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In this work, we assess the optimal temperature distribution inside a new

automated, stand-alone, matrix-in-batch patented reactor, named

OnePot©. This novel reactor is equipped with seven rotating hot

rotating cylinders—here referred to as spots—which make it possible

a precise tuning of fluid temperature. To conduct this investigation, we

consider two radial layout of spots, here indicated as uniform

configuration and alternate one, respectively. The former

characterised by a single uniform equilateral triangular pitch, whereas

the latter by two different equilateral triangular pitches alternated to

form a double-triangle star. We consider two different fluids, water and

argon, as representative of the behaviour of liquids and gases,

respectively. Furthermore, the effect of viscosity is also taken into

account by forcefully increasing that of water by 100 and

1,000 times. The optimization of the temperature distribution is

performed obtaining velocity and temperature fields using a

computational fluid dynamic (CFD) approach. As a sort of objective

function to maximise, we defined a thermal mixing efficiency to

provide a quantitative measure of the temperature distribution

uniformity. As a remarkable result, we find an optimal value of pitch

approximately equal to 36% of the vessel diameter for both liquid water

and argon gas. As for the alternate configuration, we found that it

provides a better temperature distribution than the uniform one,

especially at high viscosity values. This is because the inner spots are

able to prevent the formation of large colder “islands” around the centre.

Furthermore, we estimate the overall heat transfer coefficient between

thermal spots and fluid bulk, whose values are perfectly in line with the

literature ones. The modularity of our novel fully-electric reactor allows

for applications in a number of industrial contexts, especially

pharmaceutical ones.
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1 Introduction

The efficiency of transport phenomena related to heat and

mass transfer between chemicals are crucial for a successful

design of a chemical process, both at laboratory and industrial

scale. Batch reactors are the most used reactor type for industrial

production of chemical commodities, fine chemicals and

pharmaceuticals, whose sectors are essentially differentiated by

their production volumes.

Batch reactors consist in closed vessels, often pressurized,

equipped with integrated heating/cooling systems and agitators.

Heat transfer efficiency, safety and homogeneity inside huge

volumes of chemicals, mixed in a batch reactor, is a challenge for

the modern chemical industry, especially from the sustainability

point of view.

Traditionally, heat transfer in chemical reactors is usually

achieved by heat exchange with a medium (i.e., a vapour steam)

heated by burning fossil fuels. The heat transfer could be

practically realized by either jacket vessels or external heater

exchangers.

Alternatively, resistive coils could be used to heat the vessel

from inside (Silla, 2003). All these approaches suffer from both

fundamental and ecological issues: firstly, heating a huge volume

by a superficial approach involves convective heating

mechanisms to reach the homogeneity, with low energy

efficiency, long reaction time and low quality of the final

products.

Besides, the use of fossil fuels as energy sources is no longer

acceptable for production industries because of the urgent need

of mitigating CO2 emissions. The progressive electrification of

productive sectors, in terms of both generating electricity from

renewable sources and use only electricity as source of process

heating, is proposed as the most reliable alternative to reach the

sustainability goal (Bran et al., 2010).

Nowadays, several different power-to-heat technologies,

where heating is essentially due to a Joule effect by the object

where the electricity pass through, are available, at least on

laboratory scale, with some of them being scaled-up to

industrial level. Such technologies can be differentiated in

direct or indirect, depending on if the heat is generated

directly in the reaction bulk, or indirectly on a conductive

object in contact with the reaction vessel.

While indirect heating still not solve the problem of

convective inefficiency, direct technologies could provide

interesting solutions for effective heating transfer and

homogeneity (Kim et al., 2022; Son et al., 2022). Figure 1

offers a representation of direct power-to-heat technologies,

which were verified at least at laboratory scale. Inductive,

Ohmic and Microwaves heating are schematically presented

by pointing out the unicity points of each technology

compared to conventional heating (Figure 1A).

Besides them, two other alternative heating sources to realize

direct heating for chemical transformation are reported, namely

sonochemical and photochemical heating systems. Each of them

FIGURE 1
Schematic representation of Matrix-in-Batch heatingtechnology compared to other direct-heating methods.
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successfully approached the challenge of sustainability energy

production and transferring.

Nevertheless, they all have fundamental and/or technical

limitations in terms of either scalability or versatility. The

Inductive Heating (Figure 1B) exploits magnetic fields

generated in the range of radiofrequency to heat magnetic

particles inside the vessels: the particles act as heat-transfer,

practically not eliminating the heat transfer problems to the

surroundings (Houlding and Rebrov, 2012).

The Ohmic Heating (Figure 1C) consists in the application of

a voltage to electrodes directly immersed into the reaction bulk;

the heating is due to the friction generated by ion movement: in

this case good homogeneity and penetration are reached but the

nature of electrodes must be carefully customized depending on

the applications (Silva et al., 2017; Turgut et al., 2022).

