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The Simplified Modeling and Experimental Verification of a Heat
Exchanger/Reactor*

Menglin HE!? | Xue HAN>®#, Nathalie Di Miceli RAIMONDI?, Michel CABASSUD?,
Boutaib DAHHOU? and Lahcen FARHI?

Abstract— The heat exchanger/reactor(HEX Reactor) fo-
cused in this paper is a device with well-characterized perfor-
mance on both heat exchanging and chemical reaction parts. A
detailed nominal model for this HEX Reactor was established
before for the use of further researches in the diagnostic
section. However, the detailed model is too complex to bring
with difficulties i n t he d esign o f ¢ ontrollers a nd t he amount
of calculations. In this paper, a new simplified interconnected
model is developed for the HEX Reactor. The new methodology
tries to make full use of the sensors. The interconnected cells
in the model are constructed in different sizes according to the
locations of the thermocouples. In this way, the total amount of
subsystems is evidentially decreased and the nominal model
is therefore simplified. A s eries o fe xperimentsi nt he heat
exchange part have been carried out. The experiment data is
then compared with that of the simulations on the simplified
model. Results show a very high precision of the new model to
the physic HEX Reactor.

I. INTRODUCTION

Process Intensification h as g arnered s ignificant attention
in the field of chemical and p harmaceutical e ngineering [1]
[2]. Its primary objective is to minimize equipment scale and
energy usage, simultaneously enhancing process efficiency
and safety [3]. In recent years, there has been a surge in the
development of compact HEX Reactors in response to the
demand for safer, more environmentally friendly, efficient,
and energy-efficient processes. These innovations essentially
combine unit miniaturization and multifunctionalization of
equipment, offering a host of benefits, i ncluding enhanced
heat transfer performance, improved temperature control, and
efficient c ontainment o f reactive volumes [4].

The HEX Reactor discussed in this paper is a promising
chemical engineering device designed under the concept of
process intensification [ 5]. I'ts high performances in thermal
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and hydrodynamics have been well-characterized in [6]. Its
general structure is a combination of a plate heat exchanger
and a tubular reactor with piston flow. The apparatus studied
in this article consists of three process plates interspersed
between four utility plates and separated by plate-walls. After
assembling all the units, a compact device is obtained (see
Fig. 1). The process fluid flows in a single channel to provide
sufficient residence time for the reactants, and in each utility
plate, the utility fluid flows in parallel zigzag channels to
ensure thermal control of the reaction.

In fact, a detailed model of this reactor was developed in
previous work [7]. The modeling process used the parameters
of the reactor and the experimental data. In this model, the
reactor is divided into 17 computational units, corresponding
to the 17 horizontal lines in each process plate (see Fig. 1.a).
Each unit contains 15 cells: 3 cells for the process plates, 4
cells for the utility plates, and 8 cells for the walls formed by
the closure plates. The model manages all its 255 computing
cells strictly adhering to the physical structure and fluid
directions. It allows for the representation of the thermal and
hydrodynamic behaviors of the reactor and the prediction
of the evolution of a chemical reaction along the process
channel. Such a detailed, true-to-life model reflects a high
level of accuracy as the comparison section described in
[7]. The creation of a detailed nominal model has a lot of
benefits for further research works on the peripheral system
design for the HEX Reactor, such as the process control
system, the security system, etc [9] [10] [11]. It is therefore
very easy to make tests and simulations on the model than
the physics system. However, rather than helping to test the
developed peripheral system, the complexity of this model
brings difficulties to the section of control algorithm design
and implementation. The connected subsystems with more
than two hundred individuals in both vertical and horizontal
ways make it very hard to show the feedback effect. There-
fore, a model with a clear topology and simplified structure
is urgently demanded.

This paper shows the new modeling process which takes
full use of the sensors of the current system while achieving
relatively high accuracy. In section II, we will describe
the physical structure of the HEX Reactor and the logic
connection in the modeling. We will also present the as-
sumptions that have allowed us to develop a simplified
model. Section III gives out the dynamic equations of the
model, which provides a satisfactory representation of the
reactor’s behavior. Experiments and simulations are planned
and carried out in section IV. We also make a discussion



based on the results. The last section presents a conclusion
to the new simplified model.

