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To measure the state of ethanol differentiation process, a fiber option sensing based process state
monitoring system is designed. It includes a laser, demo module, PC processing module, fiber op-
tion sensing network, and state feedback control unit. A data mining algorithm for multi-parameter
demo is proposed to accurately achieve temperature and strain field classification and combine ac-
curacy to the different weights of temperature and strain on different positions, improving the cor-
relation between wavelengths offset and state parameters. The experiment compared four common
abnormal situations, The experiment adopts the method of collecting the temperature field inside
the tank and the stress field outside the tank, with strain testing of 100-5000 pe and temperature
testing range of 0—120 °C. The results showed that the average temperature sensitivity after calibra-
tion was 0.0102 nm/°C, and the linearity was 0.9959. The average strain sensitivity is 0.499 pm/pe,
and the linearity is 0.9982. Feedback control has the ability to adjust state fluctuations online, and
the feedback time varies for different types of anomalies. The temperature and strain wavelength
deviations after correction for all four cases are less than +1 °C and +50 pe.
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1. Introductions

Ethyl alcohol is a type of alcohol compound with the chemical formula C,HsO (CAS:
64-17-5). It is an important organic solvent widely used in industries such as organic
synthesis [1], coating printing and dyeing [2], battery manufacturing [3], etc. It is also
a high-performance industrial solvent with excellent solubility, and can be used as a sol-
vent for adhesives, thinner for spray painting, efc. The mixed solution of ethanol and
ethyl acetate is prone to form an azeotropic system, which cannot be separated and pu-
rified by general distillation methods. In order to improve the purity of ethanol distil-
lation, precise control of temperature and pressure during the distillation process has
become a key issue.

When obtaining temperature and stress information at the testing location, the detec-
tion equipment should not be affected by the chemical reaction of ethanol distillation
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and should have good explosion-proof properties. Traditional detection methods are
divided into contact measurement and non-contact measurement. Contact measurement
is the installation of temperature sensors and piezoelectric sensors (e.g. platinum ther-
mistor sensor PT100) on the ethanol distillation tank, which has high accuracy and
good stability. But it can only be installed outside the tank because the sensor will cor-
rode inside the tank. The response current generated by sensors poses certain safety
hazards. Non-contact measurement uses an infrared thermal imager to obtain temper-
ature field information of the tank body, which can complete three-dimensional tem-
perature field reconstruction and facilitate global analysis. But it cannot obtain accurate
stress changes inside the tank and cannot obtain internal temperature distribution.

Fiber optic sensing technology [4-7] uses fiber optic as a transmission medium,
with small size, insulated, and distributable deployment, which has important advan-
tages for industrial process monitoring. KHAN ef al. [8] proposed using an improved
cantilever beam combined with fiber Bragg grating (FBG) [9] to improve the accuracy
of fluid acceleration testing. It has been applied to the measurement of solution flow
velocity in tanks and has good stability. Liu ef al. [10] used neural network optimization
algorithms to model the microwave thermal process and discussed the control of the
thermal process based on feedback parameters, with a temperature measurement ac-
curacy of £1 °C. Xu et al. [11] deployed a fiber optic sensing network in the trans-
former tank to achieve real-time collection of the online status of the substation
process, with a temperature measurement accuracy of better than 2 °C at the target
location. KUANG et al. [12] used strain FBG to monitor the stress field of the tank struc-
ture, obtaining a strain resolution of 1.3 um/pe, which can achieve real-time monitor-
ing of the stress field of the tank during the reaction process. Liu ef al. [13] applied
FBG network to intelligent assembly, achieving strain response detection and feedback
control with a minimum of 25 pe.

The existing ethanol distillation process already has some monitoring equipment,
such as pressure gauges on the reactor. However, the biggest problem with traditional
thermometers and pressure gauges is that they can only display the temperature or stress
values obtained at the testing location, and cannot construct a complete three-dimen-
sional temperature field or three-dimensional strain field information. So the monitor-
ing devices on traditional equipment often only provide the problem of significant
temperature or pressure exceeding the limit, which is suitable for ensuring production
safety. But for this system, it can provide accurate temperature control data for the full
reaction of chemical processes. It has been supplemented in the introduction section
and combined with this, the research significance of this article has been presented.
Using data mining algorithms to classify and process the data obtained from FBG mon-
itoring networks, in order to achieve online monitoring and feedback control of the
reaction process and achieve optimal results. The main contribution of this article is
to apply data mining algorithms to industrial process monitoring and control based on
fiber optic sensing networks, improving the efficiency and safety of online monitoring
of ethanol distillation processes.
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2. Fiber optic sensing process control system
2.1. System composition