TheMicrowave Heating (Figure 1D) is based on the exposure

of the reaction bulk to microwaves, thus generating heat by both

dipolar polarization mechanism and ionic ionization

mechanism; the speed of heating is the principal advantage of

the technology, limited by the low penetration depth in huge

volumes (Siddique et al., 2022). Moreover, both Ohmic and

Microwaves Heating are limited by the dielectric nature of the

medium.

The Sonochemical Heating (Figure 1E) is based on the

generation of an acoustic wave inside the bulk, going up to

dilatation and rarefaction cycles, originating collapsing bubbles

acting as hot spots inside the medium. Such a technology, as well

as the Microwaves Heating, has the problem of heating

inhomogeneity.

Finally, Photochemical Heating (Figure 1F) exploits the most

sustainable source of energy, solar energy, to heat photochemical

absorbers, often acting as reaction catalysts, to activate the

process. The main limit of this technology is that essentially

only redox reactions can be photochemically activated, with an

evident limit of versatility (Mandal, 2019; Belwal et al., 2020).

Starting from this evidence and looking for a direct heating

technology able to solve at the time the need of efficiency,

versatility, and scalability, we patented a new technology,

named Matrix-in-Batch technology, schematically represented

in Figure 1G. The heating source of this technology is the oldest

direct power-to-heat technology, i.e. the resistance heating

(Balakotaiah and Ratnakar, 2022), but we proposed a

disruptive way to make the heating independent by the

reaction volume.

The concept is to discretize the reaction volume into smaller,

continuous volume cells, each of one being delimited by a matrix

of points. Each matrix point is heated separately by a heating

actuator and controlled by a retrofitting temperature sensor.

Such set of active and passive elements were organized in

cylinders named “spots”. The spots were anchored to the

reactor vessel cup, named “reaction head” and immersed into

the reaction bulk. The spots number can be tailored in function of

the specific reaction volume, thus assuring rapid scalability.

Moreover, the reactor head is able to rotate, thus generating

reaction mixing and, consequently, heating homogeneity. The

new batch reactor, integrating the matrix-in-batch technology, is

patented with the name of OnePot© (Francardi and Oliverio,

2021).

With the aim at studying the thermal performance of this

novel reactor, in this paper, we present an assessment of optimal

temperature distribution inside the reactor vessel by a 2-D

computational fluid dynamic (CFD) simulations, which is

performed to study the influence of the pitch on such a

matrix-heating system. The details of the methodology

followed in the present study are reported and described in

the following sections.

2 Description of the system

Figure 2 shows a 3D scheme of the system considered in the

present work, which is composed of seven vertical spots

physically connected to a rotating disk. The transversal

(radial) distribution of the spots is also a subject of

investigation of the present work and, thus, we have analysed

different configurations (see Section 4.1 for details). All the spots

rotate with an angular velocity of 250 rpm inside a fixed vessel,

which allows the fluid inside reactor to heat up/cool down

progressively with the possibility of a precise temperature

control. Moreover, such an angular velocity ensures that the

reactor work in laminar conditions—maximum Reynolds

number for water of 560 and for argon of 40 in all the

conditions considered –, which allows us to control better the

fluid dynamics of the system. We expect that the situation be

more complex when working in turbulent regime (see, for

FIGURE 2
Sketch of the novelMatrix-in-Batch rotating reactorOnePot©

considered in the present work. The actual system subject of
investigation is the fluid zone of the cross-section. The oriented
red arrow near the spots indicates the sense of rotation.
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example, Ma et al., 2015; Evrim et al., 2021; Zhao et al., 2022) and,

thus, a dedicated analysis, which is out of the scope of the present

study, is needed.

As the length of the spots is much large than the distance

between spots, for the purpose of this investigation, we analysed

the thermo-fluid dynamics of the 2D cross-section, excluding in

practice the boundary effects on the top and the bottom of the

vessel, whose 3D domain is not a subject of this study.

3 Mathematical modelling

This section reports the details of the mathematical

modelling related to momentum, heat and mass conservation

as well as to the transport equations along with the required

boundary conditions and computational settings.

3.1 Conservation and transport equations

The conservation equations for momentum are implemented

through the Navier-Stokes equations along with the continuity

equation (Eq. 1):

ρ
z u

zt
+ ρ(u ·∇) u � ∇ · [ − p I + μ(∇u+(∇ u)T) − 2

3
μ(∇ · u) I ]

zρ

zt
+ ∇ · (ρ u) � 0 (1)

In addition, we pair the energy balance (Eq. 2):

ρCp
zT

zt
+ ρCp(u ·∇T) � ∇ · [− q] + Q +Wp (2)

We need to specify that, in the conditions considered in this

investigation, the fluid dynamics is characterized by a laminar

flow and, thus, no turbulence model is used.

As for transport models, the momentum and energy transfer

for water and argon is described by Newton’s and Fourier’s law,

respectively.

3.2 Initial and boundary conditions

The initial conditions in the whole domain for momentum

consists in setting the velocity field to zero and pressure to the

atmosphere (1 atm). As for the energy, we set the temperature at

the surface of the spots Tspot equal to 90°C and the temperature in

the remaining domain to the external one Text = 25°C.

