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Abstract: A heat-exchanger/reactor (HEX reactor) is a kind of plug-flow chemical reactor which
combines high heat transfer ability and chemical performance. It is a compact reactor designed
under the popular trend of process intensification in chemical engineering. Previous studies have
investigated its characteristics experimentally. This paper aimed to develop a general numerical
model of the HEX reactor for further control and diagnostic use. To achieve this, physical structure
and hydrodynamic and thermal performance were studied. A typical exothermic reaction, which was
used in experiments, is modeled in detail. Some of the experimental data without reaction were used
for estimating the heat transfer coefficient by genetic algorithm. Finally, a non-linear numerical model
of 255 calculating modules was developed on the Matlab/Simulink platform. Simulations of this
model were done under conditions with and without chemical reactions. Results were compared
with reserved experimental data to show its validity and accuracy. Thus, further research such as
fault diagnosis and fault-tolerant control of this HEX reactor could be carried out based on this model.
The modeling methodology specified in this paper is not restricted, and could also be used for other
reactions and other sizes of HEX reactors.

Keywords: heat-exchanger/reactor; heat transfer; modeling; exothermal reaction

1. Introduction

In recent years, there has been an increasing interest in process intensification [1-3], which aims
to replace traditional batch chemical processes with novel ones combining two or more traditional
operations in one hybrid unit. The technological limitations of discontinuous reactors, which may result
in safety and productivity constraints, mainly come from their poor heat exchanging performances.
These disadvantages excited research teams to design and develop new devices based on the coupling
of high heat transfer behavior and good mixing performances [4,5]. As a consequence, intensified
heat-exchanger/reactors (HEX reactors), which are well-known for their thermal and hydrodynamic
performances [6], have been widely studied for highly exothermic reactions [7].

By combining a heat-exchanger and a plug-flow reactor in only one unit, the HEX reactor not only
meets the demand of miniaturization and low cost of the chemical plant, but also improves the heat and
mass transfer ability. Recent works in the field of dynamic characterization and optimization [6-10],
predictive control [11-13], and fault diagnosis and isolation (FDI) [14-20] have illustrated that it is
important to utilize adequate and computationally efficient dynamic HEX reactor models.

In the application of FDI, many authors have confined their works to a simplified model in
which the chemical reaction is not included (see References [15,16,19-22]). However, there are many
parameters which should be taken into consideration when a chemical reaction is introduced. It is
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essential to completely understand the dynamic characteristics of a new piece of equipment in terms
of process safety [8,22] and further control. Like most cases, a cell-based model was used in this
paper, i.e., each cell is modeled by means of energy and mass balances [23-27]. The aim of this paper
was to implement the concept of general modeling and validate it on a particular intensified HEX
reactor which has already been studied at LGC (Laboratoire de Génie Chimique) [9]. During modeling,
the thermal and hydrodynamic performances of the pilot under the condition of a chemical reaction
which brings highly non-linear features were investigated. Once the detailed model is set up and
validated, further research, for example on optimal control, adaptive control, fault diagnosis, and fault
tolerant control could be carried out on it.

The first part of this paper gives a brief description of the specific intensified HEX reactor.
After that, mathematical equations, as well as model structure, are presented according to different
parts of the pilot. In addition, parameters which were used to identify the heat transfer coefficient are
identified using a genetic algorithm with some of the experimental data. Simulations were carried
out in order to investigate the performance of the model. Considering the different aspects involved
in the model (hydrodynamic, heat transfer, and reaction), the validation study was conducted in
two parts: experiments with water and experiments with the highly exothermic reaction of sodium
thiosulfate oxidation. Finally, the results of simulations and real experiments are compared in order to
demonstrate the relevance and precision of the developed model.

2. Physical Structure of the Reactor

To show the validity of the general model presented in this paper, it was applied to a specific
intensified HEX reactor with well-characterized performances. This reactor is based on the concept of
plate heat exchanger in a modular block. It exhibits a plug-flow behavior, and is designed in such a way
that reaction and heat transfer take place in plates. The pilot consists of three process plates sandwiched
between four utility plates. The process plates, as well as the utility plates, have been engraved by laser
machining to obtain 2 mm square cross-section channels. Process and utility channels are presented
in Figure 1a,b. The process fluid circulates in a single channel in order to offer the longest possible
residence time for reactants, while the utility fluid flows in parallel zigzag-type channels so as to bring
in or take reaction heat away as soon as possible. The characteristics of the pilot are detailed in Table 1.
The flow configuration of the two different fluids is shown in Figure 2.

(a) (b) (9)

Figure 1. Details of the heat exchanger/reactor: (a) Process channel; (b) utility channel; (c) the heat

exchanger/reactor after assembly [9].

Table 1. Geometrical properties of the heat-exchanger/reactor [9].