The control system for ethanol distillation process includes computer, demodulator, con-
troller, and FBG array, as shown in Fig. 1. FBG array collects temperature and stress
information of reaction tanks and distillation tanks. The material of FBG is silicon
dioxide, similar to glass, with good stability. It remains in a solid state during the eth-
anol distillation process and does not undergo chemical reactions with the materials
inside the tank. The test signal is transmitted to the demodulator through optical fiber,
and the demodulated wavelength offset data is imported into the computer. The wave-
length information is used to reconstruct the temperature field distribution and stress
field distribution at corresponding positions, in order to analyze whether the state dur-
ing ethanol distillation is normal. By solving the model and providing corresponding
processing data, closed-loop control of material input is completed.
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Fig. 1. Control system for ethanol distillation process based on FBG array.

During the ethanol distillation process, the system can monitor the temperature
field distribution inside reaction tank A, reaction tank B, and mixing tank D. The tem-
perature field information can be used to analyze state issues such as whether the re-
action process is sufficient, thereby providing feedback on the quantity and speed of
materials added to the control system. The distribution design of temperature sensitive
FBG sensors mainly depends on the temperature field distribution of the chemical re-
action tank. To obtain the temperature field inside the tank, the FBG sensor is fixed at
the center position inside the tank, and the solution flow throughout the reaction pro-
cess has little effect on it. To control the accurate temperature of ethanol distillation
process in tank A and tank B, temperature sensitive FBG sensors are installed inter-
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nally. In the “mixing tank”, due to the occurrence of a large number of chemical re-
actions, temperature monitoring is required, so a temperature sensitive FBG sensor is
installed. Therefore, temperature sensitive FBG arrays were installed inside reaction
tanks A and B. The packaging structure of the FBG sensor is a cylindrical steel pipe,
and the FBG sensitive area is cured with thermal conductive adhesive between the steel
body. The purpose of this packaging is to achieve good thermal conductivity, but it is
insensitive to stress, thus avoiding cross-sensitivity issues between temperature and
strain. The system can monitor the pressure field distribution at the connection position
and top of distillation tank C and mixing tank D. The pressure at the interface will sig-
nificantly increase, so using strain sensitive FBG sensors is more suitable. So strain
sensitive FBG sensors are mainly concentrated at interface positions. The pressure
field information can be used to analyze whether there is deformation in the tank body
and whether there is a risk of local stress imbalance. Thus, the feedback control pres-
sure valve releases a certain pressure to ensure the safe operation of the distillation
process.

Compared to traditional electric sensors, FBG arrays are made of optical fibers and
are passive sensors. It is completely safe to lay inside and outside the tank. Due to the
risk of explosion both inside and outside the ethanol distillation process, especially in
the event of electrical leakage, the use of the FBG array in this system can significantly
improve safety.

2.2. Theoretical analysis

When the fiber Bragg grating structure is subjected to temperature or stress, structural
deformation causes wavelength shift [14]. Utilize this linear relationship to monitor
the structural state [15]. Then the wavelength change quantity A1y has
Adg
‘B

= (e + AT+ (1 -p.)Ae (1

Among them, A represents the initial center wavelength of the fiber Bragg grating,
in nm; A represents the coefficient of thermal expansion, which characterizes the de-
gree to which temperature affects the variation of fiber grating spacing; & represents
the thermal optical coefficient, which characterizes the degree to which temperature
affects the refractive index of optical fibers; p, represents the elastic optical coefficient,
which characterizes the degree of stress on the refractive index of optical fibers. Three
of the coefficients can be expressed as

1 da 1 dn 1 dn
- = — = = _ = 2
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Among them, 1 represents wavelength, n represents refractive index, T represents
temperature, and ¢ represents strain. AT and Ae represent the changes in temperature
and strain. When the fiber optic material is selected, the variables in Eq. (1) are only
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AT and Ae. Through temperature compensation and stress compensation, tempera-
ture FBG and strain FBG can be used to obtain temperature and stress test values,

AT = (ap+ ) 228 a7
- (af <) R compensation
€)
, Adg
Ae = (1 _pe) 1 + A‘C"compensation
B
Among them, AT vensation a0 A&compensation €N be obtained through experimental

calibration before testing. For the ethanol distillation process, by combining the 3D co-
ordinate data O(x, y, z) of the test tank with the temperature test data, the three-dimen-
sional temperature field of the test area can be represented as