II. THE HEX REACTOR AND MODELING METHODOLOGY

The HEX Reactor and its two sub-assemblies are shown
in Fig. 1. Two different tubes are curved on both sides of a
stainless steel plate. All the tubes are in waves but organized
in different ways: the process channel is shaped in a zigzag
and connected in serial while the utility channels are more
dense and placed in parallel. The stainless plate is defined
as plate-wall which functions as the heat-exchange media.
A compact reactor shown in Fig. 1 (c) is combined by 3
process plates, 4 utility plates and 8 plate-walls. The HEX
Reactor is implemented on the experimental platform and
surrounded by insulation materials. Like this, we can neglect
the heat exchange between the reactor and the environment.
A detailed illustration of the structure could be found in [7].

Fig. 1. Physical structure of the HEX Reactor: (a) process plate; (b) utility
plate; (c) HEX Reactor after assembly [6]

From a global perspective, we consider the entire reac-
tor as two tubes for the new model. The process tube is
surrounded by a wall corresponding to the plate-walls and
is located aside another tube through which the utility fluid
flows. It is assumed that both the process fluid and the utility
fluid flow concurrently in the reactor.

The actual reactor is equipped with 10 thermocouples in
total. Two of them are placed at the enter and exit of the
utility tube while the other eight are plugged in the process
tube as shown in Fig. 2 below:

« One at the entrance of the reactor (Tp_in).

« Five are positioned in the first plate (T1, T2, T3, T4,

T5).
« One at the beginning of plate 3 (T6).
¢ One at the exit of the third plate (Tp-out).

Tp_out
[ ]

Fig. 2.

The process channel and the positions of inner thermocouples

The exact positions (proportion to the total length) of the
thermocouples are as follows:

TABLE I
POSITIONS OF THE THERMOCOUPLES IN THE PROCESS CHANNEL

Sensor  Tp.in Tl T2 T3 T4 TS5 T6 Tp-out
Position 0 0022 0042  0.101 0.140 0316 0.658 1
Note Tube Plate I Plate 1 Plate | Plate I End of Enter of  Tube
enter Plate 1  Plate 3 exit

In order to obtain a simplified model, the new idea is to di-
vide the whole tube according to the locations of the sensors
in the process tube. Like this, the 7 temperatures measured
by the thermocouples in the process fluid correspond to the
outputs of 7 cascade units with different volumes estimated
based on the positions of the thermocouples.

Like before, each unit is composed of 3 perfectly stirred
tanks denoted as “’k”: one process tank, one utility tank, and
one wall tank (see Fig. 3). Heat exchanges occur from the
process tank to the wall tank and from the utility tank to the
wall tank. The process and utility tanks are open, meaning
that the fluid enters and exits the tanks. The temperature
of a wall tank only changes due to exchanges with the
corresponding process and utility tanks (having the same
index).

7 7
Ty,in —>| Utility plate ¢ Tk —> Tuout
| |
\ k \
Plate wall \ Ty N
Tpin —>| Process plate /'Tp’C /' —> Tpout

Fig. 3. Structure of the simplified HEX Reactor model with seven units k
=1,...,718]

To account for the differences between the 3 entities (pro-
cess, utility, wall), the volumes and surfaces are calculated
based on the length propositions(see Table II) of each tank.

TABLE 11
RELATIVE UNIT LENGTH OF THE SIMPLIFIED HEX REACTOR MODEL [8]

Unit1 Unit2 Unit3 Unit4 Unit5 Unit6 Unit7

Ly 0.022 0,020 0.059 0.039 0.176 0.342 0.342

The geometric data of the HEX Reactor are as follows:

« Total length of the process channel is 6.7 meters.

