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ABSTRACT

In the field of Process Intensification, manufacturers offer many technologies of heat exchanger-reactors
which differ in the design, the nature of the material and the range of operating conditions. Such systems
combine continuous operation with strongly coupled features of heat transfer, hydrodynamics, mixing,
mass transfer and reaction that makes the choice of the optimal solution a difficult one. The present
paper offers a comparison and a characterisation of heat exchanger-reactors manufactured in different
materials: stainless steel and silicon carbide for the process plates, aluminium, stainless steel and silicon

Keywords:

Process Intensification
Heat exchanger-reactor
Clean and safe process
Silicon carbide equipments

1. Introduction

In the field of fine chemical or pharmaceutical manufacturing,
most processes are operated in a batch or a semi-batch mode, gen-
erally in stirred tank reactors. These are particularly convenient
because of their reliability and flexibility. Nevertheless, as these
processes are limited in terms of transfer, productivity and safety
[1,2], there is increasing interest in moving towards continuous
reactors and Process Intensification [3,4].

Accordingly, one technological solution proposed by various
equipment suppliers is based on the concept of a single piece
of equipment [5] combining a heat exchanger with a chemical
reactor. This has led to the design and development of new inten-
sified heat exchanger-reactors made of different materials, which
combine continuous operation with strongly coupled features of
heat transfer, hydrodynamics, mixing and reaction. Such designs,
derived from the concept of plate heat exchangers [6], involve a
stack of plates devoted both to reaction (process plates) and tem-
perature control (utility plates). The number of plates is adjusted
according to the application, in order to provide the required
residence time. Their design, based on the Process Intensifica-
tion approach [7], allows continuous operation, a reduction of
the physical size of equipment, significant improvements in effi-
ciency, higheryield and purity, a reduction in waste and by-product
production, improved selectivity (through plug flow behaviour,
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carbide for the utility plates. The results underline the advantages and drawbacks of each material and
the associated impact on the control of industrial applications and, in particular, on the safety aspects.

intensified mixing, more isothermal operation and shorter resi-
dence time) and both safer and cleaner operations thanks to better
temperature control [8-11]. Moreover, their flexible configuration
in terms of reaction plates, utility pates, multiple injections points
and sensors additions offers the possibility of drastically improving
thermal process control and safety [12].

Nowadays, many heat exchanger-reactors ranging from micro
to milli-scale are to be found on the market [13], utilising dif-
ferent materials chosen according to their physical and economic
properties: raw material price, manufacturing ease, resistance to
corrosion, thermal conductivity, transparency, optical features, etc.
Based on such considerations, in the more conventional equipment
used in the fine chemical or pharmaceutical industry, stainless
steel and glass are the most common materials. Thus, many heat
exchanger suppliers such as Alfa Laval, Chart [14] and Heatric [15]
propose stainless steel based heat exchanger-reactors with var-
ious sealing solutions (gasket, brazing, diffusion bounding, etc.).
These suppliers also offer other metallic solutions for high corro-
sionapplications for instance Hastelloy, Haynes, Monel or Titanium.
In the field of micro-reactors for lab-scale and pilot applications,
stainless steel and metals resistant to corrosion are also commonly
used (IMM [16], Microinnova [17], Unigsis). Other metals are also
used for specific applications, such as aluminium [18] and copper
(Microinnova falling film microreactor).

In spite of its limited heat transfer capacity, glass constitutes
an interesting solution for feasibility studies and data acquisition,
thanks to the possibilities of visually following the reaction evolu-
tion and of easy implementation of on-line analysis. For instance,
Corning [19-21] proposes equipment from lab to production scale.
At lab-scale, many glass heat exchanger micro-reactors can be
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Fig. 1. Scheme of a heat exchanger-reactor.

found: Syrris, Future Chemistry, Chemtrix, Mikroglas [22], Micronit
[23], etc. In the context of micro-reactors, other materials can also
be found, such as PTFE (Unigsis, Syrris, Vapourtec [24,25]) which
offers similar features in terms of transparency and resistance to
corrosion, and PEEK (Unigsis). Ceramics are also used in order to
develop innovative technology, as in the ESK ceramics microreac-
tors [26].

A few examples of equipment combining different materials, in
order to benefit from the advantages of each one, are available in lit-
erature or on the market. Syrris [27] and Uniqsis propose systems
made of different materials (glass, PTFE, and stainless steel), but
they can only be assembled in series. The use of different mate-
rials in a single system can only be found in academic studies:
for instance the hydrolysis of acetic anhydride performed in two
micro-reactors in silicon/glass and PDMS [28], the fluorination of
toluene [29] performed in a 32-channel gas-liquid reactor built
of nickel and stainless steel and in a silicon-based dual-channel
gas-liquid micro-reactor.

