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This study deals with the high-risk shell-and-tube heat exchangers in the effluent system of hydroge-
nation reaction of the petrochemical industry. The process of hydroprocessing reactor effluent system is
simulated in Aspen Plus to study the distribution of corrosive medium in the three phases of oil, gas and
water. The least-squares method is utilized to calculate the ammonium salt crystallization temperature.
Then, the heat exchanger with risk of ammonium salt crystal corrosion is identified. Dynamic mathe-

matical modeling of the heat exchanger is established to determine the transfer function. A temperature
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control system with proportional integral derivative (PID) control of the heat exchanger outlet is
designed, and fuzzy logic is used to implement self-tuning of PID parameters. After MATLAB simulation,
the results show the control system can achieve rapid control of the heat exchanger outlet temperature.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

Heat exchangers are ubiquitous pieces of equipment in the
process industry, especially in the petrochemical industry (Panahi
et al., 2020). The more common type of heat exchangers is repre-
sented by the shell-and-tube heat exchanger (Fettaka et al., 2013),
which has the advantages of simple structure, wide selection of
materials, low cost and large processing capacity. In the refinery
unit, heat exchangers have been subjected to high-temperature and
high-pressure conditions for a long time, and are in a complex
corrosion environment of flow, mass transfer, cooling, and phase
change (Rizk et al., 2017; Rezaei et al., 2021; Faes et al., 2019). It is
internationally recognized as the high-risk equipment for corro-
sion. The proportion of processing of inferior crude oils of high
sulfur, high acid, and containing chlorine has been increasing in
recent years, thereby resulting in failure incidents in the heat ex-
changers of crude unit and hydrogenation unit (Jin et al., 2017;
Zhang et al., 2013; Xu et al., 2013). Due to corrosion, the heat
transfer efficiency of the heat exchanger is reduced, resulting in an
increase in the outlet temperature, which also affects the subse-
quent process flow and even reduces the final product's quality. At
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the same time, more than 80% of worldwide energy utilization
involve heat transfer processes (Chen et al., 2009; Laszczyk, 2017).
Therefore, designing a suitable control system can not only control
the temperature of the heat exchanger outlet, but also improve the
heat transfer efficiency and economic efficiency (Bauer et al., 2008;
Rhinehart et al., 2017; Dulau et al., 2018; Ramadan et al., 2016).
Process simulation combined with Computational Fluid Dy-
namics (CFD) numerical calculation is an effective method to
analyze the ammonium salt deposition (Ou et al., 2013; Jin et al,,
2019). lonic equilibrium model can be created by Aspen software
to calculate the crystal temperature of the NH4Cl. And it will
determine whether the equipment in the corrosion circuit is at risk
of corrosion, especially heat exchangers. In view of the rise in outlet
temperature caused by corrosion of the heat exchanger, an appro-
priate control method should be adopted to improve the heat ex-
change efficiency. Control of heat exchangers is a complex process
due to the nonlinear behavior and complexity caused by various
phenomena such as leakage, friction, temperature dependent flow
properties, unknown fluid properties. Various control strategies
were designed for overcoming mentioned problems. A control
strategy is proposed by Gang et al. (2013) for cooling season as to
compare the temperatures of the water exiting the ground heat
exchanger and the cooling tower directly. They develops artificial
neural network models for predicting the temperature and the
results show that the model can predict temperature with an
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List of symbols

Kp The ammonium salt dissociation constant, Pa?

T Temperature, K

T The crystallization temperature of NH4Cl, K

Gq The flow rates of hot fluids, kg/s

Go The flow rates of cold fluids, kg/s

Tii The inlet temperatures of hot fluids, K

Toi The inlet temperatures of cold fluids, K

Tio The outlet temperature of the hot fluids, K

Too The outlet temperature of the cold fluids, K

1 The specific heat capacities of the hot fluid, J/(kg-K)
C2 The specific heat capacities of the cold fluid, J/(kg-K)
q Heat transfer rate, ]

k Heat transfer coefficient, W/m?-K

F Heat transfer area, m?

