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Preface

Preface

The production of foods involves a considerable use of energy and materials. Common
processes in the food processing industry are cooling, freezing and heat transfer. To
improve the efficiency and sustainability of processes, it is important to know the losses
occurring in these processes and their causes. This can be done by taking into account
the quality of energy. According to the quality of energy concept, e.g. work is more
valuable than heat, because work can be transformed completely to heat but not vice
versa. The quality of energy (also: exergy) appears to be a valuable tool in improving
the energy efficiency and sustainability of processes.

The book starts with the analysis of a dairy factory as a case study. The second chapter
of the book explains the significance of the quality of energy for optimizing processes,
followed by the causes and reduction of exergy losses in Chapter 3. This theory is
applied to refrigerated facilities in Chapter 4 and to the refrigeration and heat pumping
in food processing plants in Chapter 5. Chapter 6 deals with exergy cfficiency and
exergy loss visualization in value diagrams. The exergy losses due to fluid flow and
heat transfer are presented in Chapter 7.

This book has been made possible by a contribution from the grant scheme ‘Energy
saving through innovation” executed by Senter, The Hague, The Netherlands.

ir, L. Stougie
Interduct
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Energy analysis of a dairy factory

1 Energy analysis of a dairy factory

Ing. S. Oldenhof,
KWA Business Consultants (KWA Bedrijfsadviseurs BV)

For a leading dairy factory in the Netherlands, KWA has performed an energy saving
study, pinch analysis and a global exergy analysis. The dairy factory produces cheese. A
by-product of this process is whey.

The production process consists of several processes:
- standardization

- pasteurization

- curdled milk preparation

- pressing of cheese

- pickle baths

- cheese ware house

- whey evaporation

In the dairy sector thermal vapour compression is often used for evaporation. In this
dairy factory mechanical vapour recompression is applied.

The dairy factory uses electricity and natural gas for all utilities, processes and
buildings. The energy balance shows the main users of heat and electricity, namely:
pasteurization. whey evaporation, air conditioning of the cheese ware house and
refrigeration. Extra attention has been paid to these main users in the energy saving
study. One of the measures, which were the results of the energy saving study, was co-
generation and heating of the air conditioning of the cheese ware house by a heat pump.

The pinch analysis was performed for the heat exchangers network of the
pasteurization. The pinch analysis shows that the present heat exchangers network were
reasonably optimal. The global exergy analysis was performed for the whole dairy
factory. The focus in the exergy analysis was drawn to the generation of steam, whey
evaporation and refrigeration.
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2 The quality of energy

Ir. N. Woudstra,

Faculty of Design, Engineering and Production,
Section of Thermal Power Engineering,

Delft University of Technology

2.1 Introduction

Characteristic for our society is a massive consumption of goods and energy.
Continnation of this way of life in the long term is only possible if the use of raw
materials and fuel will be reduced considerably. This will require that goods and useful
energy are produced in a more sustainable way. Waste of raw material and energy
should be avoided and losses during conversion and transport need to be reduced as far
as possible. The aim for a sustainable production of goods and ready for use energy is a
great challenge of our future society.

For this ambition thermodynamics (= the science of energy conversion) will show the
direction we have to go. In case of energy conversion this is obvious. The purpose of
such systems is the conversion of energy from one form into the other. In case of
chemical processes this seems to be less obvious. Since the properties of matter are
completely determined by their energetic conditions, thermodynamics will provide the
basis for the analysis and optimization of the chemical conversion of matter. Through
applying thermodynamics for energy conversion systems as well as chemical processes
the minimal amount of energy required can be determined. Moreover thermodynamics
are useful to show where losses do occur and to determine their magmiude. To make
clear how the quantity “exergy” can be used for this purpose examples that are
concerned with energy conversion are shown mainly. The same considerations are
applicable to chemical processes.

Why the introduction of an additional quantity “exergy” and what 1s the meaning of this
quantity? In practice thermodynamics are often used to determine the performance of
processes and plants. In case of chemical processes this implies determining the
required amount of raw material and energy per unit product; in case of energy
conversion plants, determining conversion efficiencies 1s the central issue. Determining
the performance in these cases can be easily done without using the quantity exergy.
However the application of the quantity exergy will be useful if differences in
performance between alternative plants have to be explained or if plants have to be
optimised. To illustrate this, Table 2.1 shows characteristic thermal efficiencies for a
few conversion options, assuming natural gas as the primary fuel.

