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Abstract. Inmany industrial process and operations, shell and tube heat exchang-
ers are one of the most important thermal devices that sustained a wide range of
operating temperature and pressure. However, the nonlinearity nature of the heat
exchangers, and the exclusions of disturbances and uncertainties in linear models,
makes the task of mathematical modeling of the system becomes challenging.
Here, the solution followed for such problems is experimentally finding linear
mathematical model that includes the effect of disturbances. To avoid problem of
the system nonlinearities, the overall system is partitioned in to three operating
ranges. Then, experimentally generated input-output data has been used in the
MATLAB in order to identify the three partitioned system models. For each par-
ticular operating range, input-output data has been collected and analyzed using
MATLAB environment. After iterative procedure, the plant models are obtained
with satisfactory accuracy and residual analysis within range of limits. The results
showed that the first test, the second test and the third test models have the best
fit of 80.28%, 81.16% and 80.86% respectively. Finally, the overall model is
approximated to single linear model that represent all operating ranges.

Keywords: Heat exchanger · System partitioning · System identification ·
Linear approximation

1 Introduction

In many engineering processes, such as nuclear plant, petrochemical, food processing,
beverage and pharmaceutical industries heat exchangers are important thermal devices
and they are usually characterized by high energy demands [1, 2, 6]. There are different
types of heat exchangers that can be used in industries but the most commonly used ones
are shell and tube heat exchangers. Most industrial processes require acceptable model
for such devices. There are some methods of determining a model for a system, namely
first principle and empirical models [3, 4]. First principle modeling involves accepted
mathematical and scientific equations that describe the physics and principle of a given
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process. The accuracy of this method increases with high level understanding of the
physical system and the insertion of dynamic equation which affects the process, but
practically it is difficult to take all dynamics into account. On the other hand, empirical
modeling provides a way to handle unmolded dynamics and uncertainties [3, 5, 7].

Heat exchangers are nonlinear with changing process gains, time constants, and dead
times. In spite of this fact, it has been traditionallymodeled using linear techniques,which
use constant gains, time constants and dead times. The heat exchangers have different
gain, time constant and dead time at different range of flow rate, thus, the model of
the system is time variant [5]. Many researchers have used linear time invariant model
without inclusion of unmolded dynamics and uncertainty, this makes the system difficult
to control [15–17]. In order to have the disturbancemodel of the system the experimental
conduct has to be done between disturbance input to output controlled variable (Fig. 1).

Fig. 1. (a) Hot water generator (b) Shell and tube heat exchange

2 Experimental Design and System Identification

The experiment is conducted using pilot plant of shell and tube heat exchanger. In the
beginning, the partitioning strategy has been done, that is experimentally partitioning
based on the flow rate [8]. This experiment takes 200 L/h of cold water or disturbance
variable, hot water input as manipulated variable and cold water output as controlled
variable. The Experiment is performed by varying the manipulated variable flow rate
from 150 L/h up to 450 L/h. The range of the flow rate is determined by practical par-
titioning and capacity of the heat exchanger, for instance there is no significant model
difference at 1 L/h to 150 L/h. Therefore, the remaining ranges also performed in the
same way. In order to obtain the disturbance model, applying the input signal through
disturbance input, and collect the data accordingly. The dimension of the heat exchanger
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is 1.5 × 0.7 × 2 m including its stand and measurement accessories. The input for the
system is pseudo random signal with different amplitude. The experimental specifica-
tions are shown in Table 1. A separate data has been collected for model training and
validation. The input-output signals for model training are shown in Fig. 2a, b and c and
for model validation are shown in Fig. 3a, b, and c.

Table 1. System identification experimental specification

No of tests Hot water flow
rate (L/h)

Cold water
flowrate (L/h)

Hot water
temperature (◦C)

Cold water
temperature (◦C)

Test one 150 200 42 28

Test two 300 200 48 28

Test three 450 200 40 28

For test one, the input data and validation data has been taken 315 with 1 s sample
time. For test two, the input data and validation data has been taken 461 with 1 s sample
time. For test three, the input data has been taken 462 with 1 s sample time and 460
validation data. In all the three cases the effect of the disturbance is included during
experimenting.

3 Linear Approximation of Multiple Models

The idea ofmultiplemodeling is to approximate a nonlinear systemwith a set of relatively
simple local models valid in certain operating regions. In order to have one linear model
that represents overall operating range the weighted sum of the individual models has
to be calculated as following [9–14].

μP =
1

εp(t)
∑m

j=1
1

ε j (t)

(1)

X(k + 1) =
m∑

P=1

μP AP X(k) +
m∑

P=1

μP BPU (k) (2)

Y (k) =
m∑

P=1

μPCP X(k) (3)

Where μP is the weighted function, εp(t) indicates the error between the system
output value and the estimated output value of each linear model and, m is number of
linear models.