C The circumference of the tube, m

L The total length of the heat exchanger, m

M, The mass per unit length of the fluid, kg

w The capacity of the heat exchanger, m*
Wi The storage capacity of hot fluid, m>
W, The storage capacity of cold fluid, m®
S Laplacian

K, Proportional coefficient

K; Integration constant

K4 Differential constant

E The inlet flow deviation

Ec The deviation change rate

tp Peak time, s

ts Adjustment time, s

ess The steady-state error

Greek letters

u The peak position of the Gaussian curve
o Overshoot
0 Standard deviation of the Gaussian curve

£ The measurement error

absolute error less than 0.2 K. Wang et al. (2013) presents an
adaptive optimal control strategy for online control of complex
chilled water systems involving intermediate heat exchangers.
Adaptive method is utilized to update the key parameters of the
proposed models online. The results demonstrate that the strategy
has enhanced control robustness and reliability. Gao et al. (2015)
solved an established thermal dynamic model numerically to pre-
dict the transient response of an unmixed—unmixed cross-flow
heat exchanger and analyzed the transient response due to the
time dependent fluid inlet temperature and flow rate are con-
ducted. Vasickaninova et al. (2018) applied a variety of robust
control techniques to laboratory heat exchangers with nonlinear
and asymmetric properties that can be modeled as uncertain sys-
tems. Considering incomplete knowledge margin of process pa-
rameters, parameter changes and measurement noise, real-time
control of the heat exchanger under laboratory conditions is ach-
ieved. The control effects of different robust controllers are
compared through three indicators, which show that the robust
controllers have good control performance. Skavdahl et al. (2016)
take the advanced high temperature reactor-intermediate heat
exchanger-secondary heat exchanger (SHX) system as the research
object. Transfer functions describing relationships between the
controlled variables and the manipulated and load variables are
developed and the system response to various temperature dis-
turbances is simulated using a custom-developed MATLAB pro-
gram. Simulation results indicate that the controlled variables are
maintained successfully at their desired points by the control sys-
tem. Since the characteristics of the industrial heat exchange sys-
tem (HES) are drastically affected by variations of the steam
pressure, ambient temperature and water quality, some control
strategy are established, such as the cascade PI control strategy
with the signal compensation (Jia et al., 2020), a dual-rate adaptive
control method (Wang et al., 2018), the neural network MPC
method (Carvalho et al., 2020) and so on.

However, a major problem of the above mentioned methods are
that it is relatively difficult to construct an accurate mathematical
model of the heat exchanger. This paper analyzes the process of the
hydroprocessing reactor effluent system. The crystallization tem-
perature of ammonium chloride salt is obtained by combining
Aspen Plus software and least square method, and the heat
exchanger with corrosion risk is determined. The mathematical
model of the heat exchanger is established, and a fuzzy PID control
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system is designed to control the outlet temperature of the heat
exchanger. On the one hand, the research of this paper provides a
characterization method for the risk analysis of the hydro-
processing reactor effluent system. On the other hand, the fuzzy PID
control system designed in this paper can provide guidance to the
outlet temperature control of the heat exchanger.

2. Corrosion risk assessment
2.1. Technological process

Hydroprocessing reactor effluent separation and cooling system
is illustrated in Fig. 1. The hydroprocessing effluent flows out from
the bottom of the hydroprocessing reactor (R301) at a temperature
of 611.75 K. It is cooled to 464.05 K by two heat exchangers (E301
and E302) and then enters the heat exchanger (E303). The outlet
temperature of the heat exchanger (E303) is 388.55 K. After cooling
by air cooler (A301) and water cooler (E304), it enters the high-
pressure separator (D301). The recycle hydrogen flows out of the
top of D301 to the desulfurization tower, the sour water flows out
from the bottom of D301, and the oil phase enters the low-pressure
separator (D302), where the sour gas, cold effluent liquid and sour
water are separated. The cold effluent liquid is transported to the
fractionation system. The inlet of the heat exchanger (E303) is
provided with intermittent water injection point, which tempera-
ture is 320.15 K. The source of water injection is the demineralized
water and the purified water after demineralization. During the
cooling process of NH3, HCl and H,S generated by hydrogenation
reaction into heat exchanger (E301, E302, E303), air cooler (A301)
and water cooler (E304), with the decrease of process logistics
temperature, crystallization reaction of NH3 in gas phase will occur
with HCl and H5S to produce NH4Cl and NH4HS crystal particles.
Ammonium salt particles are easy to absorb water in the fluid or
dissolve in the water phase to form a high concentration of corro-
sive solution, resulting in the occurrence of ammonium salt crystal
deposition and corrosion under scale, resulting in equipment
corrosion failure. Therefore, it is of great significance to take the
temperature of the ammonium salt crystallization as an index to
evaluate the corrosion risk of the hydrogenation effluent system. By
calculating the ammonium salt crystallization temperature, the
position in the process that corresponds to the temperature will be
determined, so as to identify which equipment or section of
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Fig. 1. Hydroprocessing reactor effluent separation and cooling system.