The present study is built around this concept of hybrid heat
exchanger-reactors made of different materials and aims to eval-
uate the resulting benefits. The use of conventional materials -
stainless steel and aluminium - is complemented by the use of an
innovative material: silicon carbide. This ceramic material presents
many advantages from a Process Intensification viewpoint, as it
offers high levels of corrosion resistance and high thermal con-
ductivity. The objectives of this work are not only to assess the
feasibility and potentialities of new prototypes of heat exchanger-
reactor but also to evaluate how the materials used drive the
performances, in terms of hydrodynamics, heat transfer safety.
To achieve this goal, five different heat exchanger-reactor con-
figurations have been investigated: plexiglas/aluminium (which
is considered as a reference), full stainless steel, full silicon car-
bide, silicon carbide/stainless steel and silicon carbide/aluminium
in order to examine their respective advantages and drawbacks.

2. Pilot description

The present work is based on performance characterisation of
heat exchanger-reactors. Such reactors, represented in Fig. 1, con-
sist of an assembly of different types of plates developed from
the concept of plate heat exchangers: process plates where the
reaction occurs and utility plates in order to control the reactive
medium temperature. Each process plate is placed between two
utility plates and this assembly of plates is pressed between two
end plates.

In the context of the present study, the plates used are man-
ufactured in different materials from a design developed on the
basis of previous work carried out at the Laboratoire de Génie
Chimique [30]. The process plates design, represented in Fig. 2, con-
sists of a channel of 2 mm-hydraulic diameter (the dimensions of
channel are 2 mm x 2 mm - width x height), with straight portions
and right-angled bends, characteristics of which are described in

Fig. 2. Design of process plate.

Table 1. The design and the characteristic dimensions of the chan-
nel have been developed in order to offer high mixing and transfer
performances (both heat and mass) even for low Reynolds numbers
[31]. Two geometries are available for the utility plates. The plates
devoted to thermal control consist both of structured plates, with
a series of channel of 2 mm-diameter, straight lengths and angled
bends, and unstructured ones.

To evaluate the importance of the material used, plates were
available in different materials. The process plates could be made
of plexiglas, stainless steel or silicon carbide. Different materials
could be also used for the utility plates: stainless steel, aluminium
or silicon carbide. The final stacking is ensured by stainless steel
end plates which offer rigidity and allow feeding lines to be con-
nected (Fig. 3). Thus, with regards to materials, a set of different
heat exchanger-reactors can be defined. From an industrial point
of view, the choice of the materials will of course be driven by the
characteristics of the considered application in terms of exothermy
and of corrosion. In the context of the present study, five different
heat exchanger-reactors have been defined, as described in Table 2.

Reactor 1, mixed plexiglas/aluminium (referred as 1-MPA), is
considered as a heat exchange reference as it only allows heat to be
transferred by convection due to the very low thermal conductivity
of the plexiglas process plate. It is an academic reactor since heat
exchange performances and corrosion resistance are limited. As it
is only involved in characterisation studies (mixing, heat and mass
transfer), the setup involves only one plate. Reactor 2 (referred as
2 - Full SS), consists of a full stainless steel heat exchanger-reactor,
a classical solution proposed by many equipment suppliers: Alfa-
Laval, Chart, etc. Reactors 3-5 (referred respectively as 3 - Full SiC,

Fig.3. Example of heat exchanger-reactor: reactor 4-mixed silicon carbide/stainless
steel.



Table 1
Characteristic dimensions of the heat exchanger-reactors.

Process plate

Utility Plate

Structured plate Unstructured plate

Plate volume (mL) 11.23 49.62 390
Hydraulic diameter (mm) 2.03 2.03 -
Flow area (mm?) 3.69 3.69 -
Developed length (m) 3.04 494 -
Radius of curvature (mm) 1.5 - -
Straight length (mm) 6.97 - -
Angle bend 90° - -
Table 2
Catalogue of HEX reactors.
Reactor 1- MPA 2 - Full SS 3 - Full SiC 4 - MSiCS 5 - MSiCA
Process plate material Plexiglas Stainless steel Silicon carbide Silicon carbide Silicon carbide
Utility plate material Aluminium Stainless steel Silicon carbide Stainless steel Aluminium
Process plate (g) - 1640 865 1910 1910
Utility plate (g) - 1550 782 6255 2519
End plate (g) - 10,793 7139 11,173 11,173
Total mass (kg) - 33 20 53 38
Table 3
Advantages and drawbacks of the different materials.
Parameters Plate 1- MPA 2 - Full SS 3 - Full SiC 4 - MSiCS 5 - MSiCA
Corrosion resi Utility Very bad Good Excellent Good Very bad
orrosion resistance Process Very bad Good Excellent Excellent Excellent
Thermal conductivit Utility Very bad Moderate Excellent Moderate Good
y Process Very bad Bad Excellent Excellent Excellent
Relative roughness utility N Ny - - -
& Process Very bad Very bad Excellent Excellent Excellent
Machinabilit Utility Good Moderate Good Good Good
y Process Good Very bad Good Good Good
. 3 Utility - - - - -
Brazing procedure Process - Good Good Good Good