As for the boundary conditions for momentum, we set the

no-slip condition both at the surface of the vessel and at the

surface of the spots. However, the implementation of such a

conditions at the surface of the spots is different from that at the

vessel surface because the former rotate around the axis of the

central spot, whereas the latter remains fixed. In particular, the

following condition for the velocity field u is set at the walls of the

rotating domain (Eqs 3, 4), which basically states the same

velocity between fluid fillets adjacent to the rotating surface

and the rotating surface itself:

u � uwall � (zx
zt

)
Rotating

walls

(3)

(dα
dt
)

wall

� ωwall � −2πf (4)

The angular displacement represents an additional equation,

corresponding to an additional dependent variable to solve for.

As for the boundary conditions for energy, the temperature at

the surface of the spots Tspot is fixed at the value of 90°C, whereas

we set different heat flux values at the wall of the vessel depending

on whether such a wall is considered adiabatic or not. In the

former case, a null heat flux is set at the vessel wall (i.e., thermal

insulation, Eq. (5)):

− n ·(−k∇T) � 0 (5)

whereas, in the latter case (i.e., non-adiabatic conditions, Eq. 6), a

non-null heat flux across the vessel wall is calculated through the

product of an external free-convection heat transfer coefficient,

estimated to be equal to 7 W s−1 m−2, and the difference between

the external temperature Text (constant) and the wall

temperature Twall (changing with time), which is taken as the

characteristic energy flux driving force:

− n ·(−k∇T) � hT,ext[Text − Twall(t)] (6)

3.3 Assessment of thermal efficiency

In the present work, the primary results are given in terms of

2-D temperature profiles in the fluid zone of the vessel. However,

although very explicative on a visualization point of view, such

profiles alone do not allow a quantitative analysis of the thermal

distribution inside the system, which is the primary goal of the

present investigation.

Therefore, we define the here-called thermal mixing efficiency ηT
(Eq. 7), which is a parameter introduced here to measure

quantitatively the uniformity of temperature distribution in the fluid.

ηT ≡
�Tbulk − Text

Tspot − Text
(7)

In particular, we define ηT as the ratio of the difference

between average bulk temperature �Tbulk and external

(nominal room) temperature Text and the difference

between spot temperature Tspot and the external one. The

genesis of such a definition is based on the following

considerations.
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If �Tbulk tends to Text—which is the worst case with respect

to the uniformity of temperature distribution—ηT tends to

zero, this being the desired value actually corresponding to the

worst distribution. If, on the other hand, �Tbulk tends to

Tspot—which is the best case with respect to the uniformity

of temperature distribution—ηT tends to the unity, this being

the desired value actually corresponding to the best

distribution. These considerations are summarised

mathematically in Eq. 8.

{ ηT(�Tbulk → Text) → 0(WorstCase)
ηT(�Tbulk � Tspot) � 1(BestCase)

Z
0< ηT ≤ 1

(8)

3.4 Assessment of heat transfer coefficient

Regarding the definition of an overall heat transfer coefficient

hT, we choose to assess it by considering the area of the spot

surface Aspot as the characteristic heat exchange area and,

consequently, the total energy flux _Qspot (referred to both

convective and conductive heat exchange modes) exchanged

across the spot surface as the effective energy flux exchanged

between spots and fluid.

As for the required characteristic temperature difference, we

choose the difference between the spot temperature Tspot and the

bulk temperature averaged over the whole domain �Tbulk, which is

chosen to be the nominal bulk temperature similarly to what

done in previous works for different systems (Caravella et al.,

2012; Caravella et al., 2016). The resulting definition of hT is

eventually reported in Eq. 9.

hT ≡
Q
·
spot

Aspot(Tspot − �Tbulk) (9)

FIGURE 3
Example of computational mesh for (A) the uniform configurationand (B) the alternate configuration for different pitch values.

TABLE 1 Geometrical and physical parameters of the system.

Geometrical parameters Value

Lspot, mm 310

ODspot, mm 23

IDvess, mm 160

pitch1, mm [30–60]

pitch2, mm [30, 40, 57.5]

Physical parameters Value

Fluids [Water, argon]

Tspot, °C 90

Text, °C 25

Rotation speed, rpm 250

Time range, s [0–5]
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4 Simulation settings

This section provides information on the computational

settings required to carry out the simulation campaign in

terms of construction of the computational mesh (Section 4.1)

and solver settings (Section 4.2).

4.1 Computational mesh

As aforementioned, we have investigated different

configurations relative to the radial distribution of pitch. In

particular, we studied two configurations: 1) a first one, which

has a uniform equilateral triangular pitch (Figure 3A)—here

FIGURE 4
Experimental measurements of the time profile of the spot temperature.Temperature is measured at different positions over the spot surface,
namely top and bottom.

