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Heat exchangers are widely used in industries for the use of thermal energy generated from
different processes. For a definite use of this energy, the temperatures of the hot and cold fluids
passing through the heat exchanger must be monitored and controlled efficiently. A suitable
model of the heat exchanger is required for monitoring and control purposes. The objective of this
work is to mathematically model a heat exchanger using a system identification method using a
computational tool. The methodology used consists of data collection and simulation of models,
as well as the analysis of comparison of the estimated models with the real system. The results
show that the identification through computational simulation presented satisfactory results.
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INTRODUCTION

Heat transfer equipment is an integral part of industries that
employ thermal exchange processes, the purpose of which is to
cool or heat a certain fluid. They need to use energy inputs
efficiently in order to avoid high costs resulting from losses.
Temperature control is crucial for the effective use of a heat
exchanger [1]. They are widely used in heaters, air
conditioners, power generation plants, chemical,
petrochemical, medicine and food plants, among other
applications [2]. Therefore, the control of this device is
necessary depending on the complexity of the process in which
they are involved. The first step in the analysis and design of a
control system is to define the mathematical model of the plant
under consideration. Obtaining the mathematical model of the
dynamics of a system can be very complex, leaving the
experimental method as a practical and viable alternative [2].
In this article we will use the System Identification Toolbox,
present in Matlab®., As a computational tool to identify the
transfer function that most closely matches the dynamics of the
cold water line of the heat exchanger. This tool allows the
analysis of collected data and the estimation of mathematical

models of plants. The designer is responsible for interpreting
the results in order to use the best model for each type of
system.

Bibliographic Review

Nowadays, improving the efficiency of industrial processes is
considered to be one of the most significant challenges for
both control engineering and process engineering. Many
possibilities for achieving this goal have been presented
suggesting the concepts of such improvements. Some of them
deal with the economic impact of improved control. Bauer and
Craig [3] presented a survey of the methods used to assess the
economic justification for applying new advanced process
control systems to a process. Some of these methods are based
on performance functions that incorporate economic aspects of
variations in process variables around optimal operating
points. In industrial heat exchange systems, heat exchangers
play an important role and their modeling is crucial both to
optimize design and operation, in addition to costs. Different
heat exchangers are applied in the industry, among which we
highlight the types [4]:
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Hull and tube: A set of these tubes contains the fluid that
must be heated or cooled. The second fluid flows over the
tubes being heated or cooled so that it can provide the heat or
absorb the heat needed for a specific process. They are
mostcommonlyused in industry;

Plates: One is made up of multiple, thin, slightly separated
plates that have very large surface areas and heat transfer fluid
flow passages. This stacked plate arrangement can be more
effective, in a given space, than the hull and tube heat
exchanger;

Finned plates: This type of heat exchanger uses fluid passages
in interleaved plates to increase the effectiveness of the unit.
The designs include cross flow and counter flow with several
fin configurations such as straight fins, offset fins and wavy
fins.
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Figure 1. Basic diagram of a shell and tube heat exchanger

In this study, the model obtained does not incorporate the
influence of measured disturbances and does not describe the
internal couplings between the process inputs and outputs.
Simplified modeling is necessary, one possibility is to apply
the simplified dynamic description in the form of the transfer
functions of Laplace FOPDT (First Order Plus Dead Time),
whose parameters can be easily identified from the response to
the process step. This approach is very popular to approximate
the significant dynamic properties of SISO (Single Input
Single Output) industrial processes [5]. The number of model
parameters must be minimized and the reliable method for
identifying their values must be ensured based only on
measurement data collected from a specific system. A heat
exchanger system presents the flow of liquid in cold and hot
temperatures as inputs. After the heat exchanges that occur in
the thermal process, cold and hot fluids at new temperatures
are produced. The scheme presented in figure 2 presents the
object of study of this research, where only the thermal model
of the cold water line will be identified.

THe /L/M
ms ~
valve ~

Figure 2. Heatexchanger system

For [6], heat transfer in a exchanger usually involves
convection in each fluid and conduction through the wall that
separates the two fluids. In the analysis of heat exchangers, it
is convenient to work with the global heat transfer coefficient
U, which represents the contribution of all these effects on heat
transfer. The rate of heat transfer between the two fluids at one
location of a heat exchanger depends on the magnitude of the
temperature difference at the location, which varies across the
heat exchanger [7].

The fundamental equation for heat exchangers is given by
equation (1):

Q = U'ATC' ATml

Where:

Q is the heat transfer rate (w);

Arc is the heat exchange area (m?);

U is the global heat transfer coefficient (w / m>°C);

AT,y is the average temperature difference between fluids.