pipeline risk of ammonium salt crystallization corrosion exists.

2.2. Crystal temperature calculation method

Depending on the principle of material conservation, combining
the analysis data and real-time monitoring data obtained from the
Laboratory Information Management System (LIMS) and the
Distributed Control System (DCS), the composition of the hydro-
processing reactor effluent can be reversed. In Aspen Plus, the heat
exchanger module and flash module were applied in the prepara-
tion of the multiphase equilibrium system of hydrogenation
effluent system. The temperature, pressure and flow of heat
transfer and flash evaporation system adopt the real-time data
collected by DCS, and the equilibrium distribution law of NH3, HCI
and HS in three phases can be obtained by changing the contents
of S, N and Cl. The simulation model is presented in Fig. 2 and
solved by the Peng-Robinson method.

In Fig. 2, the meaning of letters is shown in Table 1 below. The
numbers 1—7 represent simulation modules, where 1 and 5 are
mixer model, 2, 3, 4 and 6 are heater model, 7 is a separator.

In the actual working condition, the crude oil feed quantity is
22.38 kg/s, the chlorine content is 1 ppm, the nitrogen content is
678.225 ppm, the sulfur content is 0.53%, the water content is
1.94 kg/s and the pressure is 6.9 x 10° Pa. According to the simu-
lation results, the curve of partial pressure product Kp of and HCl,
H,S and NH3 changing with temperature in the gas phase at three-
phase equilibrium is drawn in MATLAB, and the intersection point
of the curve of crystallization equilibrium when the crystallization
reaction of NH4Cl and NH4HS reached equilibrium obtained by
thermodynamic calculation is the crystallization temperature of
NH4Cl and NH4HS, as shown in Fig. 3 and Fig. 4.

In Fig. 4, the crystallization line of NH4HS is above the curve of
value of Kp in actual conditions. There is no intersection of two
lines, which illustrate that NH4HS crystallization is not produced in
the hydrogenation effluent system.

In Fig. 3, the upper part of the NH4ClI crystal equilibrium curve

Table 1
The meaning of letters.
Letters Material
S1 Recycle hydrogen
S2 Low-pressure segregator oil
S3 S, Cl, N content in raw materials
S4 Low-pressure segregator gas
S5-S10 Hydroprocessing reactor effluent at different temperatures
S11 Gas phase after separation
S12 Qil phase after separation
S13 Water phase after separation
S14 Water injection
0.10
0.09 4 = Value of Kp in actual conditions
© — Crystallization Line of NH4CI
o 0.08
X 007 -
- 0.06 -
Z  0.05 A
O 004
O 003 /"’"’"
% 0.02 4
0.01
0 T T T T T T
353 373 393 413 433 453 473

Temperature, K

Fig. 3. The calculation of the crystallization temperature of NH,4C.

indicates that NH4Cl is solid, that is, there is a risk of crystallization.
The lower part indicates that NH3 and HCI exist in the form of gas,
and crystallization will not occur at the corresponding temperature.
The intersection of the two curves in the figure is the temperature
point at which NH4Cl begins to crystallize. In the actual working
condition, NH4Cl crystallization will occur when the

Fig. 2. The simulation model in Aspen Plus.
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Fig. 4. The calculation of the crystallization temperature of NH4HS.

hydroprocessing reactor effluent are cooled to the crystallization
point during the cooling process. There is risk of NH4Cl crystalli-
zation corrosion in the equipment below this temperature, and
prevention and control measures should be taken. In order to
accurately calculate the crystallization temperature, gaussian
fitting is carried out on the two curves in this paper and specific
steps are as follows.