FIGURE 5
Temperature profiles at (A) 1s and (B) 5 s for different pitch values in adiabatic conditions in uniform configuration. Fluid: water, Tspot = 90°C,
Text = 25°C.
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simply referred to as uniform configuration–and 2) the second

one, characterised by three outer spots having a uniform

equilateral triangular pitch with the central spot (namely

pitch1) alternated with other three inner spots having a

uniform equilateral triangular pitch (namely pitch2) with the

central one (Figure 3B)—here simply referred to as alternate

configuration.

The study of the latter configuration has chronologically

followed that of the former one, as the reason for its investigation

has arisen from the analysis of some inefficiencies observed in the

temperature distribution of the uniform configuration (see

Section 5.2.1). In particular, we anticipate that, after finding

the optimal pitch value for the uniform distribution (around

57.5 mm), in the alternate one we set the pitch1 value equal to the

optimal value, considering two values of pitch2 (30 and 40 mm).

The construction of the computational mesh for the various

geometry is made in the built-in tool available in COMSOL

MULTIPHYSICS®. The calibration of the elements size is tuned

to balance the elements quality with the computational duty,

which cannot be too high. The tuned meshing parameters are the

following: 1) maximum element size, 2) minimum element size,

3) maximum element growth rate, 4) curvature factor and 5)

resolution of narrow regions. In fact, it is suggestable to build a

narrower mesh near the walls (highest gradients) and a coarser

one in the fluid bulk to minimize the computational duty.

Figure 3 shows examples of computational meshes built for

three different pitch values. Table 1 reports the geometrical

and physical parameters considered for the CFD simulation of

the system along with the time range of investigation.

4.2 Solver settings

As for the settings of the numerical solver, backward

differentiation formulas (BDFs) with order of accuracy

varying from one to five are used for simulation (but mainly

the fully Euler backward scheme). To accelerate the convergence

during the nonlinear iterations, the option “Anderson

acceleration” is activated to control the number of iteration

increments.

The solution process is split into sub-steps by using

segregated solvers, whose strategy consists in solving iteratively

each physics (angular displacement, momentum balance and

energy balance, in this specific case) taking the profile of the

physics not solved for from the previous iteration. The end-user

can choose the order of the segregated solvers according to the

complexity of the system. In this work, we choose the following

order: 1) angular displacement, 2) momentum balance

(i.e., velocity field and pressure) and 3) energy balance

(i.e., temperature field).

End-users can also choose the linear solver required to solve

the linear system associated to each segregated solver, which can

be divided into two categories: direct solvers and iterative solvers.

The former are faster but require a greater computational duty,

whereas the latter are slower but need less amount of allocated

memory.

In this specific case, we choose the direct solver PARDISO

(PARallel sparse DIrect SOlver) to solve the angular displacement

(segregated step 1) and temperature field (the segregated step 3),

and the iterative solver GMRES (Generalized Minimum

RESidual) for the velocity field (segregated step 2).

To further minimise the computational duty, a Geometric

Multigrid Solver (GMS) is used, based on hierarchical multigrid

levels, where each level corresponds to a mesh and to a particular

choice of the shape functions. The number of degrees of freedom

decreases at a coarser multigrid level.

The idea is to perform just a fraction of the computations on

the fine mesh, performing computations on the coarser meshes

when possible and leading in this way to a fewer number of

operations.

FIGURE 6
Thermal mixing efficiency ηT (A) as a function of time for
different values of pitch and (B) as a function of pitch at 1 and 5 s in
adiabatic conditions in uniform configuration. Fluid: water, Tspot =
90°C, Text = 25°C.
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5 Results and discussion

This section reports and discusses the results relative to the

heating process conducted in the novel reactor for two fluids:

water and argon, which are respectively taken as representatives

of liquid and gas behaviour. In all simulations, the temperature of

the spots and the initial temperature of the fluid are set to 90°C

and 25°C, respectively, for both fluids. The former value is chosen

to prevent water boiling, whereas the latter represents the typical

value of room temperature. Simulations are all carried out in a

time range of 0–5 s.

5.1 Validation of the spot surface
temperature

Figure 4 shows the experimental monitoring of the time

profile of the spot temperature (Text) measured at two different

positions–namely top and bottom–over the external surface. The

trends after 20 s are steady and, thus, are not shown. Specifically,

a temperature value of 70°C is set as input to the controller,

adjusting the temperature at the inner centre of the spot (Tint),
which is higher than the surface temperature of 21–27°C due to

the materials thermal resistance. A power of 7 W is supplied to

both top and bottom power cells. The slight difference between

the temperature values of top and bottom (around 3%) is due to a

certain interference between inner heating cells of the matrix. As

we can see from the plot, the surface temperature of the spot can

be kept near the target value within the considered time range,

this allowing us to consider a constant value at the spot surface

for simulation.

5.2 Case study 1: Liquid water

This section reports the results relative to the water at

different pitch configurations (uniform and alternate,

respectively), pitch and viscosity values.