AT] (x1,y1321) AT](xlaylszl)

ATz (xz,yzszz) _ ATz(xz,yz,zz) 4)

AT, || (X Vs 2,))] (AT, (X, ¥y 2,))

By combining the three-dimensional coordinate data O(x, y, z) of the test tank
with the strain test data, the three-dimensional strain field of the test area can be rep-
resented as

Agl (xl,yl,zl) Agl(xl,yl,zl)
Aey| [ (X9, Y00 25) | _ | Aey(xy, Y9, 25) )
_Agﬂ_ _(xn’ yn’ Zn)_ _Agn(xn’ yn3 Zn)_

Finally, the temperature and strain distribution B(A7, A¢) of the entire testing area
is constructed by Egs. (4) and (5):

AT](xlsylazl) A31(x1,y1321)

B(AT, Ae) = ATy (x93, 7)) Aey(xy, 32 2)) ()

_ATn(xn, Vs Zp) Ae,(x,, ¥, Zn)_

This parameter reflects the temperature field inside any tank and the stress field at
sensitive locations during the ethanol distillation process, providing technical support
for achieving precise control of the ethanol distillation process.
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3. Multi-parameter demodulation algorithms

The main testing parameters in the ethanol distillation process are temperature (7') and
stress (¢). The system controls the reaction process based on the results of the test pa-
rameters, with the main control parameters being the flow rate of the material (§), the
liquid level height inside the distillation tank (L), and the stirring speed (/). Thus,
closed-loop control of ethanol distillation reaction is achieved through the testing sig-
nal of fiber optic sensing network. Using data mining techniques classify and process
raw data, so that data types with the same feature state have higher recognition accuracy.

When it exceeds the threshold range, the system adjusts the control parameters based
on the test results for correction. Let the temperature stability range be (7,;,, Tinax) and
the pressure stability range be (F i, Finax)> Where T, and F;, represent the minimum
values in the normal state, and 7,,,,, and F,, represent the maximum values in the
normal state. When the monitoring data is below the minimum value, the system sup-
plements materials and catalysts to increase the reaction intensity and raise the tem-
perature. On the contrary, the system reduces the reaction intensity and temperature by
restricting the material flow rate, thereby ensuring a smooth industrial production
process. The system provides control methods based on the deviation between FBG po-
sition and state parameters, and performs coding analysis on FBG sensors, namely
AL Ty» AA Tys +ovs AL Tm and A/lpl, A/l]:'z, ey Aipm.

According to the relationship between test parameters and control parameters, the
algorithm steps are as follows:

1) Initialize control parameters, set the number of iterations /, and collect the wave-
length changes of FBG at time ¢, including A4 Ty AL Ty o5 Adr, and A/IF], A/IFz, oo
AJp,. Thus, temperature and strain information at corresponding positions were ob-
tained during the ethanol distillation process.

2) Mark the three subnodes with the highest impact weight on control parameters,
namely A/, Ad,, Ad;, and update their corresponding weight values pg, p;, py- Sort
the wavelength offset data at each position to calculate the position with the largest
deviation in current temperature and stress of the tank. Based on the positional rela-
tionship, set the weight parameters that affect the ethanol distillation process.

3) The specific data mining algorithm used in this article is support vector ma-
chine (SVM). We consider temperature 7 and stress F as two independent variables,
and can obtain two-dimensional coordinates (7, F') during measurement. However, ac-
cording to different states, the corresponding coordinate points under different abnor-
mal conditions will have different characteristic trends. Therefore, the maximum
distance between the sets of coordinate points in two different states is the optimal clas-
sification position, that is, the hyperplane equation is constructed based on these points,
wTx + b = 0. Iterate all test points to calculate the distance d:

_ T x+ bl

d
1wl

(7
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Among them, || 7| is the hyperplane norm, b is the intercept, and x is the characteristic
variable. The d value is used to analyze the feedback values of different states in the
ethanol distillation process, in order to screen out abnormal states from the data of nor-
mal states.

4) Due to the linear effect of temperature and stress on FBG wavelength shift with-
in the testing range, the use of linear kernel function 77F can achieve data classifica-
tion for different states. Based on this classification, precise characterization values
for controlling the ethanol distillation process can be obtained, thereby achieving op-
timization of the reaction process.