4 - MSICS, 5 - MSiCA), are based on the use of silicon carbide pro-
cess plates, which offer both high resistance to corrosion and high
thermal conductivity. The combination of utility plates of differ-
ent materials for each reactor leads to specific features in terms
of heat transfer and safety which are studied in the following sec-
tions. Advantages and drawbacks of different materials are detailed
in Table 3. Each of reactors used in the present work presents the
same design of process plate. Nevertheless, they differ in the design
of utility plate and in the manufacturing, stacking and sealing pro-
cedures: reactors 1-3 have the same structured utility design and
sealing procedures which consist of using o-ring gaskets. Reactors
4 and 5 have a different utility design and the plate stacking is pro-
vided by brazing for process plates and gaskets for unstructured
utility plates.

As the main difference between these heat exchanger-reactors
lies in the materials used and their related physical properties,
Table 4 gives a comparison of these properties and more precisely
those which influence heat transfer and hydrodynamics: the den-
sity, the specific heat, the thermal conductivity, the uniform and
relative roughness, the thermometric conductivity and the thermal
diffusivity, related by the following equations:

K

8=D—h (1)

b=+/pACp (2)
A

a= p_Cp (3)

where ¢ is the relative roughness, K is the equivalent uniform
roughness (m), Dy, is the hydraulic diameter (m), b is the thermo-
metric conductivity (Js~12m=2K-1), g is the thermal diffusivity
(m2s-1), p is the density (kgm=3), A is the thermal conductivity
(Wm-TK-1), and G, is the specific heat (Jkg=! K-1).

A specific pilot plant has been used for the characterisation of
heat exchanger-reactors (Fig. 4).

This pilot plant allows inlets and outlets of the reactor to be
controlled in terms of flow rate, pressure and temperature. In this
way, the utility fluid (water or bath liquid) is introduced into the
reactor from a process thermostat (Lauda Integral XT 150) through
an electromagnetic flow-meter. Two dosing lines are available
for the circulation of the reactants, both including a gear pump
and a mass flow-meter (Micro Motion Coriolis based). These feed
lines ensure reactants introduction in the reactor at a given tem-
perature defined by process thermostats. Reactants are initially
stocked in storage tanks and collected in another one at reactor
outlet.

Temperature measurements (PT100) are set up at the inlet and
outlet of the dosing and utility lines. Moreover, 12 thermocou-
ples are positioned along the reactor process plates (maximally
8 per plate) in order to provide an internal temperature pro-
file. Pressure measurements (relative pressure sensors) are set
up on each line. Moreover, a differential pressure sensor (AP)
could be positioned between each inlet and outlet of the heat
exchanger-reactor to provide an accurate value of pressure
drops. All measurements are collected by an on-line data record
system.
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Fig. 4. Pilot plant and measurements.

3. Influence of material on pressure drop

Heat exchanger-reactors offer specific designs of channels to
improve mixing and transfer (heat and mass), particularly at low
flowrates to comply with residence time constraints. These designs,
generally based on the alternation of straight lines, corners, widen-
ing, narrowing and mixing elements (see Fig. 2), are important
pressure drop promoters. The present study aims at characterising
the influence of the process-plate material on the pressure drop of
such a design of channel. The design of channel presented in Fig. 2
and manufactured in plexiglas, stainless steel and silicon carbide,
has been used to perform this comparison.

In the first part of the study, we have fully characterised the
pressure drops related to the channel design using a reference plate
made of silicon carbide, a material with a low roughness value (see
Table 4). The pressure drops have been experimentally measured
thanks to a differential pressure sensor between the inlet and the
outlet of the reactors, for fluids of different viscosities and for var-
ious flowrates (from 0 to 20kgh~1). Water, acetone and mixture
of silicon oils which offer a range from 0.32 to 55 (10~3 Pas), have
been used to achieve this goal.

From the pressure drops measurements, the Darcy coefficient
[32] can be computed:

L pu?

