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Abstract-The present paper investigates the fundamental
thermodynamic laws and heat exchanger tank. It introduces the
entropy and examines the second law of thermodynamic
analysis for this type of exchanger. The methodology involves
examining heat exchanger tank under different laboratory
conditions including the power of heat element inside the tank,
mass flow rate of cooling water of tank wall and the mixer
speed inside the tank as variables. The data for the water
temperature inside the tank and output water were obtained
after cooling the tank wall. The entropy generation rate was
then drawn and the optimal performance criteria of the heat
exchanger tank and its optimal range were evaluated by
minimization of entropy via the second law analysis. This was
undertaken to increase the efficiency and decrease energy
consumption. The results indicate that when the mass flow rate
of input cold water, power of heat element and the mixer speed
were respectively controlled in their possible minimum
measures, the system tend to perform in optimal conditions
according to the second law of thermodynamics.

Keywords- the second law of thermodynamics, heat exchanger
tank, entropy.

. INTRODUCTION

Change in heat transfer rate to temperature in a reversible
process is called entropy or irregularities, which is known as
the system property. If the adiabatic process is reversible, its
entropy change would be zero that is called steady entropy
process or isentropic. And if the process is irreversible
adiabatic, the entropy would increase. The process of heat
exchange between two fluids with different temperatures
separated by a solid wall is found in many engineering
applications. Heat exchanger conducts this process. Exchanger
tank is one of the types that is universally used in oil and gas
industry, petrochemical and power plants, coolers and heaters
as well as food industry.

The thermodynamic methods for energy optimization as a
powerful tool can be focused on according to the following two
criteria:

e A criterion for performance evaluation in entropy and its
minimization.

e A criterion that considers the exergy and its maximization
as the performance evaluation. Both criteria have been
explained in various studies with some advantages,
features and limitations, some of which are described as
follows:

e Bejan discussed the analysis of the second law of
thermodynamics in heat transfer and thermal design,
generated entropy via heat transfer and fluid flow, as well
as the minimization of generated entropy [1], [2] ,[3].

e Yilmaz et al. examined the performance evaluation
criteria of heat exchangers based on the analysis of
second law of thermodynamics [4].

e Hepbasli conducted a practical and general review of
exergy analysis of thermodynamic machines as well as an
estimation and evaluation of renewable energy in future
[5].

e Gong et al. stated the economic and technical
optimization of processes in environment conditions by
exergy|[6].

o Naphon evaluated the analysis of second law in the heat
transfer of horizontal concentric tube heat exchanger [7].

e Ozcelik optimized the shell and tube heat exchangers by
genetic algorithm using exergy analysis [8].

e Paniagua et al. offered a new simple method for
estimation of exergy loss in heat exchangers [9].

e kakac et al. designed heat exchangers and determined
their price [10].

e Shukuya et al. published an introduction to the concept of
exergy [11].

e  Zhu combined the exergy analysis with pinch technology
for processes [12].

By examining the heat exchanger tank, the present study is
aimed at thermodynamically optimize the heat transfer using
the second law of thermodynamics. Optimization of every
process decreases the energy loss and increases the efficiency.
In contrast, lack of optimization increases both the costs and
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pollution rate. Therefore, it is expected that the thermodynamic
optimization of heat exchanger tank and also finding the
optimal range of each parameter would reduce the energy loss
and costs and help the environmental health.

Il.  FUNDAMENTAL RELATIONS AND CONCEPTS

One of the most important concepts in thermodynamic
studies is the concept of energy. Indeed, thermodynamics can
be known as the science of energy. One of the most important
thermodynamics relations is the mass conservation law or
continuity equation:
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Where m stands for mass, t for time and rh for the mass

flow rate. In addition, (c.v.) is the control volume, (c.s.) the

control surface, (out) or (e) the output and (in) or (i) represent

the input in the whole article.

A. The first and second laws of thermodynamics

The first law of thermodynamics, also known as the energy
conservation law, is fundamental for the relations between
energy interactions and its various shapes. Based on the
experiments, the first law of thermodynamics states that energy
cannot be created or destroyed but only can be transformed
from one form to another. This law cannot be mathematically
proved; however, no natural process or phenomenon has
violated the first law of thermodynamics. The first law for the
control volume is as follows:
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Where Q stands for the heat transfer rate, W for the
performed work rate, U for the internal energy, m for the mass
flow rate, h for the enthalpy, v for the speed, t for the time, g
for the gravity acceleration and z for the height.