Table 2.1 Thermal efficiencies for a few conversion options
Plant efficiency
electric power station 35 %
central heating boiler 95 %
combined heat and power (CHP) plant 80 %

TU Delft - 9




The quality of energy

It appears that power production with an electrical power plant leads to much lower
conversion efficiencies than the production of hot water in a central heating boiler. Also
in case of combined production of heat and power in so-called CHP plants, higher
conversion efficiencies can be achieved. These efficiencies are determined by using
amounts of energy only. However the second law of thermodynamics learns that energy
is not only characterized by its amount but also by its quality. This quality is very
important in case of energy conversion, as loss of quality can occur during conversions
without immediate loss of energy to the environment. In thermodynamics the property
“entropy” has been introduced to enable quantifying losses m quality. Entropy however
is not a direct measure for the quality of energy, while such a direct measure 18 very
useful for assessing and optimizing energy conversion systems. The quality of energy
can be indicated in a for engineers comprehensible way as “the potential to convert
energy into work”: this is the amount of work that can be obtained from an amount of
energy under ideal conversion conditions (using reversible processes). This potential to
produce work is called “exergy”. The quantity exergy originates from the application of
thermodynamics on energy conversion systems and must not be seen as a quantity of
classical thermodynamics. The importance of this quantity will become clear during
analyzing and optimizing energy sysiems as well as chemical processes.

The quantity exergy is based of course on thermodynamic concepts. To determine
exergy values as well as to explain differences in exergy values and exergy losses, basic
knowledge of thermodynamics is indispensable. Before focusing on the quantity exergy
the necessary thermodynamic concepts will be discussed.

2.2 Thermodynamic concepts

2.2.1 Main laws of thermodynamics

Thermodynamics are based on experience, experience with nature that shows which
conversions from one kind of energy into the other are possible and which are not. In
the following, several kinds of energy will play a role like: kinetic energy, potential
energy, internal energy, heat, work, electrical energy and chemical energy. The most
well known statements about these conversions, based on experience with nature, are
defined as the first and second law of thermodynamics. The first Jaw of thermodynamics
says: '

“energy can’t be lost, neither it can be obtained from nothingness’

This law indicates that for an arbitrary system the difference between the amount of
energy that is transferred into the system and the amount that is transferred from the
system, should equal the amount that is accumulated in the system during the process.
This law makes it possible to draw up energy balances for any arbitrary system.

This first law, also indicated as the conservation of energy principle, shows in fact the
similarity between the different kinds of energy. However this law cannot be applied
without considering other phenomena during energy conversion. Different kinds of
energy not only exhibit similarities but also differences; not every energy conversion is

10 TU Delft
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possible if the first law of thermodynamics is satisfied. Nature shows that specific kinds
of energy can be converted in every other kind of energy, but there are also kinds of
energy for which this is not true. This experience is defined in the second law of
thermodynamics. Carnot has formulated this characteristic of nature in the middle of the
mineteenth century as follows:

“work can always be converted completely into heat, but heat cannot
always be converted entirely into work”

Also Clausius, Thomson and Planck have formulated this characteristic of nature each
in his own words. Actually the meaning of all these formulations is the same. They can
be summarized as follows:

“work is a kind of energy that can be converted completely into heat by any
arbitrarily process; however it is impossible to design a process that is able
to convert the produced heat completely into work in order to restore the
initial state entirely”

The second law of thermodynamics shows that work can be converted completely in
any other kind of energy but that this is not the case with heat. In our strongly
mechanized society, that consumes work on a large scale, work is more valuable than
heat. Therefore based on the second law of thermodynamics the value of an amount of
energy is supposed to equal the maximum amount of work that can be obtained from
this amount of energy.