4 Result and Discussion

The aim this paper is finding linear model for shell and tube heat exchanger using empir-
ical modeling. The models obtained from the response for input signals are identified
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Fig. 2. Input and output signals of test one, test two and test three

Fig. 3. The simulated and validation data output of test one
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using process model (transfer function model). After reiterative procedure the model for
the three tests are attained with different percentage of accuracy. Figures 3, 4, and 5 illus-
trated the output models using the validation data. Figures 6, 7, and 8 illustrate residual
analysis test one, test two and test three respectively, the residual analyses are shown in
99% confidence interval. The residual analysis provides the information to accept the
model. If the residual analysis exists between the limit line the model is acceptable. The
variation in the simulated and validated data in the range of 0–50 s is because of the input
and validation data has been collected in different days with different room temperature,
this cause little variation in simulated and validation data (Tables 2 and 3).

Fig. 4. The simulated and validation data output of test two

Fig. 5. The simulated and validation data output of test three

The linear approximation of the non-linearity system has to be calculated in the
following equations. The overall system has been partitioned in to three regions based
on manipulated variable of flow rate. In order to have one linear model that represents
overall operating range the weighted sum of the individual models as following. The
heat exchanger models are divided in to three regions with accuracy of 80.28%, 81.16%,
and 80.86%. Therefore, the error of the three models are listed as follow:

ε1 = 0.1769, ε2 = 0.1381, ε3 = 0.1914
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Fig. 6. Residual analysis of test one

Fig. 7. Residual analysis of test two

μP =
1

εp(t)
∑3

j=1
1

ε j (t)

(4)

∑m

p=1
μp = 1 (5)

μ1 = 0.31199, μ2 = 0.3996, and μ3 = 0.28835

X(k + 1) =
∑m

P=1
μP AP X(k) +

∑m

P=1
μP BPU (k) (6)

Fig. 8. Residual analysis of test three
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Table 2. Transfer function model of shell and tube heat exchanger with different inputs

No Plant model Plant model best fit (%) FPE MSE

Test one G1(s) =
0.40696(1+47.22 S)e−3.5S

10168.7 S2+965.78 S+1

80.28 0.0115 0.01439

Test two G2(s) =
0.21574(1+58.257 S)e−3.15S

(1+475.55 S)+(1+9.252 S)

81.16 0.06881 0.06704

Test three G3(s) =
0.13938(1+46.941 S)e−2.82S

(1+452.47 S)+(1+8.2768 S)

80.86 0.1075 0.1048

Table 3. Transfer function of disturbance model

No of models Disturbance model

Test one
Gd1(s) = 0.31407(1−27.057 ∗ S)e−6S

6441 S2+831.3 S+1

Test two
Gd2(s) = 0.31089(1−87.816 ∗ S)e−7.5S

11238 S2+1690.6 S+1

Test three
Gd3(s) = 0.29977(1−69.871 ∗ S)e−2.3S

11804.8 S2+1663.7 S+1

Y (k) =
∑3

P=1
μPCP X(k) (7)

Y (k) = (μ1C1X(k) + μ2C2X(k) + μ3C3X(k)) (8)

The nonlinear system is approximated by the following global linear model.

X(k + 1) =
⎡

⎣
0.9278 −0.0271 −0.0018
0.024 1 0
0 0.026 1

⎤

⎦X(k) +
⎡

⎣
0.0121

0
0

⎤

⎦U (k)

Y (k) = [−0.0178 0.044 0.0351
]
X(k) (9)

The approximated linear model of shell and tube heat exchanger is shown as below
equation.

G(s) = 0.23601(1 + 49.8s)

(1 + 9.625s)(1 + 567.9s)
e−3.252 S (10)

The local linear disturbance models approximated to single global disturbance
models.

Gd(s) = 0.00013953 (1 + 0.1772s)

(1 + 0.1745s)(1 + 0.2342s)
(11)
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5 Conclusion

In this paper empirical model that represents the real system and handle unmolded
disturbance and uncertainty is presented. Laboratory shell and tube heat exchanger has
beenused to conduct the experiment. Input-output data including the effect of disturbance
was generated experimentally and fed to the MATLAB system identification toolbox
as an input. To avoid system nonlinearities, the overall system is partitioned in to three
operating range. For each particular operating range, input-output data has been collected
and analyzed usingMATLAB Software. Finally, after iterative procedure the partitioned
plant models are obtained with satisfactory accuracy and residual values within range
of limits. The results showed that the first test, the second test and the third test models
have the best fit of 80.28% with MSE of 0.01439, 81.16% with MSE of 0.06704 and
80.86% with MSE of 0.1048 respectively. Finally, the overall model is approximated to
single linear model that represent all operating ranges.
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