« Total length of the utility channel is 28.525 meters.

o The Mass of the reactor is 10.84 kilograms (made of

stainless steel with a density of 8000 kg/m3).

e The process channel and the utility channel have a

square cross-section of 2 mm by 2 mm.

The volumes and surface areas can be calculated as fol-
lows, assuming that the process and utility channels exchange
on all 4 sides:

« Volume of the process tank Vlf =L *6.7%(2%1073) x

(2% 1073)m?
« Surface area for process/wall exchange A’I‘7 =L %6.7 %
4% (2% 1073)m?



« Volume of the utility tank V¥ = L; %28.525% (2% 1073) *
(2%1073)m?

« Surface area for utility/wall exchange AX = L; x28.525
4% (251073 )m?

« Volume of the wall tank VX = L; % (10.84/8000)m>

III. ENERGY BALANCE BASED MODELING

The model consists of three main parts. The utility and
process plates account for hydrodynamics and heat transfer.
As for the plate-wall, only heat transfer is considered. To
represent the piston-like behavior of the process channel, the
tanks are considered perfectly stirred and connected in series.
To account for the actual structure of the reactor, the volumes
and exchange surfaces of the different tanks are calculated
based on the geometry of the HEX Reactor, as previously
indicated. The heat exchange modeling is always based on
the energy balance of the system.

Thus, for the process unit, we have the following relation:

k k
dT, _ F,
k

dt Vp

hyA%
vazic CP];
where k denotes the indication number of the unit;
h,(W /m? /K) indicates the heat exchange coefficient between
the process cell and the wall cell; pp(kg/m3) is the density

and Cp,(J/kg/K) the heat capacity of the process fluid.
For the utility unit, the energy balance gives:

dTf  Ff h, A%
dr — Vf PuViCry
where k denotes the indication number of the unit;
h,(W /m? /K) indicates the heat exchange coefficient between
the utility cell and the wall cell; p,(kg/m?) is the density and

Cp,(J/kg/K) the heat capacity of utility fluid.
For the wall unit, we have:

k

dT,; _ hpAp
at ~ puViCH,

(1 -1 +

b (Th—1T5) (1)

(Y 1)+

(TE-1T) @

h,Ak
pwVkCpE,

where k denotes the indication number of the unit; p,,(kg/ m3)
is the density and Cp,(J/kg/K) the heat capacity of the
plate-wall.

To account for the specificity of the heat exchanger reactor
with a corrugated channel, heat transfer coefficients # have
been calculated through linear regression using correlations
derived from the work of [12]. Two types of correlations
have been employed.

The first correlation defines heat transfer coefficients &
according to the linear functions of the fluid’s mass flow-
rate:

(Ty —Th) + (T =T  3)

hy = o x M, )
I =B x M, 5)

where M, » and M, (kg /h) denote the mass flow-rate of process
and utility fluid respectively. o and B are two coefficients.

In this relation, the two coefficients are obtained from the
linear regression using experimental data. The exact values

are: 0 =841 (W-m=2-K~'-kg™'-h), =64 W-m2-K~'.
kg='-h).

The second correlation defines heat transfer coefficients &
according to a new linear function of the fluid’s mass flow-
rate:

hy = ol x M), + a2 (6)

hy = B1 x M, + B2 (7)

where o1, @2, and 1, B2 are four coefficients.

In this case, the four coefficients obtained from the linear
regression using experimental data are: ol = 577.43 (W -
m2- K Vkg ' h), 02 =27323 W -m2-K~ ' -kg~'-h),
Bl =41.819 (W -m™2-K "), B2=25133 (W -m 2-K V).

Generally, the second type of correlation is considered
to be more reasonable because even if the fluid has no
flow-rate, the heat exchange process will still happen and
the transfer coefficient will be a non-zero number. Thus,
this paper presents the model with the second heat transfer
correlation.

By combing equations 1-3, a basic unit is obtained after
entering the unique parameters according to the unit length.
The entire model is a group of 7 interconnected units. The
outputs of the previous unit are the inputs of the former one
except that the first unit has an initial input setting, meaning
Ty = Tp.in. T, = Tii.in- Also, the flow-rates are global inputs
which means all the units have the same value as the setting.
The model is now easy to implement on Matlab platform and
the flowing simulations are made on this platform, too.