The meaning of these thermodynamic laws can be illustrated by considering an
arbitrarily closed system for the production of work as shown in Fig. 2.1. Within this
system a power cycle takes place that receives an amount of heat O from a hot
reservoir at temperature 7y and discharges an amount of heat O, to a cold reservoir at
temperature 75, It is assumed that the temperature at which heat is transferred into or
from the system is the same as the temperature of the corresponding reservoir. In case of
a reversible power cycle the produced power is called W.,. The efficiency of the
reversible process is defined as:

W
S 2.1
()
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reversible cycle

Wev _ AT
QT

Qe irreversible cycle
Wivev AT
<2l

Q4 T

Figure 2.1  Application of the second law of thermodynamics on a closed power
cycle

It has been proved that the efficiency of such a reversible power cycle only depends on

the temperature of both heat reservoirs. This has resulted in the definition of the

thermodynamic temperature scale. This temperature scale has been chosen such that the

efficiency of a reversible power cycle equals the ratio beiween the temperature

difference (AT = Ty - Tz} of the reservoirs and the temperature 77 at which heat 18

transferred into the power cycle:
4 AT

@ T
Using the thermodynamic temperature scale the amount of work from a reversible
power cycle can be determined with:

W =(1-2).¢ 2.3)
T,

(2.2)

The term (1 - T2 /Ty) is often called the Carnot-efficiency. Carnot has derived this
equation assuming a reversible cycle containing an ideal gas and applying the ideal gas
temperature scale. Today this equation is defined by the choice of the thermodynamic
temperature scale. The term (1 - T7 /T1) indicates the maximum amount of work that can
be obtained from the amount of heat Oy transferred inte the system while using a cold
reservoir at temperature 7.

2.2.2 The property enthalpy and entropy

Thermodynamic properties are used to define the thermodynamic state of a system. A
short discussion of the properties enthalpy and entropy is presented here as these
properties are in particular important to determine the exergy of an amount of matter.

The property enthalpy of an arbitrary amount of substance is defined as:

H=U+p'V (2.4)
The enthalpy of an amount of substance can thus be written as the sum of the internal
energy and the product of pressure and volume of the substance. Differentiating this
equation gives:

dH =dU+p-dV+V -dp (2.5)
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By applying the first law on a compressible substance in a closed system undergoing a
reversible process Eq. (2.6) can be derived. This equation says that the amount of heat,
supplied as the result of an infinitesimal change of state, equals the sum of the change of
internal energy of the substance and the product of pressure and the change in volume:

dQ=dU+p-dV (2.6)
From the Egs. (2.5) and (2.6) it results that the relation between the change in enthalpy
and the supplied heat to the substance is:

dQ=dH -V -dp ' (2.7)
Tt appears that as long as the pressure of the substance is constant, the change in
enthalpy equals the amount of heat supplied to the substance.

Another property, closely related to the supplied heat, is entropy. To clarify the meaning
of this property the system shown in Figure 2.1 will be nsed. In thermodynamics it is
postulated that heat is positive as it is transferred into the considered system.
Furthermore it is assumed that work has a positive sign as it is produced by the system
and delivered to the environment. As a consequence of the first law of thermodynamics
it must be that:

W/rev = Ql + Q2 (28)
In this case the value of O, will be negative. By rewriting Eq. (2.2) it appears that:

ngQz :T];TQ (2.9)
1 1

This equation can be reorganized resulting in:

2.9 4 (2.10)
T T

Up to now it is assumed that the system in Fig. 2.1 undergoes a reversible power cycle.
The amount of work that can be obtained with an irreversible power cycle from the
same amount of heat O; will always be less than with the reversible process, thus:

Weo AT (2.1D
g T

In a similar way as has been done for the reversible case for the irreversible it can be
derived that:

2.2 2.12)

L

To obtain one general applicable equation, for reversible as well as irreversible
processes, the Egs. (2.10) and (2.12) can be combined into the equation:
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g
Y, 5<0 (2.13)

In case of systems undergoing a cycle that transfers heat at changing temperature levels
one can prove that the following equation applies:

a0
§ <0 (2.14)

Suppose that a closed system undergoes a process that brings the from condition 1 to
condition 2 system in a reversible way and after that in a different but also reversible
way from condition 2 to condition 1. The closed system then undergoes a reversible
cycle, for which the following equation is valid:

T ii,Q“_I_ j é?Q:O (2.15)

1 (rev) 2 (rev)

This equation 1s valid for any other reversible way through which the closed system

2
goes from condition 1 to condition 2. From this it may be concluded that JdQ/ T during
1

a reversible transition from condition 1 to condition 2 always will have the same value.
This means that the system has a property for which the change in value during
transition from condition 1 to condition 2 is determined by summing up 4Q/T over the
covered way. This property is called the entropy and is represented by the symbol S:

:JdTQ or ds =% (2.16)

1

S2—Sl

2.2.3 The meaning of A8,

Suppose that the closed system undergoes a cycle where the transition from condition 1
to condition 2 is mrreversible, while the transition from condition 2 to condition 1 is
reversible. As the total cycle is irreversible it applies that:

T§Q+jf$<o (2.17)

1 (irrev) 2 (rev)

Since the transition from condition 1 to 2 is supposed to be reversible, from Eq. (2.16) it
follows:

1
499 _s s, (2.18)
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As a consequence of Eqs. (2.17) and (2.18) it results:

2
a0
J T8, (2.19)

1 (irrev)

For this equation can also be wriiten:

2

s,-5,= | Lac (2.20)

1 {lire)

In this equation C must be positive. The size of C depends on the extent of the
irreversibilities during transition from condition T to condition 2. In case of a highly
irreversible transition C will have a high value; the value of C will be low in case of a
little irreversible transition. The value of C will become 0 only in case of a reversible
transition. Therefore C can be seen as a contribution of the irreversibilities to the
entropy increase and is called the irreversible entropy increase (or entropy production)
indicated as ASirey. S0, from the second law it appears that any closed system can be
characterized by a property “entropy”; the change of this property during a transition
from condition 1 to condition 2 results from the following equation:

g
dg
S, =8 = | —+AS ., (2.21
SNE )
On a differential basis this equation takes the form:

ds :d?QwS. (2.22)

ey

To derive this equation it is assumed that the heat flow dQ is positive if this flow is
transferred into the system. The temperature 7 in this equation is the temperature of the
heat flow at the system border. By applying this equation these assumptions have to be
considered carefully.

2.3 Exergy

2.3.1 Definition of the guantity exergy

In the introduction the quantity exergy is indicated as “the potential to convert energy
into work”. Obviously the meaning of this quantity is limited to kinds of energy for
which the potential to produce work does not equal the energy content, that is kinds of
energy that can not be converted fully into work. From the types of energy mentioned in
section 2.2.1 the kinetic energy, potential energy and electrical energy can be converted
completely into work by applying reversible conversion systems. This means that the
exergy content of these kinds of energy is the same as the energy content. So the
quantity exergy is mainly important for heat, internal energy and chemical energy. Heat,
work and flows of matter have to be considered for the analysis of chemical plants and
energy conversion plants. An exergy analysis of these types of plants will require
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exergy values for heat and flows of matter. In this section equations will be derived that
can be used to determine these exergy values.

In general it may be expected that a thermodynamic system which is not in equilibrium
with its environment, has the potential to produce work. In this respect an amount of
matter can be seen as a thermodynamic system. When such a system is brought into
equilibrium with the environment it will be able to produce work and thus the potential
of the system to produce work will be reduced. The maximum amount of work will be
derived when the system is brought into equilibrium with the environment in a
reversible way. This maximum amount of work is defined as the exergy of the system.
As a consequence of this definition it is obvious that the exergy of a system is zero
when it is fully in equilibrivm with the environment.

2.3.2 The exergy of heat

In section 2.2.1 1t is concluded that an amount of heat derived from a hot reservoir at
temperature Ty, can only partly be converted into work. The remainder is transferred to-
a heat reservoir at a lower temperature. The produced work is maximal in case of a
reversible cycle. Suppose that an amount of heat dQ at temperature 7T is supplied to a
reversible power cycle that uses the environment at temperature 7p as the cold reservoir.
The work obtained from this cycle becomes:

AW, = (1=22)-d0 (2.23)

The remaining heat is transferred to the environment at temperature 7. This heat cannot
exchange energy with the environment any longer and is therefore supposed to be in
(thermal) equilibrium with the environment. This means that the amount of work dW,.,
produced by the cycle is the exergy dEx of the quantity of heat dQ.

In practice heat is usually extracted from fluid flows that are cooled down during heat
transfer. Extracting heat then occurs under continuously changing temperature
conditions. When the condition of the heat source changes from condition 1 to condition
2 during a heat transfer process, the exergy of the heat derived from the heat source
becomes:

2 2 T
Ex, = [dEx, = j(l—?o)-dQ (2.24)

This equation can be used generally to determine the exergy of an amount of heat.