1) Assume a set of experimental data by (x; y;) (i=1,2,3, ..., N),
which can be described by a Gaussian function.

(X,'*M)Z

Vi =Axe 2?2

(1)

The parameter to be estimated in Eq. (1) is A. The physical
meanings represented by ¢ and ¢ are the peak position, and stan-
dard deviation of the Gaussian curve.

2) Take the natural logarithm of both sides of Eq. (1)

(X —p)?° pr o 2xu X7
Iny;=InA--"“*—% = (InA-— -4 2
v T 27 27 27 @
3) Parameter substitution for Eq. (2)
Iny;=2z (3)
2
InA— 2"? — by (4)
2
b (5)
1
Yo b, (6)

Then Eq. (2) becomes a quadratic polynomial fitting function.

bg
zi=bg + byx; + byx? = (1 x; X,-Z)[zl ]
2

(7)

Consider the measurement error e;, which caused by the
calculation of data y; during the experiment. Then, express z; in
matrix form as follows:

1222

Petroleum Science 18 (2021) 1219—1229

2

2 1 x x12 , e
z 1 x x 0
[21=0. 7% TPlb)+[2] (8)
Zn 2 €n

1 xn Xxp

Abbreviated as

Zn1 = Xnx3B3x1 + Enxa (9)

(4) Without considering the influence of the total measurement
error Ep.1, according to the principle of least squares, the fitting
constants bg, by, by can be obtained. The generalized least squares
solution of the matrix B is:

-1
B- (xTx) Xz (10)
After solving for B, bring by, by, by into Eq. (4), Eq. (5), Eq. (6), find
the values of A, u and ¢. Then get the fitting function. Assume that
the fitted functions are respectively as follows:

h1=f(x) (11)

hy =f(x)

Solve the intersection of the two curves using the secant
method. Let the objective function be H (x), xx, Xk.1 is the approxi-
mate root of H (x) = 0, then H (x) is

H(x)=hy —hy = f1(X) —a(%) (13)

Use H (x¢), H (xk-1) to construct a linear interpolation polynomial
P (x), and use the root of P; (x) as the new approximate root xj, ; of
H(x)=0

(12)

H(X) — HX_1)

P19 = H(x) + =% = L () (14)
—
The iterative formula is solved as
_ H(xy)
Xt =X~ ey Hixg ) (X —Xk—1) (15)

Determine whether it is less than the given error, which is the
error between two adjacent iteration points artificially set. If the
condition is met, the iteration ends, and x;, 1 is the solution of H
(x) = 0. Otherwise, continue the iteration until the result meets the
end condition.

Aspen Plus simulation is performed on the working conditions
of the device, and the obtained temperatures Tand Kp are used as a

0.035 A
+ Kp vs. Temperature
— Curve fitting

0.030 A
0.025 A

0.020 A

Kp

0.015 A
0.010

0.005

0 T T T T T T T T T T
273 293 313 333 353 373 393 413 433 453 473

Temperature, K

Fig. 5. The Gaussian fitting results of actual working conditions.
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0
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Temperature, K

Fig. 6. The fitting result of the crystallization equilibrium curve.

set of experimental data. Gaussian fitting results are shown in the
Fig. 5.
The fitted equations is:

T,-505.45)2 T;-388 15)2

(1 ) (
Kp =0.03215 x e” 10422 4 0.02065 x e 71162 (16)

The fitting error is expressed by root mean square error (RMSE),
which is equal to 1.6538 x 10~

In the same way, the fitting result of the crystallization equi-
librium curve when the NH4Cl crystallization reaction reaches
equilibrium by thermodynamic calculation is shown in Fig. 6.