Assuming also that the heat transfer of the exchanger fluids
and the neighborhood are negligible and that phase changes of
the fluids occur, it is possible to reach the heat transfer rates of
the hot and cold fluids, respectively, according to the equations
(2) and (3) [7]:

q= mHCpH(THIN — THoyr)
q= mCCpC(TCIN = TCoyr)
Where:

my is the mass flow rate of the hot fluid;

C,u is the specific heat at constant pressure of the hot fluid (W
/°C);

(THix and THgyr) are, respectively, the inlet and outlet
temperatures for the hot fluid (°C);

mc is the mass flow of the cold fluid (kg / s);

C,c is the specific heat at constant pressure of the cold fluid
(W/°C);

(TCy and TCgyr) are the cold fluid inlet and outlet
temperatures (°C), respectively.

The rate of heat transfer in the tubes is given by:
q = U.Arc(TCoyr — THoyr)

Applying the principle of energy conservation to the elements,
we have that:

dTH .
WCpH% = mHCpH(THIN —THoyr) +q =
mHCpH(THIN — THoyr) + UArc(TCoyr — THoyr)
4)

MATERIALS AND METHODS

The system illustrated in figure 2 allows the control of the hot
fluid (TH\our) and cold (TCoyr) outlet temperatures by
manipulating the net hot (my) and cold (mc) fluid inlet rates.
To determine the influence of the mass of hot fluid at the outlet
of the exchanger, a step associated with a white noise at the
inlet is applied.
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Figure 3. Input x Output of the hot fluid temperature

Table 1 shows the parameters used during the simulations,
considering water as the fluid used.

Table 1. Parameters used

Physical Construction and Operating Data in ~ Values
Permanent Regime
TCiy Cold water inlet temperature 24°C
THy Hot water inlet temperature 45°C
TCoyr  Cold water outlet temperature 27,2°C
THyyr Hot water outlet temperature 50°C
me Cold water flow 0,0251/s
my Hot water flow 0,0261/s
Agc Heat exchange area 0,02m?
U Coef. Global heat exchange 1000w/m>.K
Cpe-Cpy  Cold / hot liquid density 1000kg.m™3
n Specific cold / hot liquid heat 4180J/kg.K
v, Number of heat exchange cells 50
Net volume supported by tubes 0,0005m®

In order to perform the estimation of the mathematical model
for the cold fluid inlet line, the data are collected
experimentally. In possession of the input and output data,
computational tools are used to identify Matlab® systems. The
analysis of the hot water line will be disregarded, keeping it
fixed on a step-type sign:

TCIN = 240C
TCOUT = 27,20C
During the experiment, 563 values of TCoyt were collected for

TCy oscillations close to the desired setpoint, with sampling
time of 1s, as shown in figure 4.
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Figure 4. Inlet and outlet temperature x cold water time

Half of the signal was used to estimate the model, in green
from 0 to 281s and the rest in red, from 282 to 563, for model
validation, as shown in Figures 5.
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Figure 5. Sign used to estimate and validate the model

Three types of mathematical models were used to estimate the
cold water line model of the heat exchanger system: Transfer
functions, state space and non-linear models. The best fit was
verified for each type of model. Below are the correspondence
responses for each model. The transfer function method
presents the best response in a third order model, with 82.32%
approximation to the system model. Models above this order
do not respond satisfactorily. The four best answers are
illustrated in figure 6 and figure 7 shows the answer for the
best model.

L R

Figure 6. Response by the transfer function method
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Figure 7. Response of the best validity model
In the state space method, the best result was 42.32%

approximation, with an order one system, as shown in Figure
8.

RESULTS AND DISCUSSIONS

The best model obtained by the transfer function method is
given by equation (5)
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Figure 8. Validation response for the state space method

The state space model of the estimated model that came closest
to the system and given by the system of equations in (6):

dx/dt = A x(t) + B u(t) + K e(t)

yO) =Cx(®)+Du(t) te(t) .o (6)
Where A, B, C and D are the following matrices:
0.2927 2.577 9.979 2.522 4.247
2.597 14.28 —48.47 —-11.32 —19.8
A=|3.1610 24.51 —-32.67 —-10.74 —23.63];
0.698 5.623 —-1149 -3.911 18.23
0.6327 —7.378 20.73 16.35 8.678
—0.7235
4.131
B=| 3.141 |;
1.319
—-1.179
C=[2.102 —1.304 0.1643 -0.2118 —0.2944];
D = [TCin]

Figure 9 shows the block diagram for simulation. The transfer
function of the estimated model was inserted and compared
with the impulse response for hot water.
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Figure 9. Block diagram for step response simulation
Figure 10 illustrates the comparative graph of the TH,y

originally used in the mathematical model and TC,, of the
estimated model.
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Figure 10. Graph of model response to a step signal
Conclusion

Estimating mathematical models of physical systems using
computational tools starts with the collection of input and
output signals from the object of study, followed by the
treatment of signals, estimation of the model and finally, its
validation, so that, at the end of this process we have a transfer
function or a model in the state space that represents the
dynamics of the system. In this article, we used the model
estimation method represented by a transfer function and
another by a model in the state space. After several tests to
elevate the order of the system, it was found that the responses
were satisfactory to some degree. Increasing the degree of the
estimated models even more, the response tended to diverge
more and more from the real system. The best results obtained
were 82.32% for the third order transfer function method and
42.32% for the state space model.
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