IV. SIMULATION AND EXPERIMENTAL VALIDATION

A. Experiment platform

To carry out the experiment, the HEX Reactor is imple-
mented to a platform equipped with pumps, flow-meters,
heater, etc. A software platform is developed in LabVIEW
environment (see Fig. 4). It also presents the main structure
of the experiment system: two pumps inject two kinds of
reactants to the process channel of the HEX Reactor while
one pump sends utility fluid to the utility channel; flow-rates
and temperatures are measured by sensors while commands
could be sent to pumps.

The software exchanges the measurements and commands
with the physical platform via an NI myDAQ device (see
Fig. 5), making the PC a kind of digital twin to the real
system. It also has access to exchange data with Matlab
platform. So the control and diagnosis applications could be
created easily there.

B. Experiment Setting

To validate the effectiveness of the simplified model, we
made a plan(See Table III) for a series of experiments. The
temperature of the utility input, flow-rates of the utility, and
process fluids are set to be three independent variables in the
plan list. The simulation results are compared to experimental
data to validate the accuracy.
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More than 50 experiments have been carried out. Table III
gives the typical 15 experiments in 3 groups containing all
ranges of the current parameter setting for the future study.

In Table III, we have 3 different stages of temperature and
flow-rate in utility fluid. 5 different flow-rates of process fluid
are organized in 3 ways: pump 1 only, pump 2 only and the
two work at the same time. Like this, we can also check
the inner control loop of the experiment platform: the pump
control.

The experiments are carried out in groups. For example,
it is easy to notice that the settings of experiment 1-5 are
nearly the same except for the changes in the process flow-
rate. So, they will be launched in serial. The experiment is

TABLE III
EXPERIMENT SETTINGS FOR THE VALIDATION

always starting at achieving the first balance state, which
generally takes around one hour and a half. It means the
utility fluid will be cycled first at the given parameter. When
the temperature of the output utility fluid is getting stable,
the process fluid starts to have the first speed and we note
the current time as TO. When the temperature of the output
process fluid is getting stable, we note the current time as
T1 and change the process flow-rate to the next value. Like
this, we will have T2, T3, etc. So, the period between TO
and T1 is defined as experiment 1, the period between T1
and T2 defined as experiment 2, etc. For each experiment,
the time duration is set to 20 minutes and it is enough to
reach a stable state.

Since the heater for the utility fluid is not connected
directly to the reactor and there is some energy loss in
the outside tube, the exact temperature of the utility fluid
when entering the reactor has difference with the setting.
It is not a problem because we use this actual Tu_in for the
simulation. Like this, the consistency of each experiment and
its simulation is guaranteed. Other inputs for each simulation
are the same as the experiment plan in Table III.

C. Simulation and Experiment Results

Simulations are set to run the same 1200 seconds as the
experiment and the sampling time is 5 seconds, too. When
the simulation of the simplified model is over, we take
the process fluid temperatures of all 7 units and compare
them with that of the 7 thermocouples. Normally, the sensor
data in the experiment contain some noise. To decrease the
misalignment from sensors and the AD process, we use the
average of measurements.

Since the HEX Reactor is designed for chemical reac-
tions with energy exchange, temperature is a key index of
the process. Therefore, the temperature distribution in the
process tube is essential to the chemical engineer and is
chosen for comparison in this paper. Experiment 2, 8, 14
and their corresponding simulations are presented in Fig. 6
to 8(With detailed values in Table IV). Since we cannot
put the results of all the 15 items here, the chosen ones are
typical in each stage of settings. Besides that, the complex
model is simulated under the condition of Experiment 9 and
the results will be used to evaluate the new model, too.