(4)
where L is the channels length (m), Da is the Darcy coefficient (or
Darcy friction factor), Dy, is the channels hydraulic diameter (m), p
is the density of the liquid phase (kg m~3), and u is the mean linear
velocity of the liquid phase (ms~1).

The Darcy coefficient is an important experimental parameter
that helps to indicate over what range of Reynolds numbers flow
regimes become fully developed.

Table 4
Physical properties of materials.
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Fig. 5. Experimental Darcy number versus Reynolds number.

The evolution of Darcy number with Reynolds number, given
in Fig. 5, highlights the presence of two main flow regimes, one
at low Reynolds (laminar behaviour) and one at high Reynolds
(transitional and turbulent behaviour). It is important to notice
that the channel design concerned leads to a shift in the classical
Reynolds domain for the different flow regimes. In fact, the design
allows a turbulent-like behaviour to be obtained for Reynolds
numbers higher than 100, while with straight channels the tran-
sition is expected to occur for Reynolds numbers higher than 2100
[32]. Such behaviour is of great interest from a Process Intensi-
fication viewpoint, as it promotes some flow instabilities which
are favourable to mixing and heat transfer performances at lower
Reynolds numbers and consequently for longer residence times.

Since, in a channel presenting angle bends, pressure drops
depends on flow perturbations which appear at lower Reynolds
numbers than those classically found in straight channels, it is

Material Density Specific Thermal Equivalent uniform Relative Thermometric Thermal
(kgm—3) heat conductivity roughness roughness conductivity diffusivity
(Jkg='K-1) (Wm-1K-1) (103 mm) (10%) Js 12m—2K1) (106 m2s-1)
Plexiglas 1200 1500 0.2 9 4.5 600 0.1
Stainless steel 7900 500 16 10 5 7950 4.1
Aluminium 2700 900 237 2 1 24,000 98
Silicon Carbide 3200 750 170 0.05 0.025 20,200 71
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Fig. 6. Experimental Darcy number versus Dean number.

appropriate to refer to another dimensionless number, called the
Dean number, defined by:

Dy
De = Re R (5)
where De is the Dean number, Re is the Reynolds number, D;, is the
hydraulic diameter (m), and R is the radius of curvature (m).

The evolution of the Darcy number with Dean number, given
in Fig. 6, highlights the change in flow regime which appears for
a critical Dean number of 150: the usual value beyond which the
Dean vortices are expected to appear. According to Anxionnaz [33],
the change of flow regime is reached for a critical Dean number in
the range of 100-250, the exact value depending on the geometry
of channel (number of angle bends, radius of curvature, straight
length, . ..). Under the same conditions as our own, i.e., an identical
channel geometry, Anxionnaz finds a Dean number of 160, which
is very close to our value.

For a given plate design, the influence on pressure drop of the
three materials has been investigated, using three different plates,
made of silicon carbide, plexiglas and stainless steel. A comparison
of the pressure drops with each material has been carried out for
experiments using water, with flow rates varying from 0 to 12 kg
per hour (Fig. 7).

As observed in Fig. 7, even though the roughness clearly has an
influence on pressure drop, the material, as anticipated, is of lit-
tle influence as only slight variations are observed. Silicon carbide
appears to give the least pressure drop while plexiglas appears
to give the most greatest. This variation cannot be due to mea-
surement inaccuracy: the precision of the differential pressure
sensor is in the range of £0.2%. Considering that relative rough-
ness affects drastically the pressure drops [34,35], we have checked
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Fig. 7. Pressure drop for HEX reactors.

if the experimentally observed variations could be linked to this
parameter. Literature shows that pressure drop increases with rel-
ative roughness [32] and so theoretically the pressure drop should
grow with silicon carbide, plexiglas and stainless steel (see Table 4).
Experimentally, plexiglas thus shows a greater pressure drop than
expected (see Fig. 7). This could be explained by the manufacturing
procedure which involved mechanical surfacing of the channel.

In conclusion, with regards to pressure drop, the choice of mate-
rial is of little influence. This result is important as it invalidates
the rules established for straight duct channels for which pres-
sured drops are directly governed by relative roughness according
to a linear law. The study also suggests that manufacturing pro-
cedures adopted to finish surfaces are more of greater influence
than the nature of the material. In view of the wide variety of these
procedures (depending on the material and equipment supplier -
see Section 1), it now appears to draw difficult any conclusions
regarding the influence of the material itself.