Process Stream Utility Stream
Number of parallel channels 1 16
Number of plates for each stream 3 4
Individual channel width Lz, (mm) 2.0 2.0
Individual channel depth Ly, (mm) 2.0 2.0
Total channel length, L;y; (mm) 6.7 x 103 2.8525 x 10*
Hydraulic diameter, Dy, (mm) 2.0 2.0
Total fluid volume (mm?) 2.68 x 10* 1.141 x 10°

Metal thickness between streams (mm) 2.0 2.0




Processes 2019, 7, 454 3 0f 20

5

" et et

AL B

VYT~ =

ML

SN

b c a

Figure 2. Block modeling description, showing (a) utility plate, (b) process plate, and (c) plate wall.

The reactor was manufactured from 316L stainless steel and different plates were assembled by
hot isostatic pressing (HIP) [28-30], which makes it very compact, with 32 cm height, 14 cm width,
3.26 cm thickness, and a mass of 10.84 kg. In order to find compromises between heat transfer, mixing
performances, pumping power, compactness, and manufacturing costs, the process channel design
was optimized in the vein of the RAPIC R&D project [28,29]. Geometrical parameters such as curvature
radius, straight length between two bends, aspect ratio, and bend angle, which have a great impact on
the thermal performance, residence time, and pressure drop distribution, were studied at lab scale [10].
More details are described in a previous paper dedicated to the experimental study of the reactor [10].

3. Modeling

3.1. General Modeling of the Reactor

A realistic description based on a modular structure of the HEX reactor is presented in Figure 2.
Two (or several) feeding lines, the main feeding line (R1) and a secondary feeding line (R2), ensure that
reactants could be introduced in the reactor. Two loops, process fluid and utility fluid, are in charge of
reacting and cooling/heating, respectively. Arrows indicate the inner flow directions of the process
fluid and utility fluid. It is obvious that there are three types of plates, which are denoted as a (utility
plate), b (process plate), and c (plate wall) in Figure 2.

The pilot operates as a plug-flow reactor. Flow modeling is therefore based on the same hypothesis
as the one used for the modeling of real continuous reactors [31,32]. The reactor is then represented by
a series of perfectly stirred tank reactors (called cells). Generally, the number of cells could be defined
according to the requirement of accuracy in concrete situations. To make a balance between model
accuracy and calculation cost, and according to the geometry and the physical structure of the process
channel, the reactor is divided into 17 computing units (see Figure 3), as there are 17 horizontal lines in
each process plate. Based on previous investigations [10,18], 17 can be considered an adequate number
of units for a detailed model here. Each unit contains 15 cells (see Figure 4): 3 process cells, 4 utility
cells, and 8 plate wall cells. Therefore, the HEX reactor considered in this paper was divided into
255 cells in total. The far-right plate wall, as well as the far-left one, was covered by low heat transfer
materials, so they are called adiabatic plates, i.e., there is no heat exchange between the reactor and
environment. Thus, each process cell is a mini-reactor. It is obvious that convective heat exchange
(see bi-directional arrows in Figure 4) mainly takes place between neighboring cells in the horizontal
direction inside one computing unit. The flows of fluids are the connections between neighboring units.
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Such description makes it very easy to represent all possible flow configurations of the reactor
(co-current, counter-current). In fact, it implies that the behavior of a cell only depends on the inlet
streams and phenomena taking place inside: reaction, heat transfer, etc. Since the inlets of a given
cell are generally the outlets of the preceding one, any configuration of flows may be represented by
correct discretization. It can also be noticed that it is easy to generalize the model to any HEX reactor
by applying the number of plates and the number of cells in the plate to the actual configuration of
the reactor.

2% =—>Unit 16
—> Unit 17

Figure 3. Description of units dividing.
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Figure 4. Internal description of one computing unit and convective heat exchange.

The modeling of a cell is based on the expression of mass and energy balance and constraint
equations. The constraint equations aim to consider the geometric characteristics of the reactor and the
physical properties of the medium mentioned. The balances are used to describe the relations of the
characteristic values: temperature, mass composition, etc. according to the following formula:

Accumulation
{ @

flow

} = {Inlet} — {Outlet} +{ Production }

flow

Given the specific geometry of the reactor, three main parts are distinguished. The first one is the
process plate, where complex hydrodynamics coupled with reactions and heat transfers are found.
The second one is the utility plate, where hydrodynamic and heat transfers are involved. The third one
is the plate wall, which is only concerned with the heat transfer aspect.

3.2. Modeling of the Process Plate

It was considered that the process plate is sandwiched between two plate walls (right and left).
Moreover, the cells representing the process plate (see Figure 5) are filled with a perfectly stirred
homogeneous medium which has the following characteristics:

e  Homogeneity of characteristic values (temperature, flow rate, composition, etc.).
e  Homogeneity of physical properties (density, viscosity, etc.).
e Homogeneity of chemical phenomena (mixing, reaction, etc.).
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e Invariable volume linked to the mixture of fluids (reactants).
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Figure 5. Representation of a cell k of process plate.