5.2.1 Uniform configuration
Figure 5 shows the temperature profiles for liquid water in

uniform configuration at two different time values (1 and 5 s) and

three different values of equilateral pitch (30, 45 and 60 mm)

obtained in adiabatic conditions (more simulation videos are

available in the Supplemental Material). Considering the time of

1 s, we can observe that, for the lowest pitch considered, the

FIGURE 7
(A) Temperature and (B) velocity profiles at 5 s for different pitch values in adiabatic conditions in uniform configuration. Fluid: water, Tspot =
90°C, Text = 25°C.
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heating process is mainly concentrated in the centre of reactor,

whereas, as expected, an increase of pitch moves progressively the

heating zone towards the external wall. In particular, by looking

at the 45 mm-pitch case, it is found that there are two cold zones:

the first one between the spot in the centre and the surrounding

ones, and the second one between the surrounding spots and the

external wall.

For the other two cases, 30 mm and 60 mm, a single cold

zone is found respectively towards the external wall and near the

centre. This indicates that the heating process mainly occurs by

convection along the trajectory of the spots and by conduction

along the radial direction.

Furthermore, a higher pitch value seems to decrease the

maximum temperature reached in the fluid but to increase the

uniformity of temperature distribution along the spots trajectory.

This is due to the higher distance between the spot surfaces,

which makes the fluid heating less efficient.

Another interesting aspect to notice is the relatively

symmetric characteristic of profiles at this time value, which

does not seem much affected by the centrifugal force field

induced by rotation. However, the situation is slightly

different if looking at the profiles at 5 s, especially those for a

pitch of 30 mm. In fact, it can be observed a clear sling effect of

the centrifugal field in spreading the warm zone towards the

external wall in form of spiral trail.

The same effect is also present in the temperature profiles

related to the other two pitch values. However, for a pitch of

45 mm, it is mitigated by the proximity with the wall and with the

central spot, whereas, for a pitch of 60 mm, the centrifugal force

distorts the central cold zone breaking the profile symmetry.

In order to check the influence of the adiabatic condition, we

also simulated the same systems depicted in Figure 5 in non-

adiabatic conditions by using a typical value of the external heat

transfer coefficient ht,ext for free convection (7 Wm−2 K−1). The

results of simulations show that the temperature profiles are

approximately the same as those calculated in adiabatic

conditions, this stating that this aspect does not influence the

previous analysis.

As stated in the previous section, to assess the thermal

efficiency in a quantitative way, we introduce the here-called

Thermal Mixing Efficiency ηT, measuring the degree of

uniformity in temperature distribution in the reactor. The

FIGURE 8
(A) Temperature and (B) velocity profiles at 5 s for different pitch2 values in adiabatic conditions in alternate configuration. Fluid: water, pitch1 =
57.5 mm, Tspot = 90°C, Text = 25°C.
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related results are shown in Figure 6, where six different pitch

values are considered in order to find the optimal configuration.

In fact, looking at the difference between the temperature

profiles shown in Figure 5 related to the pitch values of 45 mm

and 60 mm at 5 s, we can imagine a priori that there must exist a

pitch value for which the extension of the warm zone has a

maximum. The investigation at different pitch values is made just

in order to evaluate such a maximum.

As a confirmation of our conjecture, the plot in Figure 6A

shows that the maximum value of ηT at 5 s is found at around

57.5 mm, whose corresponding curve is higher than the

other ones.

Another interesting aspect to notice is related to the

behaviour of the system for pitch values of 45 mm and

60 mm. Indeed, we can observe that, up to around 3 s, ηT is

higher for 45 mm, whereas it becomes lower after 3 s. We explain

the presence of such a cross by the following considerations.

For a pitch of 45 mm, the spots are closer to each other, this

favouring a faster local heating with respect to the 60 mm one

due to the lower mass of fluid to heat up. However, a relatively

large portion of fluid towards the external wall remains colder

due to the high thermal inertia (heat capacity) of water.

Differently, due to the higher angular velocity of the spots

and the vicinity to the external wall, which we remind to be not

heating, the 60 mm-configuration becomes more effective in

heating up a larger amount of more external fluid with a

contemporary contribution of the central spot to heat up the

colder fluid around the centre. Therefore, a pitch of 60 mm is

more effective in heating up the fluid as time passes by.

This situation is depicted better in Figure 6B, where it is

possible to observe more clearly not only that the pitch value of

57.5 mm provides the highest value of ηT, but also that the pitch

value of 52.5 mm leads to a local maximum at 5 s.

This occurrence states once more the role of the contrasting

effect of the distance between two consecutive spots and the

vicinity to the wall along with the high thermal inertia of the fluid.

To visualise this aspect, we show the temperature profiles at pitch

values of 52.5 mm, 55 mm and 57 mm, respectively (Figure 7A).