4. Influence of material on heat transfer

Since these heat exchanger-reactors are based on the concept
of plate heat exchangers, the thermal aspects are represented
by three coupled phenomena characterised by different kinetics:
forced convection, conduction and thermal capacitance. Each phe-
nomenon provides its own contribution to the thermal features
(heat transfer performances, thermal capacitance) which drive the
thermal control and intrinsic safety of the reactor. In the present
section our objective is to estimate and compare these effects and
relate them to the nature and properties of the materials used.

4.1. Heat transfer performance

The choice of material is important from a safety point of
view. Specifically, it is necessary to choose a material which can
quickly absorb heat released by exothermic reactions, thereby
confining any risk. This ability is governed by the thermometric
conductivity and the thermal diffusivity, defined in Table 4. The
thermometric conductivity determines the initial rate at which
material exchanges heat with the adjacent medium. The higher the
thermometric conductivity, the greater the ability of the material
to impose its temperature on the reactive medium. The thermal
diffusivity is the parameter determining the rate of spread of heat
through the material. The comparison of the different values gath-
ered in Table 4 highlights the higher efficiency of the silicon carbide
(and also obviously of the aluminium).

In the present studies, the thermal characterisation of the sys-
tems is obtained from a classical cooling method which allows
heat transfer to be measured. The heat transfer is estimated from
the temperature gradients measured at reactor inlets and outlets
between a hot and a cold fluid. To this end, flow-meters and tem-
perature sensors were implemented on the pilot device in order
to record on a computer the evolution of the internal energy of
each fluid. Tests were performed using water as hot and cold fluid.
Hot water (about 80°C) was introduced as the process fluid with
a flow rate of 1-12Lh~1, while the utility water was introduced
at 5°C with a flow rate of 100Lh~!. At steady state, these exper-
iments allow the overall heat transfer coefficient to be estimated,
according to the following simple balance equation:

UA Q
V T VAT, ®)

where U is the overall heat transfer coefficient (W m—2 K~1),Ais the
exchange surface area (m?), Vis the volume between the inlet of the
reactor and the thermocouple in question (m3), Q is the global heat
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Fig. 8. Thermal exchange capacity.

exchange (W), and AT, is the logarithmic temperature difference
with

(TIi)n _ Tliln) _ (Tgut _ Tgut)

In((T3" = Ti)/Tgu — Tgt)

ATml =

Since flows inside the reactor are considered as co-current,
where TI‘;" is the process temperature at the inlet (°C), Tg”‘ is the
process temperature at the outlet (°C), Ti" is the utility tempera-
ture at the inlet (°C), TO" is the utility temperature at the outlet
(°C)and

Q — chpp(Tpm _ Tpout)

where F, is the process flowrate (kgh~!), and Cp, is the process
specific heat (Jkg=1K-1).

The global heat exchange is only considered on the process fluid
side, from thermocouples where the thermal efficiency is greater
than 90%, i.e. the first and sometimes second thermocouple inside
the reactor. We assume that the utility heat exchanged is the same
as on process side, thermal losses being considered negligible in
view of the limited surface area between the process inlet and the
first thermocouple. The thermal exchange capacity, obtained from
the product of the global heat transfer coefficient and the ratio
between the surface area and the fluid volume, is represented in
Fig. 8 for the different reactors as a function of the process flow
rate (utility flow rate being kept constant at 100kgh=1).

As the thermal conductivity of plexiglas is very low (see Table 4),
the thermal exchange in the plexiglas heat exchanger-reactor is
assumed to result only from convection. This reactor can thus be
considered as a purely convection reference case. In the full stain-
less steel heat exchanger-reactor, the thermal exchange capacity
appears constant whatever the flow rate. Such behaviour reveals
predominantly conductive heat transfer. In this case, therefore,
thermal exchange results from both convection and conduction,
with a conduction limiting at high flow rates, leading to the
observed the constant heat transfer capacity. Such a feature is very
interesting from a safety point of view, particularly in cases of fail-
ure of the process fluid circulation system (decrease or disturbance
of the flow rate), when the reactor will continue to absorb or release
heat at the same level.

In silicon carbide based reactors (full silicon carbide, with stain-
less steel and with aluminium), the thermal exchange presents a
convective profile which increases with flow rate. Nevertheless,
the values of heat transfer capacity are much higher than in the
plexiglas reference case. In silicon carbide reactors, convection and
conduction are coupled in a such way that the behaviour appears
convective, but with performance increasing with thermal con-
ductivity: full silicon carbide and mixed silicon carbide/aluminium
exhibit the same heat transfer capacity but a higher capacity

than that of mixed stainless steel. For mixed stainless steel such
behaviour allows the thermal capacity to be increased by a factor
of 2 with respect to the plexiglas/aluminium reference, while for
full silicon carbide and mixed silicon carbide/aluminium this factor
is 4.