5) Calculate the ratio k between the weight value at that moment and the optimal
weight value in the standard process;

k= a PL +a, Ps +a, Py

pl‘ best presl p Vbest

, (a,ta,tay;=1) (8)

6) Establish a fitting model with (T, Tinax) a0d (Fiin> Fmax) @s boundary condi-
tions, and loop until & reaches the optimal value.

7) Send the current state adjustment control parameters to the control module to
achieve online control of the control unit. Online control can achieve the optimization
of ethanol distillation process. When controlling the change process, FBG sensors col-
lect real-time data to achieve online adjustment of control parameters. The program
flowchart is shown in Fig. 2.
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Fig. 2. Flow chart of multi-parameter demodulation algorithm based on data mining.
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4. Experiments
4.1. Experimental system construction

Install two sets of FBG sensors in the ethanol distillation equipment in the laboratory
to obtain temperature and stress test data, respectively. There are screw holes on both
sides of the FBG temperature sensor, which are fixed inside the tank with screws. This
method is very sturdy and not easy to cause detachment. FBG strain sensors is glued
to the testing position, and due to the need to obtain real-time stress distribution at the
testing location, using soft plastic packaging is beneficial for collecting stress fields.
Because it is fixed on the outside of the tank, it will not be corroded by chemical re-
actions inside the tank. A multi-parameter control system based on wavelength re-
sponse was established to control the ethanol distillation process online, as shown in
Fig. 3. The system consists of a computer, fiber Bragg grating demodulation module,
FBG sensor, and JZCS8000 (II) integrated process control device. The FBG sensor
used for temperature testing is encapsulated in a cylindrical steel tube, with a length
of 3 cm and a diameter of 3 mm. The FBG sensor used for stress testing adopts
a deformable sheet structure with dimensions of 20 mm x 5 mm. The modulation
range of the demodulation module is 1525—-1565 nm, and the demodulation accuracy
is £1 pm. The system is shown in Fig. 3.
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Fig. 3. Fiber optic sensing monitoring system for ethanol distillation process.
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In Fig. 3, the FBG distribution is determined by the sensitivity type and degree at
different positions during the ethanol distillation process. The position distribution de-
sign of FBG in Fig. 1 shows that FBG temperature sensors are mainly distributed inside
the reaction tank and mixing tank to obtain temperature data, while FBG strain sensors
are mainly distributed in the connecting pipe, tank interface, and tank bottom. And
in order to obtain the strain direction information at these test positions, the strain
FBG sensors are arranged in an orthogonal structure. The FBG temperature sensor
adopts a metal encapsulated protective structure, which can ensure good thermal con-
ductivity and prevent interference from the stress field of the tank body, achieving de-
coupling of temperature and strain. The FBG stress sensor adopts a plastic soft
packaging structure, which is attached to each storage tank with large curvature or in-
terface attachments, and temperature responsive FBG sensors are attached to adjacent
positions to achieve stress measurement and temperature compensation.

4.2. Sensor parameter selection

The core container of the distillation process is the plate distillation tower, with a prod-
uct concentration monitoring parameter measurement range of 0—20% and an accuracy
of £1%. According to the process requirements, the operating temperature should be
between 78 and +120 °C, and the pressure inside the distillation tower should be be-
tween 0 and +0.3 MPa. By controlling the feed rate and stirring speed of the distil-
lation tower, the temperature and pressure are maintained within appropriate ranges.
The FBG temperature sensor used is The KS-S-FBG-ST fiber Bragg grating temper-
ature sensor from CASSTK company, which has a temperature resolution of 0.1 °C
and a size of & 3 x 55 mm. The FBG temperature sensor applied inside the tank needs
to be wrapped in a corrosion-resistant coating structure to enhance its stability. It adopts
cylindrical steel barrel packaging The FBG strain sensor adopts MUST type FBG sen-
sor, with dimensions of 25x10x1 mm and flexible plastic packaging. The measure-
ment accuracy of FBG temperature sensor is +1.5%, and the temperature measurement
range is from —40 °C to +300 °C. The measurement accuracy of FBG pressure sensor
is £1.5%, and the measurement range is from —0.1 to +0.5 MPa. And FBG is a passive
sensor, which is absolutely safe compared to electrical sensors. According to the above
requirements, if the bandwidth of the FBG sensor is set to be less than 0.3 nm, the
sidelobe suppression ratio is greater than 15 dBm, and the reflectivity is greater than 90%,
the temperature and strain data of the target position can be well obtained. The sensor
design parameters are shown in Table 1.