The state and evolutions of the homogeneous medium circulation inside a given cell k are then
described by the following balance and constraint equations:
Global mass balance (mol-s™):

diy 0 ko vk
E:fp —fp + B, XV, 2)
where u’; (mol) denotes molar hold-up in process plate cell k; f;f (mol's~!) represents molar flow rate in
process plate cell k; Anf, (mol'm~3-s71) is production rate of the reactions; and V’; (m3) is volume of
process plate cell k.

Mass balance of component 1 (mol-s71):

d(u;; x xk )
Pt) k-1

k=1 _ ck k k k
It =fy x,; — pxp,i—f—Anp’ipr 3)

pi
where xI; ; represents molar fraction of component i in process plate cell k.
Process energy balance (W):

drk
14 _
PRVECES— = FyphCop(Ty ™" = Tp) + Al x Vi + i Al (TE, = Ty) + oAl (T = T5) - @)

where p’; (kg'm™3) and Cp’; (kg 1 K1) are density and specific heat of material in process plate
cell k, respectively; F]I; (m3-s71) is volume flow rate in process plate cell k; T’; (K) is temperature in
process plate cell k; Aqllg (W-m~2) denotes heat generated by the reactions in process plate cell k; h’;w
(W-m~2K™ 1) and A’;w (m?) represent heat transfer coefficient and area between process plate and plate
wall for cell k, respectively; and TQ‘UL (K) and TfUR (K) are temperatures of left and right plate wall cells
of the targeting cell k.

Volume constraint (m3):

k _ y/k
VP - Vcell (5)

where Vi(ell (m?) denotes maximum volume of cell k.

Due to the fact that the process plates are channels embedded in plate walls in reality, for one
process plate cell, which is assumed to be a cuboid, the surface connected between process cell and
plate wall cell is the four-lateral area of that cuboid. Therefore, the heat transfer area between one

process cell and one plate wall cell (A’;,w) actually equals half of the four-lateral area. According to the
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principle of cell partition, each plate has 17 cells. As the targeting HEX reactor has three process plates,
the total number of process cells is 51.
Thus, heat transfer area between process plate and plate wall for cell k is (m?):

1
zAplateral (6)

kK _
Apw = 51

where Ay, is four-sided lateral area of process channel and is computed as follows (m?):

Aplateral ~ Lptotal x (2 X pridth +2x Lpdepth) (7)

where Ly, .., Lp, iy, and Ly, ,, (m) are length, width, and depth of process channel respectively.
The volume of process cell k is (m?):

\%
k _ " Ptotal
VP 51 (8)

where V), is total fluid volume of process channel and is computed as follows (m?):

thotal ~ Lptotal x pridth x LPdepth (9)

3.3. Modeling of the Utility Plate and Plate Wall

To represent the reactor structure precisely, all the different heat transfer zones must be considered.
Therefore, elements involved in the heat balance described by the model are as follows:

e  Utility fluid plates
o  Plate walls (right and left)
e  Adiabatic plates

A utility plate (see Figure 6) is sandwiched between two plate walls (right and left), and the
description of heat transfer is as follows:

Inlet
Ve
EF

Tv';fL Tk

WR
Outlet
T B

Figure 6. Representation of a cell k of utility plate.

Energy balance on the utility fluid (W):

dTk ~
pLViCH = = FipkCpb(Ti™ = TE) + hhy, AL (TG, - T) + Ml Al (T, — TH) (10)

where p¥ (kgm™3), VK (m?) and Cp¥ (J-’kg™1-K™!) are density, volume, and specific heat of material
in utility plate cell k respectively; Fﬁ (m3-s71) is volume flow rate in utility plate cell k; Tﬁ (K) is



Processes 2019, 7, 454 7 of 20

temperature in utility plate cell k; 15, (W-m™2K™1) and A%, (m?) represent heat transfer coefficient
and area between utility plate and plate wall for cell k, respectively.

In the same way, utility plates are also channels embedded in plate walls. As the targeting HEX
reactor has four utility plates, the total quantity of utility cells is 68.

Therefore, heat transfer area between utility plate and plate wall for cell k (m?) is calculated by:

1

A
2 uaera
Ay, = 2= (11)

where Ay, is the four-sided lateral area of the utility channel and is computed as follows (m?):
A”lateral ~ L”total x (2 X L”width +2X L”depth) (12)

where Ly, ,,, Ly s, and Ly, depth (m) are length, width, and depth of the process channel, respectively.
The volume of utility cell k (m?) is given by:

Vi
Vk — total 13
where V,, . is total fluid volume of the utility channel and is computed as follows (m3):
Vutotul ~ Lututul X Luwidth X Ludepth (14)

A plate wall (see Figure 7) is always sandwiched between a process plate and a utility plate,
between which heat transfer is considered.

