Idar-Oberstein, Germany) laser sizer for particle
size analysis.

All experiments were repeated at least three times. Each time fresh solutions were
prepared.

4. Results and Discussion
4.1. Relative Supersaturation Determination

The relative supersaturation was calculated using Equations (7)–(11). Results are
presented in Table 2.

Table 2. Relative supersaturation calculation results.

Parameter Symbol Unit Value

Ionic activity in solution IP
(

mol
dm3

)3
4.68 × 10−6

Activity coefficient of Ba2+ γBa2+ − 0.53
Activity coefficient of SO4

2− γSO2−
4

− 0.53

Ionic strength I
(

mol
dm3

)
0.0245

Relative supersaturation σ − 205

The calculated ionic strength indicate that the solution is diluted and the standard
Debye-Hückel limiting law applies (Equation (10)). The relative supersaturation value
was calculated to be equal to 205. According to the literature [44,48], sparingly soluble
substances are characterized by high supersaturation value. This implicates crystallization
with chemical reaction.

4.2. Efficiency and Conversion Degree

All initial solutions were carefully prepared since very low concentrations of reagents
were used. According to the analysis performed after reaction, in all cases both efficiency
and conversion were at a very high level: above 90%. The higher the value of Re is, the
closer to 100% both the conversion and efficiency are. In the turbulent region they achieve
the value of 100%. There are two reasons for such results. First, the turbulence is very high
and together with mixing inserts gives almost perfect mixing of the substrates (despite
very small reactor sizes). Second, the concentration of initial solutions is very low, which in
combination with very good mixing gives the complete consumption of substrates. In the
laminar region both the efficiency and conversion are lower than in turbulent region, but
still very high (91% for efficiency and 94% for conversion) and increases with increasing Re.
The results are consistent with those obtained from other authors [37] and are presented in
Table 3.
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Table 3. Efficiency and conversion degree.

Re Efficiency (%) Conversion Degree (%)

500 91 94
600 91.8 94.4
700 92.4 95
800 93.1 95.6
900 93.9 96

1000 94.8 96.4
1250 95.2 97
1500 95.5 97
1750 96 97.6
2000 96.8 98
2250 97.8 98.5
2500 99 99.4
2750 100 100
3000 100 100
3250 100 100
3500 100 100
3750 100 100
4000 100 100
4250 100 100
4500 100 100

4.3. Influence of Hydrodynamic Conditions on Kinetics

In a multifunctional reactor, hydraulic conditions are represented by the Reynolds
number. In this case, many authors [5,47] determined the limiting value of Re that separates
laminar and turbulent flow as 1000. As investigated, Re range is from 500 to 5000, both
laminar and turbulent regimes are investigated. Hydrodynamic conditions influence a
variety of parameters important from the point of view of reaction kinetics.

The first important set of parameters depending on hydrodynamic conditions is
micromixing, macromixing, and residence time presented in Figure 2. Residence time
depends directly on the velocity of flow, which is confirmed by our results. The higher
the Re is, the larger the flow velocity is and, in consequence, the shorter the residence
time is. Residence time values varies from 2.75 s for Re = 500 to 0.29 s for Re = 5000. To
assure good homogenization the macromixing time should be significantly lower than
residence time. As one can notice from Figure 2, this is the case of our results. Values of
macromixing time calculated using Equation (14) varies from 1.08 s for Re = 500 to 0.12 s
for Re = 5000. The highest difference is for the lowest investigated Re, which was expected.
On the other hand, the relation of micromixing time to induction time is a measure of the
influence of micromixing on the nucleation phenomenon. If the tmic is larger than tind, then
the micromixing affects primary nucleation to a large extent. In the opposite situation, one
can assume the stable influence of micromixing on nucleation. In such cases the appearing
changes in nucleation rate have different reasons. In our investigations micromixing time
calculated according to Equation (15) varies from 0.16 s for Re = 500 to 0.006 s for Re = 5000.
Induction time calculated with the use of Equation (13) is equal to 6.8 × 10−9 s, which is
a much smaller value than the smallest one for micromixing time. The phenomenon of
micromixing is thus irrelevant as the factor influencing primary nucleation rate.

In Figure 3 diameters d4,3 and d50 as a function of Reynolds number are presented. It
can be noticed that in the laminar region of investigated velocities (Re = 500 ÷ 900) there
is no visible trend in the described values. However, the values obtained appear to be a
random oscillating around the value of 5.68 µm for d4,3 and 5.02 µm for d50. For the range
of Re = 1000 ÷ 3000—i.e., the first part of turbulent flow regime—one can notice that the
values for both mean diameters follow the trend of increasing their values with increasing
the Reynolds number. This can be explained by better mixing and mass transfer present
for such hydrodynamic conditions. Moreover, as further analysis of B and G suggests, the
overall number of nuclei remains at the same level at each investigated Re but the linear