Comparing the profiles at 52.5 mm and 55 mm, it is possible

to observe that the former shows a smaller central cold zone

FIGURE 9
(A) Temperature and (B) velocity profiles at 5 s for different pitch2 values in adiabatic conditionsin alternate configuration. Fluid: water,
viscosity = 1,000 μ0, pitch1 = 57.5 mm, Tspot = 90°C, Text = 25°C.
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along with a slightly warmer zone in the warm crown between

consecutive (closer) spots, this leading to the behaviour depicted

in Figure 6B.

Figure 7B shows the velocity fields corresponding to the

cases shown in. We can observe that the geometrical

symmetry reflects also on fluid dynamics, which is

characterised by a hotter outer “crown” following the

position of the spots in their movement. This also

contributes in creating a colder zone around the centre and

towards the external perimeter.

5.2.2 Alternate configuration
After identifying the optimal value of pitch for the uniform

configuration (57.5 mm), we have investigated the performance

shown by the second configuration investigated—i.e., the

alternate configuration—by setting the value of the pitch1
equal to the optimal value of the uniform configuration and

varying the second pitch pitch2 considering the values reported in

Table 1 (30 and 40 mm).

As aforementioned, the study of such an additional

configuration has arisen from observing that, even for the

optimal value of 57.5 mm, the temperature profile of the

uniform configuration is characterised by an inner low-

temperature ring (Figure 7A). Therefore, we have thought that

decreasing the distance between some of the external spots and

the central one could have led to a more uniform temperature

distribution and, thus, to a higher thermal mixing efficiency.

Figure 8 shows the temperature profiles for water at 5 s in the

considered alternate configuration for three different pitch2
values, the highest of which corresponds to the uniform

optimal configuration. We can observe that the reduction of

pitch2 leads to a more uniform temperature distribution. In

particular, by looking at the 30-mm case, the inner low-

temperature ring has disappeared, with some small cold spots

near the vertices of the inner triangle.

However, the average temperature is lower than the 40-mm

case. In practise, at 30 mm, temperature is more uniform but

lower than that at 40 mm, this leading to a lower (see later

Figure 10A). As for the fluid dynamics of rotation, Figure 8B

shows the velocity field for the three values of pitch2 considered.

As expected, the higher velocity of the outer spots, favouring

the convective energy transport with respect to the inner ones,

creates a sort of segregation among fluid fillets, augmented by the

fluid dynamic inertia of water, which tends to be dragged with a

certain delay. Overall, the motion of the fluid fillets becomes

integral with the motion of the spots, this leading to the

segregated profiles shown in the plots.

5.2.3 Influence of viscosity
To evaluate the optimal thermal performance of the

proposed reactor, we have considered also the influence of

viscosity increasing artificially the original water viscosity at

the same conditions of temperature and pressure by a factor

of 100 and 1,000, respectively. The reason for this type of analysis

lies in the fact that there are several reactions of interest in which

species with a relatively high viscosity, like glycerol (Segur and

Oberstar, 1951), can be involved.

Figure 9A shows the temperature profiles with a viscosity

augmented by 1,000 times. In this case, the temperature drop

with respect to the case at the original viscosity value is

significant, but we can observe the common occurrence that

the alternate configuration with a pitch2 value of 40 mm is more

performing with respect to the others (see later Figure 10C). The

corresponding velocity field is shown in Figure 9B, where we can

FIGURE 10
Time profile of the thermal mixing efficiency ηT for different
values of pitch in alternate configuration at different values of
viscosity μ. Fluid: water, Tspot = 90°C, Text = 25°C.
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observe that the colder zones around the centre assume the same

qualitative shape as the pitch layout. This occurs because the

augmented fluid inertia generates an integral motion difficult to

break by the spot shape, this leading to an inefficient heat

transmission.

Figure 10 summarises the results shown in the previous

figures in terms of thermal mixing efficiency. As anticipated

above, the configuration with a pitch2 of 40 mm is the most

efficient one in all cases, especially when dealing with highly

viscous fluids. An interesting aspect to notice is that the

difference of performance between 40 and 30 mm becomes

gradually lower as viscosity increases, whilst the difference

with the uniform case (57.5 mm) increases at first and slightly

decreases towards higher viscosity values. This indicates clearly

that the performance of the alternate configuration at relatively

high viscosity does not depend much on the secondary pitch

provided that the inner spots be not too far from the centre.

Overall, the uniform configuration shows lower

performances than the alternate one due to a certain

redundancy effect of the spots, each of which tends to heat up

the fluid in the same zone already partially covered by

another spot.

5.3 Case study 2: Argon gas

To investigate the effect of the thermal inertia, the same

simulations carried out for water are performed for argon gas at

FIGURE 11
Temperature profiles at (A) 1 s and (B) 5 s and (C) velocity profile inadiabatic conditions in uniform configuration. Fluid: argon, Tspot = 90°C,
Text = 25°C.
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the same conditions. However, as we already found that the non-

adiabatic condition does not influence significantly the behaviour

of the system, for argon gas we just consider adiabatic systems.