TABLE IV
EXPERIMENT SETTINGS FOR THE VALIDATION

Source Tp_in T1 T2 T3 T4 TS5 T6 Tp_out

Exp.2 23.54 29.97 32.42 35.00 35.15 35.93 34.62 35.30
No. Tp-in Tuin(plan)°C  Tu.in(actual)’C  Fu kg/h Fpl kg/h - Fp2 kg/h
1 38 1 1 Exp.8 22.27 36.17 42.82 49.68 50.72 52.03 50.20 50.97
2 37 2 2
3 40 36.3 30 3 3 Exp.9 22.18 33.32 39.41 46.72 48.37 50.34 48.19 49.12
4 35.8 4 4
5 35.4 5 5 Sim.9(Comp.) 22.18 32.78 37.63 45.54 47.87 50.62 49.22 49.20
6 57.1 0 2 Exp.14 23.96 39.58 48.01 57.82 59.86 61.75 59.84 60.51
7 Environment 55.5 0 4
8 60 52.7 60 0 6
9 temperature 519 0 8
10 69.2 5 5 . . . . .
o o ; . Fig. 6 is the comparison result of Experiment 2 and its
12 673 4 0 simulation. It shows the reactor’s properties in low input
13 80 65.6 90 6 0 .
14 641 3 0 temperature and small flow-rates. In the picture, we can
15 62.9 5 5

notice that the first 4 points are very close. These sensors
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are in the beginning of the first process plate, which is the
area where the fiercest chemical reaction may take place.
The model precision in this zone is crucial. After that, we
have two points in the middle that have the biggest difference
with the experiment. It is because of our new assumptions
for the simplification. For the two tubes, the real reactor has
concurrent and counter-current situations. The new model
neglects the former one and brings this problem. TS is at the
top of the first process plate, which is located just on the next
side of the utility input. As we have a higher temperature
in the utility fluid, the area around T5 is different from
the model. T6 has a similar assumption contradiction which
leads to current results. Since the difference is around just
one degree and gets smaller as the temperature increases(see
Fig. 7 and Fig. 8), it is acceptable for a simplified model.
At the last point, we have very close Tp_out temperatures
in both simulation and experiment. The results in Fig. 7 and
Fig. 8 show similar trends as in Experiment 2.
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Fig. 9 shows the simulation results of the complex model
and the simplified model, and the experiment measurements
at the same parameters. Apparently, the simplified model
performs even better at the prediction of the first four points.
That is due to the proper use of the heat transfer correlation.
As the detailed model developed in [7] reflects accurately
the structure and current direction of the physical reactor,
it performs better at predicting the two middle points. We
can also notice that all three output temperatures are nearly
the same. This comparison shows that the newly developed
model in this paper is accurate enough and could replace the
complex model for future use.

V. CONCLUSION

This paper presents the simplified modeling works and
considers the heat exchange part for a HEX Reactor. Even
though the detailed nominal model of this reactor has been
developed before, it is too complicated to help the fol-
lowing controller design and diagnosis problems. To solve
the contradiction, a simplified nominal model with an ac-



ceptable accuracy should be considered. The new model-
ing methodology assumes that the reactor is considered to
be two concurrent tubes glued by stainless steel for heat
exchange. Since the reactor has 6 inner thermocouples in
the process channel, it is natural to cut logically the entire
reactor according to the location of the sensors. A simplified
model is then achieved by interconnecting the 7 sub-units.
The benefit is clear that the output of each sub-unit has a
reference sensor in the reactor, making it easy to verify the
model precision. In the end, experiments and simulations are
planned and carried out to check the accuracy. Comparison
results show that the prediction accuracy is very high for
the sensors at the first plate. The two units corresponding to
T5 and T6 are not as accurate to show the real trend due
to the simplified assumption. However, the differences are
small and around just one degree. The old detailed model
is simulated to compare with the new model, too. Indeed,
the complex model does better at predicting the overall
temperature distribution. However, the simplified model uses
10% complexity to reach a 95% performance in precision,
making it a high-quality-price ratio option. Lastly, the output
temperature of the model(Tp-out) is always close to the
experiment. These discussions suggest the conclusion that
the simplified model is good enough for further research.
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