TS T

(@) (b)

Figure 7. (a) Representation of a cell k of plate wall with process plate in the left and utility plate in
the right; (b) Representation of a cell k of plate wall with process plate in the right and utility plate in
the left.

Energy balance on the plate wall (W):

k
P VECHE T — it A (6 - TE) 41, (15 - 1) (15)
where pf (kgm™3), VK (m?®) and Cp¥, (J-’kg™1- K1) are density, volume, and specific heat of plate wall
cell k respectively; TX (K) is temperature of plate wall cell k.

Adiabatic plates assembled in both sides of HEX reactor are special plate walls, for which heat
transfer is taking place between utility plate and environment. In this paper, it is assumed that the
adiabatic plates are heat-insulated, i.e., that there is no heat transfer between adiabatic plates and
the environment.

Energy balance on the adiabatic plate (W):

dTk
phVECH, T = i, A, (15 - T8 (16)
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In fact, the plate wall cell cannot be assumed to be a cuboid, owing to the embedded channels.
The exact value of the volume is obtained by its mass and density under the assumption of uniform
distribution of the material. According to the dividing rules, the plant has 17 units, and each unit
contains 8 plate wall cells. Thus, there are 136 plate wall cells in total.

The volume of plate wall cell k (m®) is calculated as:

k Mr/Pr

where M, (kg) and pr(kgm‘?’) are mass and material density of the HEX reactor.

3.4. Calculation of Heat Transfer Coefficient

As mentioned in Figure 7, the heat transfer process is divided into two parts: one is the convective
heat exchange between the process channel and the plate wall, the other is between the utility channel
and the plate wall. Therefore, the heat transfer ability, which is denoted by multiplying the overall
heat transfer coefficient (U) and the overall heat transfer area (A), can be calculated by the convective
heat transfer coefficient of the process fluid side to plate wall () and heat transfer coefficient of plate
wall to utility fluid side (f,), which is generally defined by the following Equation (18):

1 1 1
— = + +R 18
UA hprpw hauAwu f (18)

where Ry (W~L.K) is thermal resistance or fouling parameter in channels. For a clean HEX reactor, Rris
considered to be negligible.

For calculation of the overall heat transfer coefficient through pipes and channels, the Nusselt
number, which represents the ratio of convective to conductive heat transfer, is an important
dimensionless number. In the case of this paper, fluids inside the channels are all assumed to
have the same thermal characters as water and there is no phase change. Thus, for this given HEX
reactor (i.e., size, structure, and material fixed), the Reynolds number is the dominant variable in the
equation of calculating Nu. Besides, when computing the Reynolds number, the flow rate of the fluid
becomes the key variable, because other parameters will have very small changes. Therefore, it can be
assumed that the convective heat transfer coefficients are functions of mass flow rate and physical
properties of both fluids (process and utility). For simplicity, they could be defined as linear functions
in the normal operation domain, as follows:

hwu = ﬁMu (20)

where o and § are two scalar factors; and Mp and M, (kg-h™!) are mass flow rates in process and utility
plate, respectively.
Substitute Equations (19) and (20) into (18), then:

1 1 -1
UA = (— + — +Ry) (21)
aMppr ‘BMuA-wu

Experimental data concerning the HEX reactor considered in this work (see Table 2) are available,
and some of them have been reported in a previous paper [9]. Using the same calculation method as
in Reference [9], several values of UA could then be obtained. As heat transfer area Ay, and Ay, are
fixed according to the geometrical properties of the HEX reactor, a genetic algorithm was introduced
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to search a group of optimal value for a, f and Ry. The fitness function of the genetic algorithm is

defined below: )
1 1
J=Y JUA() -| ———+ ——— + Ry (22)

where UA(i) is the value of UA calculated from data of i experiment, and Mp(z') and M, (i) are mass
flow rates of process and utility channels in the i experiment.

The fitness function guides the genetic algorithm to find a relatively minimal total error of
Equation (21) towards experimental data. When the goal is achieved, the targeting values of «a,
B, and R ¢ are found. For all the experimental data available in Table 2, we randomly reserved
Experiment 5 and Experiment 8 for validation of the heat exchange simulations in Section 4. Other data
of experiments in Table 2 were used here for searching relatively optimal parameters mentioned
above. To prevent the algorithm dropping to a local optimal too early, the number of individuals in
one generation and the number of evolutionary generations were set to 5000 and 1000 respectively.
Satisfactory results were searched out, and the corresponding parity plot is shown in Figure 8.

?D T T T T T T T
65 < E
60 F & g

59 “ % .

(WIK)
A

50 * 7

exp.
Y

UA

+
45+ * -
40 F A% .

)

30 :
30 35 40 45 50 55 60 65 70

UA_  (WIK)

sim.