Silicon carbide based reactors definitely offer high heat trans-
fer coefficients and thereby promising perspectives with regard to
highly exothermic reactions. The value of this coefficient is, how-
ever, highly dependant of the choice of transfer area. In the present
study, because of the importance of conductive effects, this area is
assumed to be composed of the whole surface in contact with the
process fluid (i.e. the wetted surface) and not only the area between
the process fluid channel and the utility fluid as classically used for
convective estimation.

To further emphasize the importance of the material proper-
ties, Table 5 compares the average heat transfer capacity of the
silicon carbide heat exchanger-reactors used in the present study
with those of commercial continuous reactors. It is important to
note that all the reactors presented have been characterised in our
lab according to the same methodology.

4.2. Thermal capacitance

Heat exchanger-reactors offer an intrinsically safe feature as
described by Benaissa et al. [9,10]. This feature, related to ther-
mal capacitance, is mainly explained by the important mass of the
equipment relative to the reactive medium volume: for instance,
the Alfa Laval ART Plate Reactor 37 made of stainless steel is about
100 kg for a reactive volume of about 150 mL (10 reactive plates).
In cases of disturbances or failures of temperature control, this
important thermal capacitance allows temperature deviation and
thermal runaway to be limited.

The thermal capacitance is therefore a key characteristic of heat
exchanger-reactors and is mainly related to the mass and the spe-
cific heat of the materials used. The amount of utility fluid present
in the reactor (from 50 to 400 mL according to the type of plate,
see Table 1) is very small and has been neglected in front of the
mass of reactor material. The present section aims at emphasizing
how materials influence the thermal capacitance and how thermal
capacitance can be compatible with high heat transfer capacities.
To this end, the different kinds of reactor described in Section 2
have been thoroughly studied.

In order to evaluate the thermal capacitance of the considered
heat exchanger-reactors, it is necessary to determine the mass and
the properties of the different elements of the structure which
could promote energy dissipation. Thus, the heat released by the
reaction is evacuated through the plate wall between process and
utility fluids and through the process plate itself, then through the
utility fluid and the utility plate. The thermal environment of the
process fluid thus consists of the following elements:

- the process plates,

- the plate walls,

- the utility fluid,

- the utility plates,

- and in some cases, the end plates of the reactor.

The thermal environment can be characterised by the addi-
tion of the contributions of each element and the related material,
according to a methodology given by Benaissa et al. [9] based on the
definition of the adiabatic coefficient. Nevertheless, as it is very dif-
ficult to estimate each contribution, experiments were performed
in order to estimate the thermal capacitance.

A shut down of utility flow was realised in order to simu-
late a failure on the utility fluid system. At the beginning of the
experiments, the process and utility flowrates were constant and
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2 § g8 respectively fixed at 5.20kgh~! and 100 kg h—! with inlet temper-
atures of respectively 75 °C and 5 °C. After reaching a steady state
representative of normal operating conditions, a cooling failure was
caused by stopping the utility fluid flow. Evolutions of temperatures
ofthe firstand last thermocouples in the different reactors as a func-

tion of time were then recorded and represented in Figs. 9 and 10.

When this kind of failure occurs, the process fluid must not be

" stopped in order to continue to favour mixing and thermal transfer.
£ In an industrial case, reactive mixture must be replace by a solvent
E to avoid accumulation of heat and risks of thermal runaway.

o zR3 Three important phases are noted:

BERE

- Phase 1 (0-35.5 min): the process fluid temperature is stable. The
steady state is reached.

- Instant t=35.5 min: the utility fluid is stopped.

- Phase 2 (>35.5 min): an increase of the process fluid temperature
related to thermal capacitance is observed, due to the absence of
cooling.

¢
2 According to Figs. 9 and 10, temperature curves show the same
S § 88 tendency at both the first and last thermocouples for each reactor.
2ERRI The process temperature never reaches the inlet process tempera-
ture of 74.5 °C because of global large thermal losses on the whole
reactor. These thermal losses represent a loss of 10 °C in the case of
based silicon carbide reactors and a loss of 25°C in the case of the
full stainless steel reactor.
In order to estimate the thermal capacitance, each reactor has
been considered as consisting of two blocks: one consisting of the
2 channel in which the reaction occurs, the other one being the whole
E reactor mass, including utility fluid and material. This simplified
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Fig. 10. Comparison of temperature variation at the last thermocouple for different
reactors.
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concept leads to the following Eqs. (7) and (8) where the identified
parameters are: my, - Cp,, and UA'.

dr, .