The fitted equations is:

(1-702.55)°

Kp = 18780 x e o963 (17)
And RMSE is 5.0301 x 107°.
In order to solve the intersection point of the two curves, that is,

the crystallization temperature of the ammonium chloride salt, the
variance is obtained by the string cut method as follows:

Petroleum Science 18 (2021) 1219—1229

During the iteration process, the relationship between the
number of iteration steps and T; is shown in the Fig. 7.

It can be seen from the Fig. 7 that when the string cut method is
iterated to the fourth step, the given error requirements have been
met, that is, the zero point of the function is T] = 449.3377 K, which
is the crystallization temperature of NH4Cl under this working
condition. It can be seen from the process flow that the inlet and
outlet temperatures of the heat exchanger E303 are 464.05 K and
388.55 K, respectively, and the crystallization temperature of NH4Cl
is within this temperature range, indicating that there is a risk of
NH4CI crystallization corrosion in the heat exchanger. NH4Cl crys-
tals deposited in the heat exchanger are removed, and the water
injection point is selected to be the pipeline between E303 and
E202.

2.3. Corrosion risk analysis

The content of Cl and N in crude oil is not fixed, sometimes it
fluctuates greatly, and the change of pressure will also affect the
partial pressure of NHs and HCI. Therefore, it is necessary to
calculate and analyze the crystallization temperature of ammo-
nium salt with changed conditions of Cl, N content and pressure, so
as to judge the corrosion risk.

The content of Cl element in the effluent of hydrogenation re-
action is generally 0.5—10 ppm, and the content of N is generally
between 500 and 5000 ppm. According to the operating conditions,
the system is divided into high pressure and low pressure, which
will affect the operation of the system. The working conditions of
each group of experiments are given in Table 2. The calculation
results are presented in Fig. 8, Fig. 9 and Fig. 10.

Fig. 8 shows the change of crystallization temperature of NH4Cl
under different system operating pressure. With the increase of
system pressure, the crystallization temperature of NH4Cl increases
gradually. As can be observed in Figs. 9 and 10, with the increase of
Cl content and N content, the crystallization temperature of NH4Cl
increases significantly, and the crystallization risk of ammonium
salt in the hydroprocessing reactor effluent system also increases

(T;~702.55)2 _ (1;-505.45) . -
H(T;) =18780 x e w&Z  —0.03215 x e 10422 — 0.02065 continuously. It can be seen that the Cl content and N content in
(1;-388.15)% crude oil have a significant influence on the crystallization tem-
x e 716 perature of NH4Cl, and it is very necessary to control the Cl content
(18) and N content in crude oil to reduce the crystallization temperature
of NH4Cl and avoid NH4CI crystallization deposition, tube blockage
A}
\
455 4
\
\
\
\
— \
I~ 453 - 3
\
\
X
\
451 A =
\
\‘¢1764361 X2 X3 X4 X5
S ——— j(_176.2642 Y 176.1886 Y 176.1887 Y 176.1887
449 T T —_— — — -
0 1 2 3 4 5 6

Fig. 7. The relationship between the number of iteration steps and T;.
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Table 2
Working conditions of each experiment.

Experiment Content

S content, N content, ppm Cl content, ppm Water injection, kg/s Pressure,
% Pa

0] 0.53 678.225 1 1.94 (1-13) x 10°

® 053 678.225 0.5-10 1.94 6.9 x 10°

® 0.53 500—-5000 1 1.94 6.9 x 10°

0.14 .
—1MPa — 3MPa T,, Gy, ¢, Theinletof

% 012{ 5MPa —7MPa Tube sheet » =22 cold fluid Tube sheet
0 — 9 MPa 11 MPa

X 0.10 { — 13MPa — Crystallization Lj .

= Y The inlet of / m /\ m \The outlet of
T 0084 hot fluid ™ ™ hot fluid
% 0.06 - -

: : ] | |

= T, G, €4 \_/ \_/ Tio, Gy, C
QO 0.04 A = || u 10, 1, Cq
- //

O 002 1

The outlet of Ts, Ga, G
0 : : . - . : cold fluid o
80 100 120 140 160 180 200

Temperature, K

Fig. 8. Experiment ® the influence of operating pressure on the crystallization tem-
perature of NH4CL.