2.3.3 The exergy of an amount of matter

The exergy of an amount of matter is defined by the amount of work that will be
obtained from a system that brings the matter into equilibrium with the environment by
reversible processes. To determine the amount of work unambiguously the system for
the conversion of the matter must be defined more accurately. It is agreed that such a
system should have the following characteristics:

a) only reversible processes take place in the system
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b) the system is open, has a constant volume and a steady flow is entering and leaving
the system

¢} the kinetic and potential energy of the matter is not taken into consideration (is
assumed to remain unchanged)

d) heat can be transferred only from or to the environment {at temperature 7g)

e) for the conversion of matter into environmental components matter from the
environment (at environmental conditions) should be used only

f) at the outlet of the system, matter is entirely 1n equilibrium with the environment

The exergy of an amount of matter is defined as the net amount of work that 15 obtained

when the amount of matter has passed such a system.

WI’GV
p T reversible P, 7,
ME— 0 0y
processes
l Qat T,

Figure 2.2 System with reversible processes that brings an amount of matter
into equilibrium with the environment

First the exergy of an amount of matter will be determined without considering changes
in the chemical composition of this matter. As will be explained later the exergy derived
m this way is also called the thermo-mechanical exergy.

Figure 2.2 shows a system that brings an amount of matter in (thermo-mechanical)
equilibrium with the environment. This means that the matter leaves the system at
environmental temperature and pressure.

Applying the first law to the system shown in Figure 2.2 and neglecting the changes in
kinetic and potential energy of the matter at inlet and outlet of the system it becomes:

Q=(H,-H)+W_, (2.25)
Using Eq. (2.22) for a reversible process gives:
dQO =T-dS

As the system can only exchange heat with the environment, for this heat can be
written:

Q=T1,-(5,-5) (2.26)

An equation for work produced by the system can be obtained by combining Egs. (2.23)
and (2.26):
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W, = (H = Hy) =T, (S5, (2.27)

This represents the work obtained when the amount of matter is brought into
equilibrium by applying a system as defined for determining the exergy of matter, Thus
the exergy of an amount of matter can be determined with Eq. (2.27):

Ex=(H-H)-T,(S-5,) (2.28)

At the right side of this equation only properties of state are used. Some of these
properties are depending on the condition of the environment. Only after defining the
environment unambiguously the quantity exergy can also be seen as a property.
Equation (2.28) can be used to determine the exergy of an amount of matter. In case of a
tluid flow an amount of matter is passing per unit of time. The exergy of a fluid flow
then becomes:

Exﬂow :q)m (h—.ho)_yjo -(S_SO) (229)

2.3.4 Exergy losses

The driving forces applied m the considered processes determine the magnitude of
exergy losses. On the other hand driving forces are determining equipment size and the
time processes need to develop. Therefore exergy losses have to be weighted against
equipment size and capital costs. Finally operational costs and other relevant
performance factors, like e.g. emissions, have to be balanced against capital costs.
During design and optimization of plants, the determination of exergy losses will be
very useful, because they show how much exergy, or potential to produce work, will be
lost in a specific unit of the plant. At normal operation many processes in large plants
can be considered to take place in open, steady flow systems as e.g. in heat exchangers,
compressors, turbines, furnaces or reactors. To derive a general equation for the exergy
loss of such processes Fig. 2.3 will be used. It is assumed that the same amount of
matter that enters the system will also leave the system during a considered period of
time.

Vvirrev
] Dy | irreversible Dy 5
processes
\ QatT

Figure 2.3 Open system with steady flow
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The exergy loss in the system due to the irreversible processes can be determined by
using the exergy balance of the system:

Exluss = Exin - Exout (230)

The exergy loss of the system in Fig. 2.3 can be determined with this equation if the
exergy flows entering and leaving the system are known. Exergy is entering the system
with mass flow 1, with exergy Ex;, and a heat flow at temperature 7. Exergy leaves the
system with mass flow 2, with exergy Ex,, and the flow of work Wige,. Equation (2.30)
can then be written as:

(2.31)

irrev

2
T,
B, = Bx+ | (1 =)0~ Bx, =W,
1

The exergy change of the flow of matter passing the system can be calculated using
equation (2.29):

Ex —Ex,=(H,~H,)~T, (5, ~5,) (2.32)