MpCpy g = FrCpy (T3 = Tp) + UA(Tm — Tp) 7)
dr, ,

MinCppy — = UA(Tp — Tm) + U'A'(Text — Tim) 8)

dt
where m is the mass (kg), Gy is the specific heat (Jkg=' K1), T is
the temperature (K), Tf," is the inlet process temperature and T{,“ =
74.5°C, Tex is the temperature of the external environment and
Text=18°C, Fp is the process fluid flowrate (kgs—'), U is the heat
coefficient transfer (W m=2 K-1) and A is the surface area (m?).
With in subscribed: m for the material and p for the fluid process.
Combining both Egs. (7) and (8), Eq. (9) can be obtained:

MmCp, MpCp, d*T, MmCpp, FpCp,
UA a T\ MmCn + =

UAF,Gy, \ dT, . UAFG,
Tua )a -\t UA g )h

UAF,Cp,
e, (©)

The term (d?Tp/dt?) can be neglected because it is an infinitely
bare value.
With this hypothesis, Eq. (9) becomes:

+ mpCpp

+ <ch,,p Ty, + U'A'Text +

MmCp,. FyC U'AF,Cp, \ dT,
(mmcpm 4 bm PP ‘Z}"Ap Py mpCy, + —Uj ””) —dt"
U'AF,G
= (—chpp —UA - #) T

UAF,G,
—a T ) (10)

Making use of Eq. (10), the material thermal capacitance (my, -
Cpn) can be estimated and the thermal losses (U'A’) evaluated.
Fig. 11 represents an example of the experimental and simulated
results: temperature profiles of the process fluid for the last ther-
mocouples of the full silicon carbide reactor and the full stainless
steel reactor. The parameters of each reactor are summarized in
Table 6.

A simplified conceptual view of the reactor has obviously been
adopted in order to model the behaviour of the different reactors
in the event of an incident. This modelization takes into account
the evolution of the process temperature (Tp) and the overall
mean temperature of the environment of the process channel (Tp).

+ (FpCpp Tpin + U,A/Text +
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Fig. 12. Temperature along SiC/stainless steel heat exchanger-reactor.

Despite the use of a simplified approach, if the thermal capacitance
(mp - Cp,,) of the reactors is known, the model allows the correct
prediction of the dynamic behaviour when a disturbance occurs.

An evaluation based on the characterisation heat transfer
performance and thermal capacitance indicates that the hybrid
reactors appear to present a number of advantages. They offer a
good compromise that allows both enhanced temperature con-
trol (active safety) and improved passive safety (with high thermal
capacitance). In particular the use of silicon carbide for the pro-
cess plates and aluminium for the utility plates represents the best
solution. In addition the light weight of this combination makes for
easier handling.

5. Case-study: an exothermic reaction in mixed silicon
carbide-stainless steel heat exchanger-reactor

To emphasize the benefits of a hybrid design of heat exchanger-
reactor in regard to the materials used, a reactive application case
has been studied. Both thermal performances and inertia, linked to
the use of silicon carbide for the reactive side and to stainless steel
for the utility one, are highlighted by carrying out an instantaneous
and highly exothermic reaction. The mixed silicon carbide/stainless
steel prototype, described in Section 2, has been used for this pur-
pose.

A pharmaceutical application has been chosen for which the
productivity constraints comply with the prototype flow rate. This
application presents instantaneous kinetics and strong exothermy
(AH=-200kJmol~! and about 100°C adiabatic temperature rise
for the concentrations considered) driven by a competitive and
parallel reaction scheme:

A+B—-C+D (11)
B +Water — D (12)

Eq. (11) is the main reaction which gives the desired product C.
Eq. (12) is a by-reaction which has to be minimized and leads to
co-product D. A is introduced via the main feed line and B is intro-
duced in excess via the secondary feed line (Fig. 4). Utility fluid,
which is water at 25 °C and operates both as heating (to pre-heat
reactants) and cooling fluid (to maintain an isothermal profile dur-
ing reaction), is supplied a few minutes before the beginning of an
experiment in order to thermostat the reactor. Reactant A is then
first introduced into the reactor, which has already been filled with
distilled water (solvent). Next, reactant B is introduced. The steady
state is reached when all flow rates, pressures and temperatures
appear stable on the on-line data record system. An on-line analysis
system (Raman spectroscopy developed by Kaiser Optical Systems)
has also been implemented on the reactor to follow the conversion
and estimate kinetics.

Fig. 12 shows an example of the temperature profile along
the heat exchanger-reactor, measured by internal thermocouples,
which emphasizes the enhanced heat transfer performance. During



Table 6
Thermal capacitance of each reactor.