0.6
— 0.5 ppm — 1.0 ppm

& 051 20ppm  — 4.0 ppm
o 6.0 ppm  — 8.0 ppm
X 044 —10.0ppm — Crystallization Line of NH.Cl
T 03 /
z — |
o 02y —
O 01+
= — n
o 0 F

-0.1 T T T T T T

353 373 393 413 433 453 473

Temperature, K

Fig. 9. Experiment @ the influence of Cl content on the crystallization temperature of

NH,4CL.
0.10
~ 0094~ 500 ppm — 1000 ppm 1500 ppm  — 200Q ppm
S — 2500 ppm 3500 ppm — 5000 ppm  — Crystallization
o 0.8 Ling of NH.CI
L 007 —
= 0.06 -
% 0.05 A
a 004 /
o 0.03 1
L 0.02
0 001 A
0 T T T T T T
353 373 393 413 433 453 473

Temperature, K

Fig. 10. Experiment ® the influence of N content on the crystallization temperature of
NH4CL

at high temperature.
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Fig. 11. Shell-and-tube heat exchanger.

3. Mathematical model

The structure of the shell-and-tube heat exchanger is shown in
Fig. 11, where Gy and G are the flow rates of hot and cold fluids
respectively and the unit is kg/h. T1; and Ty are the inlet tempera-
tures of hot and cold fluids, and the unit is K. Ty, and T, are the
outlet temperature of the hot and cold fluids, and the unit is K. ¢;
and c; are the specific heat capacities of the hot fluid and the cold
fluid, and the unit is J/(kg-K).

3.1. Static characteristics analysis

Static characteristic is that the output variable of the object
under stable conditions is usually a functional relationship between
the controlled variable and the input variable. The heat exchanger
can be expressed in functional form as follows:

T1o =f(Tyi, Tzi, G1, Ga) (19)

The two basic equations derived from the static character-
istics—the heat balance relationship and the heat transfer rate
equation are shown in Eq. (20) and Eq. (21) respectively.

q=G1¢1(Tho —Thi) = Gac2(Tai —Tao) (20)

q=KkFAT (21)
Where q is heat transfer rate, J. k is heat transfer coefficient, W/
m?-K. F is heat transfer area, m?. AT is the average temperature
difference, K. The calculation formula of AT is as follows:

_ (i = Tho) + (Tao — Thi)
2

Then put Eq. (20) and Eq. (22) into Eq. (21). Basic expressions of

static characteristics of heat exchangers is as follows.

AT (22)

Tio—Tii 1

o (23)

hi—Tw G+301+g2

Derivation of Eq. (23) can get the influence of G; on Ty as follows.
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dTy,
dGl ZG]2C1 [%4—%(14‘

Gr02(Thi — Thy)

Gooo 2
&)l

(24)

3.2. Dynamic characteristics analysis

Supposing that there is no phase change occurs on both sides of
the heat exchanger. The dynamic characteristics of the heat
exchanger is necessary to be described by partial differential
equations. A mathematical model of the distributed parameter
object is created. Start with the heat dynamic equilibrium equation,
take a micro-element to analyze the problem, and assume that the
temperature at each point in the micro-element is the same. Firstly,
analyze the heat balance problem of hot fluid. Taking a cylinder of
length dz as a micro-element. The thermal equilibrium equation of
this micro-element can be described as:

GreiTy (16~ Grer Ty (16 + T 4 Kediy(t o) - Tyt 0)
Ty (I,t
= M] C1 dl 16(1/ )

(25)

Where, | = z/L. L is the total length of the heat exchanger, m. Cis the
circumference of the tube, m. Cdl is the surface area of the micro
element, m?. M is the mass per unit length of the fluid, kg. M;d! is
the mass of the micro element, kg. Eliminate the dl in Eq. (25), and
arrange it as

gy tld e Eomo-ne e
Similarly, the heat balance equation of cold fluid is:

(g et L0 Eoman-ney @)
The boundary conditions are:

T1(1,0) = T4(1) (28)

To(1,0) = Tx(1) (29)

T1(0,t) = Thi(t) (30)

Ti(Lt) = Tio(t) (31)

T5(0,t) = Tao(t) (32)

Ty(Lt) = Tai(t) (33)

It is difficult to solve dynamic equations accurately. In order to
explain the basic laws of the dynamic characteristics of heat
transfer objects, some empirical formulas can also be employed to
describe them. The dynamic characteristics of the heat exchanger
can be reflected in the following approximate relationship.