Figure 8. Parity plot of UA (the overall heat transfer coefficient (U) and the overall heat transfer area
(A)) calculated from experimental data against those given by Equation (21) using the searched values
of a, B, and Rf.

Table 2. Experimental conditions for simulating the heat exchange experiments [9].

Utility Stream Process Stream

Experiment No. . .
P M, (kg-h~1) Ty—in CO) M, (kg-h~1) Ty—in O

1 57.0

2 752

3 87.8

4 1113 ~15.6 ~10.0 =77.0
5 127.0

6 151.0

7 24

8 55

9 ~152.0 ~15.6 8.7 =x77.0
10 12.2

11 15.0
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Parameters searched by genetic algorithm are a = 777.33 Wm 2K lkg lh,
B =9.77 Wm 2K lkg™lh, R =0 W-LK. As mentioned before, R  is negligible. The confidence
intervals depend mainly on the temperature difference between the process fluid and utility fluid.
Generally, this varies from 10% to 15% of the nominal value. Thus, hy,y and hy, were obtained in
satisfactory accuracy with Equations (19) and (20).

3.5. Reaction Modeling

In order to demonstrate the advantages of the HEX reactor, experiments were carried out step by
step in Reference [9].

To validate the model, the preliminary step concerned experiments with water to verify the
thermal description of the reactor and the behavior of related thermal correlations. In the second step,
experiments with the reaction of sodium thiosulfate oxidation by hydrogen peroxide carried out in the
reactor were considered.

2NayS,03 + 4H>Oy — NapS30¢ + Nay SOy + 4H,O

The reaction takes place in a homogeneous liquid phase and shows the following characteristics:
irreversibility, fast kinetics, and very strong exothermicity. These features make it an ideal example for
validation of the thermal and kinetic aspects of the HEX reactor and its model.

The speed of the reaction is determined by the concentration decrease of the reactants over time.
As the reaction goes, the concentrations of the reactants (Ci‘ ) gradually decrease.

Knowing the speed of a reaction makes it possible to estimate the rate of production for a given
constituent (Anf), the total production rate (An*), and the heat generated (Aqk). These estimations,
which are used within the mass and energy balance of the cell, are based on the following relations:

The production rate of constituent i:

Ani.‘ = Z Tl'/]'rl; (23)

]

where 7; j represents stoichiometric coefficient of constituent 7 in reaction j.
Total production rate:

Anf = Z Ak (24)
i

Heat generated:
A = Z AHr; x 7% (25)
j

where AHr| is the heat of reaction j (J-mol™1).
For the reaction of sodium thiosulfate oxidation by hydrogen peroxide, AHr; is [9]:

AHr = —5.86 x 10°J-mol !

In this paper, the kinetic constant of reaction was assumed to be governed by an Arrhenius law,
which made it possible to estimate the evolution of the constant as a function of temperature:

E?

kj = k? exp(—ﬁ,) (26)

where k? (m3-mol1-s71) is the pre-exponential factor of the reaction j; E’]‘, (J-mol™') is activation energy

of reaction j; and R (J-mol~1-K~1) is the perfect gas constant.
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The following values, given in Reference [6], were implemented in the model:
k] =8.13x10° m>mol!s™!

Ej =7.6123 % 10* J-mol !
R = 8.314 J-mol 1.K!

Considering the stoichiometric scheme of the reactions and Equations (23) to (26), the concentration
of each reactant in a cell behaves according to the following relationships:

k
chﬂzSzOg - FNEI25203 k—1 _ FNquzO3 k _ Zrk 27
dt Tk Nay$,03 vk Nay5;03 j 27)
r p
k

Cro, _ P01 Fos 4 4k (28)

dt  yk THO vk TH202 j

P p

where C’;\]uz 5,05 and C’I‘j,2 0, (mol:m~3) are the concentrations of Na,S,03 and H,O, in process cell k,

respectively; and 7¥ is the speed of a reaction j taking place in cell k. It is expressed as a function of the
concentrations of the reactants, as follows:

k _ 1.k k
rj - k] CNﬂzSzOg. CH202 (29)
where k; (m3-mol~1-s71) is the kinetic constant of the reaction and is given in Equation (26).

3.6. Calculating the Model in Matlab/Simulink

The formulation of the model leads to a hybrid differential and algebraic equations (DAE) system.
Ordinary differential equations (ODE) (Equations (2), (3), (10), (15), (16)) contain mass and energy
balances. Algebraic equations (AE) (Equations (5), (19)—(21)) consist of the reactor constraints and
physical properties estimation equations. This DAE system presents a strongly nonlinear nature,
mainly resulting from the modeling of the chemical reaction.

The system was modeled and simulated in Matlab/Simulink. One unit consisted of three process
plate cells, four utility plate cells, and eight plate wall cells. Each cell here was called a calculating
module. For process plate cells, both mass and energy balance equations were introduced in the
module to take into account the evolution of the temperature and the concentrations of the components
due to heat transfer and to the reaction. For utility plate and plate wall cells, only energy balance
equations were considered.