Table 1. Selection of sensor parameters.

e Maximum 3 dBm Insertion Work
FBG type Sensitivity test value bandwidth Interface loss temperature
Temperature  99.781 °C/nm 120 °C <0.3 nm FC/APC <03dBm -30-120°C

Pressure —1.131 kPa/nm 0.3 MPa <0.3 nm FC/APC <0.3dBm -30-120°C
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5. Experimental data analysis
5.1. Calibration tests for temperature and strain

In order to eliminate the cross-sensitivity between temperature and strain during the
testing process, a stress insensitive FBG temperature sensor is used to obtain temper-
ature and calibrate the test data of the FBG strain sensor. In the reactor, the structure
used for FBG temperature sensors has almost no response to pressure, so it can fully
reflect temperature characteristics. FBG strain sensors are simultaneously affected by
temperature and pressure, so using FBG temperature sensors can calibrate the temper-
ature offset of FBG strain sensors.

Firstly, complete the calibration test of the FBG temperature sensor by placing it
in a GDW/GDJS-100 constant temperature chamber for testing. Record the test
data every 5 °C. The wavelength shift between the FBG temperature sensor and the
FBG strain sensor is shown in Fig. 4
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Fig. 4. Temperature and strain calibration test of FBG sensor. (a) Temperature testing calibration, and
(b) strain testing calibration.

As shown in Fig. 4(a), the test data of the FBG temperature sensor before cali-
bration shows a certain nonlinear increase in wavelength shift with the increase of
temperature after 60 °C, with a linearity of 0.9923. After calibration, the slope of
the temperature test data change curve was 0.0102 nm/°C, and the linearity increased
t0 0.9959. As shown in Fig. 4(b), there is a slight deviation in strain around 2000 pe.
After calibration, the average sensitivity of the strain sensing unit is 0.499 pm/pe.
The linearity has increased from 0.9965 to 0.9982. The use of standard temperature
and strain sensors can calibrate the test data of FBG temperature sensors and FBG strain
sensors, thereby improving the accuracy of test values within the testing range. And
the test data from FBG temperature sensors can compensate for the temperature off-
set of FBG strain sensors, thereby solving the problem of cross-sensitivity between
temperature and strain.
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5.2. FBG networking test

Due to the stress insensitive nature of FBG temperature sensors, as long as the FBG strain
sensor network can complete the inversion of the three-dimensional stress field, it can
ensure that the system can obtain the main state parameter information of ethanol dis-
tillation. By networking the FBG strain sensors on the reaction tank, it is possible to
analyze the strain situation at different locations based on different FBG responses.
Taking the pressure changes at the connection between the middle of the tank body
and the tank body as an example, wavelength shift data of FBG network is collected,
and six characteristic positions of FBG are used for comparative analysis. The center
wavelength shift of the FBG sensor reflection spectrum (AAp) is directly proportional
to the micro-strain produced at the measured point. The test results are shown in Fig. 5.
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Fig. 5. Response distribution of FBG strain sensors at different stress sensitive positions. (a) Pressure in
the middle of the tank, and (b) pressure at the connection port of the tank.

As shown in the test chart, when pressure is applied at different positions, the cor-
responding echo response has significant differences. As shown in Fig. 5(a), when
stress is applied to the center position, the response of FBGI is linear with a slope of
0.723 pm/N. Analysis suggests that this is due to the adhesive position of FBG1 being
near the center point. The slope of FBG2-FBG6 varies between 0.161 and 0.223 pm/N.
As shown in Fig. 5(b), when stress is applied to the interface of the tank body, FBG3
and FBGS5 show a positive change with an average slope of 0.325 pm/N, while FBG2,
FBG4, and FBG6 show a negative change with an average slope of —0.279 pm/N. One
side of the tank interface is in a compressed state, while the other side is in a stretched
state. Comparing the two graphs, it can be seen that when the stress field at different
positions changes differently, the FBG response echo at different positions will under-
go completely different changes. This means that different echo response characteris-
tics can be used to invert the strain state at different positions of the tank body, thereby
analyzing whether the state of the reaction process is normal. From this, the strain dis-
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tribution of the tank can be analyzed based on the FBG number, thereby inverting the
three-dimensional stress field and providing a basis for the analysis of the ethanol dis-
tillation reaction state. For example, when FBGI increases, it indicates an increase in
pressure in the middle of the tank. If FBG2 changes from positive to negative, it in-
dicates that the reaction rate inside the tank is too fast. And the change in raw material
supply is not significant, indicating the need to adjust the supply of catalyst.