(1) The effect of T on Ty, is described by the transfer function as
follows:

K

R G4
Where K is gain, s is Laplace operator, and T = W/G,. W is the ca-

pacity of the heat exchanger, m>.
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(2) The effect of G; and G; on Ty, are described by the transfer
function as follows:

K

G(S) =€ 35
s) (Tis+1)(Ths+ 1) (3%)

Where the calculation of Ty and T, are as follows:

T1:W1/G1 ;Wz/Gz (36)

T2:W1/G1 +W2/Gy (37)

8

Where W; and W> are the storage capacity of hot and cold fluid
respectively, m>.

From the transfer function, it can be approximated that the
dynamic characteristic has a purely delayed second-order inertial
link. To transfer heat from the hot fluid to the cold, the hot fluid
must first be transferred to the partition wall, and then from the
partition wall to the cold fluid. This grows up to be a second-order
inertial link. In addition, pure hysteresis due to residence time is
also considered. The two time constants T; and T, of the second-
order link depend not only on the residence time of the fluid on
both sides, but also on the thickness, material and scaling of the
tube. However, Eq. (35) describes the inherent nature of the dy-
namic characteristics of the heat exchanger.

(3) In the heat exchanger outlet temperature control system, the
hot fluid flow G; does not change. According to the working con-
dition, the basic law of the dynamic characteristics of the heat
exchanger can be achieved. The mathematical model of heat
exchanger temperature control is

_ 2 —11.85s
CO) =537 57175 1 1°

It can be seen from the above equation that the system lag time
constant is 11.85s. And the heat exchanger temperature control
system is a system with a large inertia and lag.

(38)

4. Design and simulation of fuzzy logic control system
4.1. Fuzzy logic control

The heat exchanger outlet temperature control system is a
typical non-linear control system. Non-linear controller design is
an important task for the petrochemical industry (Aras et al., 2011;
Lin et al., 2020). Non-linear controllers have the ability to deal with
common process characteristics, such as input and measured dead
time, uncertain and changing parameters, manipulation and state
variable constraints, unmeasured and frequent disturbances, etc
(Fuente et al., 2006; Wakitani et al., 2019). Fuzzy control is an
intelligent control method based on fuzzy set theory, fuzzy lin-
guistic variables and an inference engine. It is an intelligent control
method that imitates human fuzzy inference and decision-making
processes of human behavior. The structure principle of fuzzy
controller is illustrated in Fig. 12.

It is useful for representing process descriptions such as high or
low, which are inherently fuzzy and involve qualitative conceptu-
alizations of numerical values meaningful to operators (Geng et al.,
2009; Hojjati et al., 2007). Fuzzy logic supports representation of
variables and relationships in linguistic terms. For example, the
linguistic variable of pipe temperature can take the fuzzy values of
low, normal, high, and very high, and each fuzzy value can be
modeled.
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Fig. 12. The structure principle of Fuzzy logic controller.

Fuzzy-rule

XX

Kq

Fig. 13. The relationship between the input and output variables.

4.2. Fuzzy-PID control

This paper adopts the method of combining fuzzy control
technology with PID control. E(k) and Ec(k) are input deviation and
deviation change rate of the system, respectively. K, Kj, Ky are the
parameters that characterize their proportional (P), integral (I) and
differential (D) effects. However, the PID regulator does not possess
the function of setting parameters online, so it can not satisfy the
self-tuning requirements of the system under different working
conditions, thereby affecting the further improvement of its control

effect.