Therefore, the complete pilot was represented by the connection of 17 units. For each unit, multiple
inputs and outputs concerning cells in other units were elicited to connect to associate ports.

As shown in Figures 2 and 3, for utility fluid, the temperature output of utility plate cell 1 in unit 1
would be connected to the temperature input of utility plate cell 1 in unit 2. For that of unit 17, it is
different; the temperature output of utility plate cell 1 in unit 17 would be connected to the temperature
input of utility plate cell 2 in unit 17 itself.

For process fluid, the fluid was injected at process plate cell 1 in unit 17 due to the opposite flow
direction between process fluid and utility fluid. Afterward, the temperature input of process plate
cell 1 in unit 16 came from the temperature output of process plate cell 1 in unit 17. The temperature
output of process plate cell 1 in unit 1 was linked to process cell 2 in unit 1.

Therefore, in accordance with the general scheme of the reactor presented in Figure 2, outputs of
process fluid corresponded to data of cell 3 of unit 1, and outputs of utility fluid to these of cell 4 of
unit 1.
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These connections maximized the heat transfer efficiency, thus, the heat generated by reactions
was rapidly taken away by utility fluid. According to the manner of the connection, heat exchange
mostly took place horizontally, i.e., between different kinds of cells inside a unit, due to the thin plate
structure of the reactor. As a consequence, 15 cells of different plates were packed in one unit, and the
heat exchange was dealt inside while the fluid flow was handled outside the unit.

4. Simulation

4.1. Initial States of the Simulations

Simulations were planned to correspond to the same situations as in experiments. In the
reaction-free section, process channel and utility channel were pumped with water at different target
temperatures, and flow rates of the two channels were considered as variables separately. It is natural
to suppose that both the channels of the process plate and the utility plate were empty at the very
beginning. The liquid was injected into the tubes only when the experiment or simulation started. Thus,
for these process or utility cells, as they were considered to be connected in series, the initial condition
of one cell was just the output state of the former one. The initial state of the first cell was the input state,
which was the input temperature. Cells of plate wall had other initial states. Since plate wall cells are
considered to form the solid reactor, their initial states were just the environment temperature, because
it can be assumed that the temperature of the reactor was in equilibrium with the environment before
starting the experiments. However, these initial states only affected the dynamic process. The balance
states were in relation to inputs and the structure of the reactor.

4.2. Simulation Results of Heat Exchange Procedure

Operating conditions for the first part are given in Table 2. These experiments mainly focused on
the inner temperature distribution of the HEX reactor under different flow rates.

Experimental data were collected from eight thermocouples. Four of them were in the first half of
the process plate, which is shown in Figure 9. Two sensors were implemented at the entrance of the
other two process plates, while the other two were used to detect the input temperature of the first
process plate and the output temperature of the third process plate. It is obvious that all the internal
sensors were located at the connecting area of two horizontal process channels. However, according
to the partition rules, the output temperature of each process cell was actually the average value of
that cell. Thus, after simulation, a linear interpolation between two neighboring process cells was
introduced to get a more accurate calculation of sensor outputs.

To the 2
process plate

<@mmmmm Processinlet

Figure 9. Localization of five thermocouples in the first process plate [9].
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Simulations were run with the same operating conditions as the experiments. After that, data
from simulations were compared with those from experiments. Figure 10 shows the simulation results
of experiments 1 to 4 and 6 (corresponding to different utility flow rates), and Figure 11 presents those
of experiments 7 and 9 to 11 (corresponding to different process flow rates). These two figures could
be compared with Figures 12 and 13, presented in Reference [9] to see the general behavior of the
developed model. The Hex reactor was very efficient from heat transfer aspect, as the heat exchange
process was almost completed at the first plate. When the flow rate of the process channel was fixed
in Figure 10, more heat was taken away by the utility fluid as its flow rate increased. As expected,
output temperature would be lower with a higher utility flow rate. This trend was opposite when
the utility flow-rate was fixed in Figure 11. Output temperature would be higher if the process fluid
ran more quickly. Features of these simulation results were consistent with the natural fact and the
experiments reported in Reference [9]. More detailed validations were carried out using the reserved
data. The computing time varied according to the performance of the computer. Generally, it took
about 90 s to simulate a process of 300 s in real time on an i7-5500U platform.

Temperature distributions in process plate: the simulation data

B0 [
@
—=—57Kgih
75.2Kgh
70 i — % —B7.8Kgh
111.3Kgth
50 —-&-—151.0Kkg/h
_ 50 iy
o I
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10 . . . . . [ . [ . |

0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 09 1

Position of sensor at L /L
sensor total

Figure 10. Simulation results of the process fluid temperature along the process channel for different
utility flow rates, with M, = 10 kg-h! and Typ-in =77 °C.