Maintaining the quality of energy is of great importance for
engineers. The second law of thermodynamics is a good
measure for determining the quality and loss rate of energy
during the processes. The second law of thermodynamics is
founded upon the experimental observations. There are two
classical expressions for the second law known as the Kelvin -
Planck and Clausius which are both equivalent of one another.
The second law as the principle of entropy increase for the
control volume is stated as follows:
g)cv + Ze rhe Se — Zi ri’li Si = ch% + Sgen (3)

Where, S stands for the entropy, m for the mass flow rate,
Q for the heat transfer rate, T for temperature and Sgen for the
rate of generated entropy.

B. Heat exchangers

Heat exchangers are devices that provide the flow of
thermal energy between two or more fluids in different

temperatures and are applied in many fields including,
electricity production, environmental engineering, unused heat
recovery, air conditioning, refrigeration, oil and petrochemical,
astronomy and also in manufacturing and production process,
chemical process and food industries. There are two
approaches for analyzing the heat exchangers: the Logarithmic
Mean Temperature Difference (LMTD) method for design
problems (determining the surface of heat exchange) and the
Effectiveness-Number of Transfer Units (¢ — NTU) method for
analytical problems (finding the fluid's output temperatures). In
the present study, the heat exchangers are firstly classified as
follows and finally, the heat exchanger tank will be studied:

e Classification based on the type and hot and cold fluid and
their contact: heat transfer and recovery types; direct and
indirect contact.

e Classification based on the exchanger's mechanical
construction and their structure: double-tube, shell and
tube and spiral tube heat exchangers; gasket and spiral
plate and lamella heat exchangers; fin heat exchangers
including fin-plate and tube-plate heat exchangers.

e Classification based on the flow direction of hot and cold
fluid: co-current (flow), counter-current and cross-current
heat exchangers.

e Classification based on the mechanism of heat transfer
between the cold and hot fluid: single phase convection on
both sides; single phase convection on one side; two phase
convection on the other side; and finally, two-phase
convection on both sides.

C. Heat exchanger tank

Heat exchanger tank, similar to a simple reactor, has an
insulated cylindrical tank with water input and output, in which
there exist water pipes, heat element and a mixer. Along with
increasing the temperature of tank's water by the heater, the
tank's wall can be cooled by its surrounding spiral pipes, the
input water mass flow rate of which is adjustable. The input
and output temperature of water for cooling is displayed. The
power of heat element and the mixer speed are changeable for
controlling the temperature of tank's water and uniforming the
water, respectively. Nevertheless, the temperature of heater and
tank’s water is displayed on the exchanger.

D. Entropy

The concept of energy and entropy are respectively
deduced from the first and second laws of thermodynamics.
Entropy is a quantitative property the physical description of
which is difficult. Unlike energy, entropy is a non-conservative
property and there is nothing as the entropy conservation law.
Clausius inequality, introduced by the German physician
Clausius in the form of following relation, has significant
results in thermodynamics:

$2<0 (4)

Q denotes the heat transfer and T the absolute temperature.
This inequality is correct for all reversible and irreversible
cycles including the refrigeration cycles. Clausius inequality is
the result or consequence of the second law of
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thermodynamics. The equal sign in this inequality is for the
general or internal reversible cycles and the unequal sign is for
irreversible cycles. Since the above integral for all reversible
routes between the state 1 and 2 is the same, it is thus
concluded that this is an independent quantity of the routes and
is only subordinate to the terminal states which makes it a
property. This property is called entropy which is shown with
S. The entropy differential ds as a property of the matter is
defined as follows (rev index denotes the reversible state):

5Q
=], 0

T is the absolute temperature in a border at which the
differential heating dQ is exchanged between the system and
its surroundings. Considering the entropy definition, the second
law is stated as follows (f & i indices denote the final and
initial states, respectively):

For the process:

f[8Q
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For the system:

ds Q, e

% = ¥+ Sgen (7)

And for the control volume:

ds . . Q, &

E)c.v + YeMe Se — XM s; = ch? + Sgen 8)
Where T stands for the absolute temperature, S for the

entropy, t for time, m for the mass flow rate, Q for the heat

transfer rate and Sgen for the rate of generated entropy.

E. The principle of entropy increase

The principle of entropy increase can be considered as a
comprehensive and quantitative expression of the second law
for thermodynamics from a macroscopic point of view. The
entropy increase suggests that only those processes can occur
during which the net entropy change of the system and
environment is increased (or remains stable):

5Q

The equal and unequal signs in the above relation are
respectively for the reversible and irreversible process. Entropy
is an extended property and thus, the total entropy of a system
equals the sum of component's entropies. An isolated system
(adiabatic closed system) can contain an unlimited number of
subsystems. Therefore, any system and its surrounding can be
considered as two subsystems of an isolated system, the
entropy change of which during a process is the total entropy
change of that system and its surroundings which equals the
entropy generation; because, an isolated system contains no
entropy transfer. Thus, the principle of entropy increase is
stated as follows:

For the system:

ds ds
E)c.v * E)surr =0 (11)