5.3.1 Uniform configuration
The results related to the uniform configuration at the pitch

values of 30 mm, 45 mm and 60 mm are shown in Figure 11A,B

in terms of temperature profiles. The first aspect to notice is that

the overall mean temperature in the system is higher than that

observed for water. This is due to the much lower thermal inertia

of the gas, which is heated up much faster than liquid water.

Furthermore, the qualitative behaviour of the gas systems at

1 s is similar to the water one in terms of profile symmetry.

However, in this case, the symmetry degree still remains

relatively high even at 5 s, this being due to the much lower

density of the gas implying a much lower momentum transfer

among fluid fillets during rotation.

Also in this case, the difference between the profiles at 45 and

60 mm suggests that there must exist a certain pitch at which the

extension of the cold zones are minimum, this implying a higher

value of thermal mixing efficiency ηT.

Figure 11C shows the corresponding velocity profiles. We

can observe again the integral motion of the fluid, even though in

this case the fluid fillets are much more mobile due to a much

lower viscosity.

To investigate the possible presence of an optimal pitch value,

we performed simulations for argon at the same pitch values as

those considered for water. The results are shown in Figure 12A

in terms of time profiles of ηT and in Figure 12B in terms of ηT vs.

pitch at 1 s and 5 s, respectively.

As for Figure 12A, we can observe that, up to around 3 s,

there are no crossing between the ηT profiles, the highest of which

being that at 60 mm. However, as time passes by, the profile at

57.5 mm becomes higher than that at 60 mm. We explain this

FIGURE 12
Thermal mixing efficiency ηT (A) as a function of time for
different values of pitch and (B) as a function of pitch at 1 and 5 s in
adiabatic conditions in uniform configuration. Fluid: argon, Tspot =
90°C, Text = 25°C.

FIGURE 13
Temperature profiles at 5 s for different pitch values in adiabatic conditions in uniform configuration. Fluid: argon, Tspot = 90°C, Text = 25°C.
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occurrence with the same considerations made for the case of

water, with the difference that, in this second case, the much

lower thermal inertia of argon makes the discrepancy among

profile much smaller.

This situation can be better represented in Figure 12B, where

ηT is found to increase monotonically with increasing pitch at a

time of 1 s, whereas a maximum value is identified around the

pitch value of 57.5 mm at 5 s.

As done for water, to understand better the reason for this

finding, also in this second case we show the temperature profiles

in the system at the three pitch values near the maximum ηT
(Figure 13). We can observe that the temperature in the inner

zone for a pitch of 55 mm is higher than that for the pitch values

of 57.5 mm and 60 mm due to a shorter distance from the central

spot. However, for the same reason, the temperature near the

external wall is the lowest among the three. On the other side, the

temperature in the inner zone for a pitch of 60 mm is the lowest

and the temperature near wall is the highest because the spots are

closer to the wall. Therefore, the intermediate pitch value of

57.5 mm shows an optimal balance between the other two cases,

this resulting in a higher value of ηT.

The relevant aspect of the existence of an optimal pitch value

around 57.5 mm, corresponding to a pitch/vessel diameter ratio

of around 0.36, for two completely different fluids like water and

argon gas is a clear demonstration that this result can be

somehow generalised, which requires, however, a wider

analysis considering other geometrical parameters.

5.3.2 Alternate configuration
Figure 14 shows the temperature profiles obtained for argon

in alternate configuration at the same pitch2 values as those

considered for water. The lower thermal inertia of argon makes

the heating of the system faster than in the case of water. We can

observe that the alternate configuration prevents the formation of

a colder zones around the centre, making the temperature

distribution more uniform. The profiles shown in Figure 14A

lead to the thermal mixing efficiency profiles shown in

Figure 14B, from where we can observe that the case at a

FIGURE 14
(A) Temperature profiles at 5 s and (B) time profile of the thermal mixing efficiency ηT for different pitch2 values in adiabatic conditions in
alternate configuration. Fluid: argon, Tspot = 90°C, Text = 25°C.
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pitch2 of 40 mm shows the highest performance amongst the

values investigated. Finally, a longer fluid-dynamic simulation

performed on pitch2 of 40 mm revealed that a homogeneous

temperature distribution is achieved in almost 13 s.

5.4 Heat transfer coefficient

To give information on the heat transfer efficiency in the

system investigated, in Figure 15 we show the time profiles of the

overall heat transfer coefficient hT for water and argon in both

uniform (Figure 15A) and alternate configuration (Figure 15B)

calculated as reported in Section 3.3 for different pitch values. As

shown in the plots, ηT is observed to averagely increase at higher

pitch values. The difference in the order of magnitude between

water and argon is caused by the difference in thermal

conductivity, which is much higher for the former (around

6 Wm−2 K−1 at room conditions) than the latter (around

0.016 Wm−2 K−1 at room conditions). Furthermore, we can

observe that the alternate configuration provides higher hT
values than the uniform one, whose difference among pitch

values are more significant than in the alternate configuration.