Processes 2022, 10, 146 9 of 15

growth rate increases, and thus the mean diameter also increases. The interesting situation
can be observed for very high flow velocities (Re = 3000 ÷ 5000), where the decrease
in values of both d4,3 and d50 occurs. A similar change in behavior can be observed for
nucleation intensity and linear growth rate, which are also discussed.
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The influence of hydrodynamic conditions on nucleation intensity is presented in
Figure 4. For the lowest Reynolds numbers value of B is equal to 4.53 × 1010 (1/m3s) and
there is no visible trend throughout the laminar range of flow (up to Re ∼= 1000). As the
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turbulent region begins (Re > 1000) the intensity of nucleation decreases with increasing
flow rate, but the change is not very distinctive: from 5.29 × 1010 (1/m3s) to 3.82 × 1010

(1/m3s). Above Re = 3000 a rapid change in B value can be noticed. This change is
also visible in the chart of mean diameters as a function of Re, presented in Figure 3. In
this section of the diagram, the value of B is much higher than in the laminar and first
part of investigated turbulent range. Simultaneously the scatter of results is visibly huge.
Nevertheless, it stabilizes at the mean value of 1 × 1011 (1/m3s). The observed behavior
suggests that there is some specific value of Re above which B takes larger values. They are
large enough to assure that at investigated supersaturation all substrates reacted to give
nuclei and the growth phenomenon was small enough to be neglected.
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The dependence of linear growth rate on fluid dynamic conditions is presented in
Figure 5. In the laminar range, the values of G increased proportionally to the Reynolds
number value. As the turbulent range began, the increase in G value continued up to the
value of 5.72 × 10−6 (m/s) at Re = 3000. Then, the G took a lower value (4 × 10−6) (m/s)
of stabilization. This is consistent with the observation of B and mean diameters. As the
linear growth rate increases, the nucleation intensity decreases, and crystals are growing.

In Figures 3–5 considering mean diameters, nucleation intensity and linear growth rate
at Re = 3000, an abrupt change in behavior with increasing Reynolds number is observed.
As there are no data on crystallization with reaction of barium sulfate in a reactor of Kenics
geometry with such extensive number of calculations points, the conclusion can be made
that at Re = 3000 there is a change in a flow pattern. This will influence the kinetics of
crystallization and manifests itself in a way that can be noticed in Figures 3–5. It can
be assumed that there is a specific Re value for which the flow pattern will change. In
general, it will still belong to the turbulent regime, but the geometry of inserts will influence
flow pattern as it can be observed with flow patterns of various types of stirrers in tank
reactors [49]. To confirm this hypothesis further investigations with various types of inserts
will be conducted.

In Figure 6, the dependence of percentage of subgrain distribution (Q3) for chosen
Re is presented. Presented curves are averaged for measurements at given value of Re.
From this plot one can notice that the crystal size increases with Reynolds number up to
the value of 2750 and then decreases. This confirms previously drawn conclusion that
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above this value the shear stresses in fluid are high enough to promote the destruction of
crystals which in turns led to the secondary nucleation. In the laminar region (Re = 800
and Re = 1000 in Figure 6) the increase in subgrain distribution is small, despite the fact
that mean diameter (Figure 3) varies by 3 µm. This points that in the laminar region the
influence of hydrodynamic conditions is weak and despite the geometry of the reactor
(mixing inserts) the mass transfer remains at almost the same level. However, in turbulent
region the mass transfer is visibly enhanced up to the critical value where fluid dynamics
starts to destroy the crystals.
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The results from the crystal size distribution analysis and the MSMPR mathematical
model calculations lead to a consistent description of the phenomena. Above the critical
value of Reynolds number, the shear stresses generated within the reactor resulted in
breakage of soft barium sulfate crystals. Since the linear growth rate remained at a constant
level and the conversion reached 100% the secondary nucleation led to creation of small
crystals. Moreover, the change of flow pattern can be assumed as the geometry of the
reactor influences the changes in various presented parameters in the turbulent regime.

4.4. Microscope Analysis

In addition to the presented analysis and calculation, the microscopic images made
using an optical microscope were also analyzed. From Figure 7, in which microscopic
photographs taken at various Reynolds numbers are presented, one can notice a similar
tendency to the observed in the case of previous data. Namely, the crystals are larger with
increasing Re up to the critical value from which they start to decrease in size.
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5. Conclusions

In this paper, the influence of hydrodynamic conditions on the precipitation of barium
sulfate in a multifunctional reactor is presented. The conversion and efficiency are very
high in the whole investigated a range of the Reynolds number: 92% and 94% respectively
for Re = 500. Those values increase with increasing Re up to the point of Re = 2750, where
both conversion and efficiency achieve the value of 100%. This suggests very good mixing
conditions throughout the whole investigated the range of Re.

Good mixing conditions are also confirmed by the calculation of macromixing time.
Its value is significantly lower than residence time, which is the condition to state a good
homogenization. The geometrical configuration favors good mixing conditions.

The influence of fluid dynamic conditions on d4,3, d50, B, and G was investigated. In all
those cases in the laminar region, no visible tendency was found. This suggests that there
is no point in conducting the process within this region because there is no possibility of
controlling the process. In the case of turbulent regimes, however, the interesting behavior
of all the above mentioned parameters was observed. Namely, the existence of a specific,



Processes 2022, 10, 146 13 of 15

critical value of Re was noticed, above which, as we suppose, a rapid change of flow pattern
takes place. This is caused by a geometrical configuration of the reactor’s inserts. In order
to confirm this hypothesis, further analysis of the influence of the reactor’s geometry will
be performed.
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