Where AS,,; stands for the net entropy change, ASg, for
the system entropy change, ASg, for the surrounding entropy
change, Sqe, for the generated entropy and S, for the total
entropy. The equal and unequal signs are respectively for
reversible and irreversible processes. Since no real process is
reversible, it can be stated that some of entropy is generated in
every process and the more irreversible the process, the more
the generated entropy during the process. Therefore, the world
entropy that can be considered as an isolated system is
continuously increasing. The principle of entropy increase does
not state that a system's entropy cannot decrease. However, the
entropy change of a system in a process can be negative, but its
generation cannot be. The principle of entropy increase can be
summarized as follows:

> 0 irreversible process
Sgen =4 =0 reversible process (12)
< 0 impossible process

F. Entropy transfer methods

A system'’s entropy change over a process is defined as the
generated entropy in that process in addition to entropy
transfer. There are two mechanisms for the entropy transfer:
heat and mass transfer (while the energy is also transferred
through work).

1) Entropy transfer via heat transfer

The input and output heat transfer to the system lead to an
increase and decrease in entropy, respectively. Indeed, the only
way to decrease the entropy of a constant mass is to expulse the
heat. The ratio of heat transfer Q in one place to the absolute
temperature T in that place is called the entropy flow or
entropy transfer. The heat and entropy transfer directions are
the same, because the absolute temperature T is always a
positive quantity. The entropy transfer via heat is as follows
which is zero for adiabatic systems:

0= % Sheat (13)
k

It should be noted that the work lacks any entropy and
cannot transfer it.

0= Swork (14)

According to the first law of thermodynamics, there is no
distinction between the heat and work transfer and they are
considered as being equal. However, this distinction becomes
obvious in the second law of thermodynamics. The heat
transfer is a type of energy interaction accompanied with the
entropy transfer. The work is the same interaction without any
entropy transfer. This means that no entropy is exchanged in
the work interaction of system and its surroundings.

2) Entropy transfer via mass
Mass contains both energy and entropy. The rate of energy
and entropy of a system is proportionate to the mass flow. The

ASpet = Sgen = Stotal = ASgys + ASgyr = (10) entropy transfer via mass flow is calculated as follows:
For the control volume: mS = Spass (15)
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When the mass m enters a system, the system entropy S
increases and also decreases per output mass. Closed systems
do not contain any mass flow and thus, do not have the mass-
accompanied entropy transfer.

Ill.  THE SECOND LAW ANALYSIS FOR EXCHANGER TANK

Most of the devices we use including, turbines,
compressors and exchangers work with a steady flow and thus,
do not have any entropy change in time. Therefore, they follow
the relation of entropy balance for a steady flow. The entropy
balance relation (the second law of thermodynamics) for a
control volume in steady state —steady flow conditions is stated
as follows:

Z%:"’Zmisi_zmese"'sgen:o (16)

Irreversibilities always increase the system's entropy and its
generation is a criterion for the generated entropy by these
effects in a process. The entropy generation in a reversible
process is zero and thus, the system's entropy and entropy
transfer are the same. Given the second law, the generated
entropy in the control volume in steady state-steady flow
conditions is stated as follows:

Sgen = YeMe Se — X1 55 — Z%: (17)

The above relation only shows the rate of generated entropy
within the system boundary, rather than the generated entropy
due to the external irriversibilities outside the system boundary.
Therefore, a process for which Sy, =0 is internally
reversible, but not necessarily totally reversible (k index in
above relation denotes the place of heat transfer).

From the energy conservation law (the first law) in steady
conditions and regardless of the potential and kinetic energy,
we have:

Q=W =t he — iy by = 1 (he — hy) (18)

Now the energy balance for an exchanger tank in order to
find the rate of heat loss is conducted as follows:

Qloss = m (hoye — hin) (19)

Considering the mass conservation law for the steady state
and given the fact that since the rate of heat loss is directed
toward the outside of control volume, a negative sign is
multiplied in Qo5 and it emerges with a positive sign in the
final relation:

- Welement - Wmixer

M, = My, =M (20)

: . . Q
Sgen = MSpyt — MSijp — % (21)

The following relation is obtained for the rate of generated
entropy in a heat exchanger tank using the mass conservation
law (continuity equation), energy conservation law (the first
law) and entropy balance (the second law):

Qloss =W element + Vvmixer +1m (hout - hin) (23)

Where Sgen stands for the rate of generated entropy,rn for
the mass flow rate, h for the enthalpy, S for the entropy, T for
the temperature of exchanger tank, Wejement fOr the power of
heat element (heater) , Wy,ixer for the mixer power and Q;qss
for the heat loss transfer rate from the surface control
(exchanger tank wall).