Fuzzy-PID uses fuzzy set theory to establish a binary continuous
function relationship between the parameters Kp, K;, K¢ and the
input deviation E and deviation change rate Ec.

Depending on the control object of the system is the heat
exchanger inlet flow rate, the two-input three-output controller
can comply with the requirements. The values of the inlet flow
deviation E and the deviation change rate Ec of the heat exchanger
are input variables, and K, K;, Kg are output variables. If NB, NM, NS,
Z0, PS, PM, PB are used to denote negative large, negative medium,
negative small, zero, positive small, positive medium, positive
large, etc., in this system, E, Ec and output Kp, K;, Kq is specified as
the following fuzzy subsets:

E, Ec = {NB, NM, NS, ZO, PS, PM, PB}

Kp, Ki, Kq = {NB, NM, NS, ZO, PS, PM, PB}
Their domains are:

E Ec={-3,-2,-1,0,1,2,3}

Ky Ki, K4 =1{0,1,2,3,4,5,6}

The relationship between the input and output variables and the

FIS Variables 10 {NB

0.5 -

-
XX

Ec

NM NS Z0 PS PM PB

Input variables “E” and “Ec”

Fig. 14. The membership function of E and E..
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Fig. 15. The membership function of K, K;, Kq
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Table 3
The performance indicators.

Indicators Overshoot, ¢ Peak time, t, Adjustment time, t;
Fuzzy-PID 14% 48.85s 63.85s
PID 45% 35.85s 89.85s

membership curve are shown in the Fig. 13, Fig. 14 and Fig. 15.

Then design 49 group fuzzy rules according to human operation
experience. And establish the simulation model of the heat
exchanger outlet temperature control system in Simulink, as shown
in Fig. 16. The simulation results are presented in Fig. 17.

It can be observed in Fig. 17 that the performance of Fuzzy-PID
control is better than PID control. The overshoot represents the
ratio between the maximum deviation of the step response and the
steady-state value. The adjustment time represents the time
required for the system to reach equilibrium again after being
disturbed. The +5% range of the steady-state value is selected as the
error band, which means that the system has reached equilibrium
within the error band region. After adopting fuzzy PID control, the
overshoot is dramatically reduced, the adjustment time is signifi-
cantly shortened, and the stability and rapidity of the system are
improved. After the adjustment time, the step response of the fuzzy
PID control has all been within the error band, that is, the yellow
area in the figure. And the PID control system still has not reached
the equilibrium state. Amplifying the step response in the 180
s—200 s simulation period, and it can be seen that the volatility of
the fuzzy PID control system is obviously smaller than that of the
PID control system. The steady-state error of the system is related
to the transfer function, and fuzzy PID control and PID control use
the same transfer function, so the steady-state error of the two is
the same. The calculation method is as follows:

ess = lim s1 O

s—0

(39)

In Eq. (39), ess represents the steady-state error. By substituting
Eq. (38) into Eq. (39), the steady-state error can be calculated as O.

As the peak time and adjustment time are affected by the pure
hysteresis, the actual peak time and adjustment time are 11.85 s
later than the simulation results. And the performance indicators of
the control system are shown in Table 3.

Therefore, the Fuzzy-PID controller designed in this paper has
more superior performance than the traditional PID controller,
which provides guidance for the outlet temperature control of the
heat exchanger in petrochemical industry.

5. Conclusion

This paper carries out a risk assessment of high-risk heat ex-
changers in refineries. Through the process simulation calculation,
the changes of ammonia and hydrogen chloride partial pressure
with temperature are obtained. The crystallization temperature of
ammonium salt was produced by Gaussian fitting and chord cut
method. Through the comparison of temperature range, it is
concluded that the heat exchanger E303 has the risk of corrosion of
ammonium salt crystal deposition. Then, the heat exchanger is
mathematically modeled to obtain the transfer function of the
dynamic characteristics of the heat exchanger as the controlled
object of fuzzy control. Through fuzzy PID control, the temperature
control of the heat exchanger outlet is achieved. This method has
useful application value in oil refining enterprises and can guar-
antee product quality.
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