5.3. Feedback control of abnormal states during distillation process

In order to test the feedback control performance of the fiber optic sensing network
for abnormal states in the distillation process, several abnormal states were artificially
added to the reaction tank, and the test results and feedback control effect were ob-
served. Four typical abnormal states were simulated and tested. Situation A: the liquid
level in the reaction tank is too high. Situation B: the amount of catalyst in the catalytic
batching box is too large. Situation C: the flow velocity inside the transmission pipe
is too fast. Situation D: insufficient stirring in the reaction tank. All four abnormal pa-
rameters use £ 30% of the normal standard value as the initial state parameter value.
The test results are shown in Table 2 by taking the average of the three most sensitive
FBG sensors under each state condition.

Table 2. Testresults of temperature and strain over time under four different conditions.

Real-time test temperature [°C]

Situation - - - - - - - -
0 min 5 min 10 min 15 min 20 min 25 min 30 min 35 min

A TI[°C] 76.2 75.4 69.4 65.6 61.2 56.8 58.7 58.4

e [pe] 1951 1879 1631 1587 1535 1472 1518 1524
B T [°C] 98.8 92.4 85.6 86.8 86.4 86.2 86.4 86.3

& [pel 4478 3949 3389 3481 3468 3462 3449 3442
C T [°C] 34.2 47.9 48.2 48.6 48.4 48.1 48.2 48.2

¢ [pe] 672 944 951 957 949 953 954 951
D T [°C] 52.7 58.6 68.8 75.4 76.3 75.4 75.7 76.2

& [pel 1784 1951 2372 2513 2574 2540 2532 2546

In case A, excessive material inside the main tank may result in exceeding the rated
reaction capacity, so an initial temperature setting 30% higher than the standard tem-
perature is used for simulation. After the temperature sensing FBG collects and trans-
mits the internal temperature of the tank to the control unit, the system control input
reduces the input amount. When the material consumption in the main tank is about
25 minutes, the temperature basically returns to normal. After the input quantity is re-
stored, the temperature fluctuation remains within £0.5 °C. The trend of strain fluctua-
tion is basically consistent with the temperature change, with an error within 50 pe.
In case B, simulate the heating phenomenon of the catalytic batching box caused by
the improvement of catalytic efficiency with a 30% heat release increment. As feed-
back control can timely reduce the ratio after the test temperature exceeds the threshold,
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the box temperature can be restored to normal in only about 10 minutes. The strain fluc-
tuation error is within +20 pe. In case C, if the insufficient reaction caused by the rapid
flow rate is simulated by reducing the temperature, the temperature sensing FBG test
data at the pipeline position will control the flow rate valve to slow down. This process
can basically make the process temperature reach the normal value and tend to stabilize
within 5 minutes of controlling the speed, with temperature and strain errors within
+0.5 °C and +10 °C. In case D, reducing the temperature to simulate the uneven mix-
ing of reactants caused by insufficient stirring will accelerate the stirring process
through feedback control. After about 15 minutes, the temperature and strain errors
will be eliminated by the feedback, and the errors will be within £0.8 °C and +35 °C.
By comparing the testing and feedback control results of the four scenarios compre-
hensively, it can be seen that the feedback time for different process anomalies has sig-
nificant differences, which also verifies the feasibility of using different FBG position
test data for state anomaly encoding control.

6. Conclusions

This article proposes a fiber optic sensing network system for controlling the ethanol
distillation process. The system simultaneously obtains the temperature and strain field
of the tank through combined measurement and differential calibration, achieving real
-time monitoring and feedback control of state parameters. The experiment completed
temperature testing calibration and strain testing calibration separately, and the testing
accuracy was well calibrated. At the same time, simulation tests were conducted on
four common abnormal states, and the results showed that temperature and strain
anomalies caused by different states can be effectively identified, and feedback control
can restore them to normal states within a certain period of time. After feedback control,
the temperature and strain at the testing location can be restored to within 30% of the
standard deviation, which meets the design requirements.

The main contribution of this article is the application of passive FBG sensing net-
work to online monitoring of ethanol distillation process. The decoupling of temperature
and strain is achieved through combined measurement and differential calibration, pro-
viding new ideas for real-time online monitoring and feedback control of ethanol dis-
tillation process.

However, as of now, this article has mainly completed the testing and feedback con-
trol of single state anomalies, and there are often more complex situations in the actual
ethanol distillation process. For example, if two or more abnormal states occur simul-
taneously, it can lead to data aliasing in the testing data of fiber optic sensing networks.
This is also a direction we plan to continue testing and improving in the future.
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