There was an interesting phenomenon that nearly all the simulations had a minimal temperature at
0.33 Lsensor/Ltotal. In fact, the sensor located there was just at the entrance of the second process plate,
and it was directly connected to the exit of the first process plate. As can be seen in Figure 2, we had
opposite directions for the two injected fluids. For the simulation results presented in Figures 10 and 11,
the utility fluid had a lower temperature than the process fluid. When the process fluid started its
journey in the HEX reactor, it started cooling down. When it came to the end of the first process plate,
the process fluid was facing the newly injected utility fluid nearby. As, in this area, the utility fluid
had the lowest temperature, it absorbed the heat through the plate wall and generated a minimal
temperature for the process fluid. This was measured by the neighboring sensor at the beginning of
the second process plate and presented in the figures mentioned above. Experiments presented in
Reference [9] showed the same behavior.
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Temperature distributions in process plate: the simulation data
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Figure 11. Simulation results of the process fluid temperature along the channel for different process
flow rates, with M,, = 152 1<g-h‘1 and T,_;, = 15.6 °C.

Temperature distributions in process plate: comparison
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Figure 12. Comparison of inner temperature distribution of Experiment 5 with Mp =10 kg-h~! and

Tpein =77 °C
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Temperature distributions in process plate: comparison
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Figure 13. Comparison of inner temperature distribution of Experiment 8 with M, =152 kg:h™! and
Ty—in =15.6 °C.

5. Validation

To validate the accuracy and the relevance of the model and make comparisons with experiments,
simulations were performed in two parts, as were the experiments. The first one concerned the heat
exchange behaviors between process and utility fluid without chemical reaction. The second part
introduced an exothermic chemical reaction to test the validity of the complete model. As data of
Experiment 5 and Experiment 8 in Table 2 were not involved in parameter searching, simulations of
these two experiments were used for the validation of the heat exchange part.

5.1. Validation of Heat Exchange Procedure

Simulations of Experiment 5 and Experiment 8 are compared with experimental data here in
Figures 12 and 13. Because these two groups of data were not used before in the parameter searching
section, they could be used to verify if the searched parameters worked well or not.

According to Figures 12 and 13, not only did temperatures obtained in simulations and experiments
vary in the same manners, but their inner distributions were also close. Errors of the simulation results
of the third sensor were relatively big. However, all other spots worked very well, in that they were
quite close to the experimental values. Furthermore, output temperatures were identical, even though
there was a little difference in the first process plate.

Based on these comparisons, the performance of the model developed in this paper in the
calculation of heat exchange was acceptable. Results were highly consistent with the experiments.

5.2. Simulation Results of Heat Exchange with Reaction

In this part, concentrations of sodium thiosulfate Nay;S,03 and hydrogen peroxide H,O, were
both set to 9% in mass. Generally, it takes approximately 100 s for the reactor to reach a balance state
for the heat exchange procedure without reaction. Then reactants were introduced at time f = 150 s,
and the reaction began. Five simulations were launched in this part to compare with the experiments
presented in Reference [9]. Table 3 gives the details of operating conditions, output temperatures,
and conversion rates, which were counted in different ways.
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As the concentrations were both set to 9% in mass, hydrogen peroxide H,O, was in excess
during the reaction. Therefore, the conversion rate in the simulation was calculated regarding the
concentration loss of thiosulfate NayS,03. By contrast, in the experiments, two methods were used to
calculate the conversion rates, which were based for the first on the thermal balance in the reactor,
and for the second, on the use of thermal balance in a Dewar vessel after the output of the reactor
(see Reference [9]).

Table 3. Comparisons of experiment and simulation data with reaction.

Operating Condition Output Conversion Rate (%)
Temperature

Data Source F,1 F,2 .

p g T,_; M, Ty_i Ty- Ty cl

(L-h7 1) (L-h™1) poin u uoin p-out u-out  Reactor Dewar
o . _1 o o o
(N23S,05)  (H05) Q) (kg-h-1) (°O Q) Q) (NazS5,03)

Experiment 1 439 39.9 60 59 -
Simulation 1 93 47 176 130 397 394 392 - - 67
Experiment 2 41.4 40.4 82 94 -
Simulation 2 3.3 17 193 M35 397 399 398 - - 90
Experiment 3 43.4 411 88 91 -
Simulation 3 47 23 200 130397 399 398 - - 83
Experiment 4 51.0 50.7 93 100 -
Simulation 4 47 23 207 12.0 496 494 494 - - 94
Experiment 5 59.2 60.1 95 100 -
Simulation 5 47 23 2L m25 ¥4 557 587 - - 99

1.C (NayS,0;3) denotes that conversion rates below are calculated by the concentration loss of NayS,03.