IVV.  DISCUSSION AND ANALYSIS ON DIAGRAM

By examining the heat exchanger tank in laboratory and
considering three parameters of mixer speed, power of heat
element and the cold water's mass flow rate (for cooling the
tank's wall) as the change parameters and registration tank's
water temperature and the output cooling water, the rate of
entropy generation (per minute in a 5 min period) was
calculated and shown on the diagram. The following issues
should be considered, however:

e Temperature of the input water and environment is
considered to be 298 Kelvin.

e The amounts of enthalpy and entropy are read from the
table of water saturation for saturated liquid.

e The water's output temperature, power of heat element and
the input cold water's mass flow are displayed on the
exchanger. The power of mixer is obtained by
multiplication of the torque and the mixer's angular
velocity which is specified on the exchanger (thus, the
mixer power and speed are directly related)

e The rate of entropy generation is obtained using Eq. 22.

The water mass flow rate of 50 litre per hour and 4
different powers of the heater
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Figure 1. The rate of entropy generation according to the mixer speed for a
fixed water mass flow rate of 50 liter per hour.

Sgen =m (Sout - Sin) - % (22)
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Fig. 1. shows the rate of entropy generation according to
the mixer speed for the water mass flow rate of 50 liter per
hour. Results indicate that along with the increase of mixer
speed (over 0-1000 round per minute) and the heater power in
four different values (0.5, 1, 1.5 & 2) kilo watt (kw), the rate of
entropy generation according to watt per Kelvin (w/k) has been
linearly increased. It is thus concluded that the less the heater
power and mixer speed, the less the entropy generation.

The water mass flow rate of 150 litre per hour
and 4 different powers of the heater
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Figure 2. The rate of entropy generation according to the mixer speed for a

fixed water mass flow rate of 150 liter per hour.

Fig. 2 shows the rate of entropy generation according to the
mixer speed for the water mass flow rate of 150 liter per hour.
Results indicate that along with the increase of mixer speed
(over 0-1000 round per minute) and the heater power in four
different values (0.5, 1, 1.5 & 2) kilo watt (kw), the entropy
generation according to watt per Kelvin (w/k) has been linearly
increased. It is thus concluded that the less the heater power
and mixer speed, the less the entropy generation.

The water mass flow rate of 250 litre per hour and
4 different powers of the heater
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Figure 3. The rate of entropy generation according to the mixer speed for a
fixed water mass flow rate of 150 liter per hour.

Fig. 3 shows the rate of entropy generation according to the
mixer speed for the water mass flow rate of 250 liter per hour.
Results indicate that along with the increase of mixer speed
(over 0-1000 round per minute) and the heater power in four
different values (0.5, 1, 1.5 & 2) kilo watt (kw), the entropy
generation according to watt per Kelvin (w/k) has been linearly
increased. By comparing the three diagrams (1), (2) & (3) it is
thus concluded that the less the heater power, mixer speed and
cold water mass flow rate, the less the entropy generation.

V. RESULTS

e No one denies the value of heat exchangers and their
widespread application. Heat exchanger tank is one of
these elements. By using the laws of mass conservation
(continuity equation), energy conservation (the first law)
and entropy balance (the second law), the present study
attempted to obtain a relation for the entropy generation of
heat exchanger tank. The obtained relation was then
compared with the experimental results and evaluated.

e Considering the Eq. (22), the three parameters (the input
cold water mass flow rate, power of heat element and
mixer power or speed) influence the rate of entropy
generation. Thus, these parameters are the performance
evaluation criterion of the exchanger tank. Meaning that
along with the increase of any of the aforementioned
parameters, the rate of entropy generation for the heat
exchanger tank would increase. In addition, it is decreased
with their decrease. The results, predictable from the
analysis of second law of thermodynamics for the heat
exchanger tank, were confirmed by the experimental data
and laboratory results. Moreover, the results of all three
diagrams indicate that along with the increase of any of
three parameters (the input cold water mass flow rate,
power of heat element and mixer power or speed), the rate
of entropy generation would increase which proves the
compatibility of analytical and experimental relations.

e Therefore, for the optimal performance of a heat
exchanger (according to the second law of
thermodynamics), the result of which is an increase in the
system's efficiency and productivity, a decrease in the
energy consumption, system's loss, and finally
environmental pollution, it is suggested to control the three
parameters (the input cold water mass flow rate, heat
element power and mixer speed) in their possible
minimum levels.

e According to the values of entropy generation shown in

diagrams, the optimized range for the cold water mass
flow rate was 50-150 litre per hour, for the heater power
was 0.5-1 kw and for the mixer speed was 0-250 rpm. The
entropy generation rate has been it its lowest level in these
ranges; meaning that the system has been performing in
optimized conditions according to the analysis of second
law of thermodynamics.
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