2 - Full SS 3 - Full SiC 4 - MSiCS 5 - MSiCA
Th ical val (m-G)th (JK=1) 17,000 11,700 34,500 25,900
eoretical value m (kg) 20 34 53 38
m-Cp, JK) 17,000 8000 21,000 23,000
Model for last thermocouple UA (WK™) 5.0 14 1.8 2.8
m-Cy/(m-Cy)th 1.00 0.68 0.61 0.88

this experiment, both process fluids circulate inside the reactor. The
main and secondary process line flow rates are respectively fixed at
3.7kgh~! and 0.8 kgh~! (about 31 s of residence time in the reac-
tor). The utility flow rate is set up at 45kgh~1. It is interesting to
note that in spite of the high exothermy (for the reactant concen-
trations used, the adiabatic temperature rise is about 100°C) and
the fast kinetics (about 98% of conversion achieved in less than
5s), the heat transfer performances provide a quasi-isothermal
behaviour. The first temperature corresponds to the pre-heating
of reactant A. The injection takes place between the first and the
second thermocouple. The second thermocouple thus represents
the reactive medium temperature after the injection. The reactive
medium temperature increases by just a few degrees (less than
5°C)when the reaction occurs. Nevertheless, as the reaction is quite
instantaneous and the heat exchange very efficient, the tempera-
ture quickly reaches steady state. After 5s and until the reactor
outlet, the reactant medium temperature is controlled at about
30°C.

The intrinsically safe feature and thermal capacitance of the
reactor have also been validated from a similar experiment with
the same reactants. During this experiment, both process fluids cir-
culate inside the reactor: the main and secondary process line flow
rates are respectively fixed at 3.7kgh~! and 0.8 kgh~!. The utility
flow rate is set up at 45kgh~!. To study thermal capacitance, the
temperature variations are followed in time at two different points
of the reactor: just after the injection of reactant B at a location
which constitutes the hottest point of the reactor and at the outlet of
the reactor. At steady state and due to the enhanced thermal perfor-
mances (see Fig. 13) the temperatures at these points are virtually
the same at about 30°C. In order to simulate a cooling system fail-
ure and evaluate the resulting temperature change, the utility flow
was stopped at t =52 min. For 16 min (from t=42 min to 68 min), the
exothermic reaction continued without external cooling control.
Both the temperature just after injection and the temperature at
the reactor outlet, increase due to the absence of cooling. The reac-
tive medium temperature just after injection increases faster than
that at the reactor outlet. Indeed, as the reaction is almost instan-
taneous, close to the injection point, the reaction occurs releasing
heat, whereas up to the reactor outlet, the reactive medium
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Fig. 13. Evolution of the temperature at the first thermocouple when failure occurs.

circulation corresponds to residence time without heat released.
At t=68 min, the utility fluid is reintroduced inside the reactor at
45kgh~! and the temperature immediately decreases until the
steady state is reached. The trend of curves presented in Fig. 13
highlights the strong thermal capacitance (the reactive medium
temperature only increases of 12 °C at most during 16 min) and also
the high temperature control (reactive medium needs only 47 min
to reach the nominal steady state after the failure).

6. Conclusion

Heat exchanger-reactors represent a promising alternative new
way of transposing a chemical reaction from a batch to a plug-
flow continuous processing mode. In fact, such systems combine
continuous operation with strongly coupled features of heat trans-
fer, hydrodynamics, mixing, mass transfer and reaction. Moreover,
thanks to its smaller size and volume, this kind of equipment min-
imizes the consequences in the case of hazard release. The present
study on such systems shows the impact and influence of mate-
rials on the thermal performance and on the safety aspects. The
thermal study underlines through the high global heat exchange
coefficient and heat exchange capacity, the strong heat transfer
performances of the silicon carbide based heat exchanger-reactors
(full silicon carbide, mixed silicon carbide and stainless steel or
aluminium). By comparison with commercial equipment, reactors
involving silicon carbide process plates are found to be 6-20 times
more efficient in terms of heat transfer. The present work fur-
ther shows that these enhanced heat transfer performances are
not obtained to the detriment of the thermal capacitance and so
the intrinsically safe feature of heat exchanger-reactors. In fact, by
combining materials like aluminium or stainless steel with silicon
carbide it is possible to comply with both heat exchange and ther-
mal capacitance requirements. Such features linked to the mixing
of materials have been successfully validated in a case study based
on an instantaneous and highly exothermic reaction. In this case,
the hybrid reactor considered (silicon carbide with stainless steel)
exhibits isothermal behaviour with a strong thermal capacitance.
Moreover, dynamics experiments also underline the high control
of the reactive medium temperature and the safety feature offered
by this kind of equipment.
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