Data in Table 3 show the interesting fact that the temperature gap between the outlets of process
channel and utility channel grew smaller as the conversion rate rose. It is true that, when the conversion
rate was low, the reaction took place all along the reactor till the last minute. That means materials
in process channel kept generating heat, and some could not be taken away immediately in the end.
Thus, the temperature gap was relatively large. While there was a higher conversion rate, the reaction
mostly took place in the first plate, which left enough time for heat exchanging. Thus, the temperature
gap was smaller in the end.

40 : : : : :

'.n" -
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3\\\ "//
Y / Tpuul
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33r 7

0 50 100 150 200 250 300
Time (s)

Figure 14. Simulated temperature profiles for experiment 1 (reaction was introduced at 150 s).

Figure 14 shows the dynamic procedure of the simulation with reaction. The steady state was
reached at about 100 s. During this period, the process channel was fed with water at the same
temperature as the reactants. The time it took to reach a steady state differed in the function of the
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operating conditions for the different experiments. Conservatively, reactants were introduced at time
t =150 s. After a residence time around 7 s, the output temperature started to change. A new steady
state was reached after about 100 s. Simulations of other experiments with reaction had similar trends.

It could be noticed that the kinetic parameters of the reaction are those given by [6] and have not
been fitted to the experimental data. These parameters could be renewed if there is a more accurate
research about this reaction. Parameters of other reactions could also be used here to investigate the
performance of the targeting HEX reactor under these reactions. For the conversion rate, experimental
data calculated from the thermal balance method have errors because concentrations of products are
difficult to detect precisely in mixtures. This model presents an ideal way to simulate and calculate it.

Overall, from the comparisons between experiments and simulations, it could be deduced that
the model proposed in this paper is generally valid to the HEX reactor for both the heat exchange and
reaction parts.

6. Conclusions

In this paper, the modeling process of an intensified HEX reactor is presented in detail,
which is different from previous studies in the introducing of the chemical reaction, the modeling
platform, and the combination of the physical structure and thermal features of the model. At first,
the physical structure was studied, and the continuous process was discretized into cells. Consequently,
the representative equations of each cell were given under the consideration of heat exchange, fluid
movements, and chemical reaction. These differential equations were introduced in the general
simulation platform, Matlab/Simulink. After that, three parameters concerning the heat transfer
coefficient were searched by genetic algorithm, and a non-linear model of 255 basic calculating modules
was developed. Finally, several simulations were launched in different working conditions to make
comparisons with the experimental data.

Simulation results were quite consistent with the experiments. For the heat exchange part,
this model had very accurate inner temperature distributions toward the HEX reactor. For the reaction
part, this model also performed well, in that it generated good dynamic curves, as the physical one did.
Furthermore, conversion rate, which is a crucial parameter to a chemical reactor, could be easily and
precisely computed from the concentration loss of reactants in the model. Thus, it could be concluded
that the nominal model obtained in this paper is accurate and equivalent to the real HEX reactor.
One thing should be mentioned is that the modeling methodology implemented in this paper is not
restricted, and could also be used for other reactions and other sizes of HEX reactors by replacing
parameters to specific reactions or reactor size. The cell number could also be optimized to meet the
requirements of accuracy, calculation consumption, or consistency to the physical reactor.

The purpose of modeling the HEX reactor is for further control use. With the model developed
in this paper, internal states, as well as conversion rates, were easily achieved while simulating.
Algorithms like model-based observers could be designed and validated conveniently on this
model. These algorithms can then be used for developing approaches like fault detection, isolation,
identification, and fault-tolerant control, which could be implemented on real plants to improve the
performance of HEX reactors on safety, efficiency, and productivity.
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Nomenclature

Roman Letters

A area (m?)

C concentration of constituent (mol-m=3)

Cp specific heat (J-kg™1- K1)

E? activation energy of reaction (J-mol~!)

f molar flow-rate (mol-s™1)

F volume flow-rate (m3-s71)

h heat transfer coefficient (W-m~2-K~1)

AHr heat of reaction (J-mol~1)

i experiment i

J fitness function of the genetic algorithm

k kinetic constant of the reaction (rr13-m01_1 )

L length (m)

M mass (kg)

M mass flow-rate (kg-h™!)

An production rate of the reactions (mol-m~3.s71)

7 speed of reaction (mol-m~3-s71)

R perfect gas constant (J-mol~1.K1)

Ry thermal resistance or fouling parameter in channels (W~!-K)

T temperature (K)

u molar hold-up (mol)

u overall heat transfer coefficient (W-m~2-K~1)

%4 volume (m?)

x molar fraction of component

Greek Letters

% scale factor in calculating fpy

B scale factor in calculating hy,

P density (kg-m~2)

T stoichiometric coefficient of a constituent in a reaction

Subscripts

i constituent i

j reaction j

L left

p process plate

r reactor

R right

u utility plate

w plate wall

Superscript

k cell k
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