The values of ηT calculated from the simulation profiles are

compared to some typical data taken from Grober et al. (1955)

and reported in the textbook of Bird et al. (2002), some of which

are also reported below the plots. As can be observed, the

calculated values are perfectly in line with the range indicated

in the literature, this confirming the goodness of estimation.

6 Conclusion

In this work, the optimal temperature distribution in the fluid

phase inside a novel matrix-in-batch automated rotating

patented reactor, namely OnePot©, was assessed by a

computational fluid dynamic (CFD) approach.

The characteristics of this novel reactor provided several

advantages in terms of precision of temperature, concentration

control and homogeneity. Indeed, the presence of rotating

thermal spots allowed a high uniformity degree of the

temperature distribution in the fluid domain.

The purpose of the present analysis was to understand, and

possibly control, the thermal behaviour of the system, thus

reducing the number of prototypes and experiments to be run

for design and optimisation purposes. Specifically, for the

optimisation purpose, we considered two different

configurations, here referred to as uniform and alternate. In

both of them, seven thermal spots kept at 90°C rotating with a

fixed angular velocity of 250 rpm around a rotation axis

coincident with the axis of the spot located at the centre of

the vessel.

The uniform distribution shows a single equilateral

triangular pitch, whereas the alternate one has a radial layout

in which the centres of the spots are the vertices of two alternate

equilateral triangles (inner and outer). The latter is characterised

by two different values of pitch—namely pitch1 (larger) and

pitch2 (smaller)—the first of which is set to the fixed value of

the optimal pitch identified for the uniform configuration

(57.5 mm). The alternate configuration was considered to

reduce a certain inefficiency in the temperature distribution

present in the uniform configuration.

To conduct this investigation, we performed several CFD

simulations in transient and laminar conditions over a 2-D cross-

section of the real 3-D system by considering different values of

pitches and two different fluids—i.e., liquid water and argon gas.

Moreover, we studied also the effect of viscosity by augmenting

artificially the viscosity of water by 100 and 1,000 times.

FIGURE 15
Time profile of the heat transfer coefficient hT for different
pitch values for both fluids in (A) uniform and (B) alternate
configuration. (C) Typical values of hT in different cases. Values
reported from the Table 14.1-1 of Bird et al. (2002). Tspot =
90°C, Text = 25°C.
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In order to get a quantitative measure of the uniformity

degree of the temperature distribution from the calculated 2-D

temperature profiles, we introduced a new dimensionless

parameter named thermal mixing efficiency ranging within (0,

1), where zero corresponds to the worst case in which the fluid is

still at the nominal room temperature (set at 25°C), and the unity

corresponds to the best case in which the entire fluid has reached

the nominal temperature of the spots.

As a remarkable result, we found that for the uniform

configuration, there exists an optimal pitch value (57.5 mm

ca.)—corresponding to around 36% of the vessel

diameter—for which the thermal mixing efficiency shows a

maximum at the highest time value considered (5 s). The

significance of this result lies in the fact that we found the

same optimal pitch value for both water and argon, this

suggesting that such a finding can be generalised to whatever

fluid.

As for the alternate configuration, we found that it provides a

better temperature distribution in the reactor, especially at high

viscosity values. This is because the inner spots are able to

counter-balance the effect of the relatively large distance from

the centre, preventing in this way the formation of large colder

“islands” around the centre.

Moreover, we analysed the time behaviour of the heat

transfer coefficients involved in the energy transfer between

spot surface and fluid bulk, finding a perfect match with

typical values reported in the open literature.

The CFD simulations performed in this work served as a

valuable design tool for already-made optimization of the

geometric configuration of the spots in this new type of

matrix-in-batch reactor, and other types of optimization are

going to be carried out for a further development of it. Of

particular importance is the analysis of thermal mixing in the

tank reactors, which will be focused on reducing the problem of

turbulence, which does not allow for a precise control of the

homogeneity inside reactor.

Due to the modularity of its configuration, the proposed

novel reactor has the potentiality to be used in a number of

laboratory-scale as well as industrial applications, especially

considering the ease of scalability and of using different three-

dimensional layout of matrices.
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Nomenclature

Symbol
Description

A Area, m2

Cp Specific heat, J kg−1 K−1

f Rotation frequency, s−1

hT Heat transfer coefficient, W m−2 K−1

ID Inner Diameter, m

k Thermal conductivity, W m−1 K−1

L Length, m

n Normal versor,—OD Outer diameter, m

p Pressure, Pa

q Conductive heat flux, Wm−2

Q, _Q Heat rate, W

t Time, s

T Temperature

u Velocity field, m s−1

Wp External work rate, W

Greek symbols

a Angular displacement, rad

ηT Thermal mixing efficiency, - μ Viscosity, Pa s

ρ Density, kg m−3

ω Angular velocity, rad s−1

Subscripts and superscripts

ext External (vessel or spot temperature)

int Internal (spot temperature)

vess Vessel

Acronyms

CFD Computational Fluid Dynamic(s)

rpm rounds per minute
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