As it may be assumed that changes in potential energy and kinetic energy can be
neglected, the energy balance of the system in Fig. 2.3 can be written as:

H,—H +W,_, —0=0 (2.33)

Combining Egs. (2.31), (2.32) and (2.33) delivers the following equation for the exergy
loss of the system:

2
Ex,, =To-[(52—51)—J %Q} (2.34)
1

The system in Fig. 2.3 converts an amount of matter at state 1 in an amount of matter at
state 2. De entropy change due to this conversion can be determined by applying Eq.
(2.21). Combining this equation with Eq. (2.34) gives:

Exloss = Té) 'ASin'cv (235)
From this equation it appears that the exergy loss in a open system with steady flow
equals the product of ambient temperature and the irreversible entropy increase (also
calted “entropy production”) of the flow of matter through the system. Equation (2.35)
is, in a somewhat different form, also called the Gouy-Stodola-equation.

2.4 Dividing exergy in thermo-mechanical and chemical exergy

The exergy of an amount of matter is determined by using a system that brings the
matter in equilibrium with the environment. Full equilibrium with the environment is
achieved when the temperature of the considered amount of matter is the same as the
temperature of the environment and the matter is fully converted into components that
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are available in the environment while the pressure of the separate components equals
the partial pressure of the respective component in the environment.

For the calculation of the exergy of an amount of matter it is required to select a system
that will be able to bring the matter in full equilibrium with the environment. In order to
derive useful equations it is necessary to divide the required conversion system in a
number of sub-systems for which the produced work easily can be determined. Then the
total work delivered by all sub-systems together equals the exergy of the amount of
matter. Dividing the conversion system in sub-systems is in particular necessary for the
calculation of the exergy of mixtures. A first division is made here to distinguish
between the thermo-mechanical exergy and the chemical exergy. Assuming that a gas
mixture is available at a pressure and temperature that differ from the environmental
conditions, the mixture will be brought at environmental conditions. An equation for
calculating the work generated by performing this conversion with a suitable system 1s
derived in section 2.3.3. The work from this conversion is called the thermo-mechanical
exergy as it brings the mixture in thermo-mechanical equilibrium with the environment.
During this conversion the composition of the gas mixture will remain unchanged. Next
the mixture must be brought into full equilibrium with the environment by converting
the mixture isothermally inio environmental components at the partial pressure of the
respective components in the environment. The work generated during this conversion
is called the chemical exergy, because it is the maximum amount of work that can be
derived by changing the chemical composition of the mixture keeping temperature and
total pressure constant. Obviously all sub-systems together have to fulfil the
characteristics as described in section 2.3.3. The exergy of the mixture equals the sum
of the mechanical exergy and chemical exergy, thus:

Ex = Fx,  + Ex,, (2.36)

mixture tm

In the following a procedure is presented for the calculation of the chemical exergy of
gas mixtures. In this procedure the calculation of the exergy of a gas mixture occurs in
WO steps:
1. determining the exergy of a gas mixture based on known exergy values for the
respective elements at standard pressure and temperature;
2. determination of the exergy of the elements based on a predefined
environmental composition.

An overview of the necessary sub-systems for the first step is shown in Fig. 2.4. In
order to convert a gas mixture into the respective elements, the congisting components
must be separated first; this occurs in system 2 of Fig. 2.4. Therefore it is supposed that
the components can be isolated from the mixture by applying reversible membranes
through which only one specific component can pass without friction while all other
components are hold up. After passing the membrane a component is available at a
pressure that equals its partial pressure in the mixture. Then this separation will occur
without the need for any work. After separation the components have to be pressurized
isothermally and reversibly till environmental pressure. In these conditions it is assumed
that components will fulfil the ideal gas laws. Then the work required for the
compression can be calculated using the following equation:
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mvz—}v-dﬁ—j‘q'n-dp:—R.ijf’fi (2.37)
1 1 P 1 P

Using this equation the work necessary for the separation of one mole of mixture (the
work done by sub-system 2) becomes:

Wo,=3 -y R, T, In—L2 (2.38)
; Yi' o

In this equation y; is the mole fraction of the respective components in the gas mixture.

In a second step, sub-system 3a, the isolated components are reversibly dissociated into
their elements. The reactions necessary for this conversion are reverse formation
reactions. As the work from a formation reaction equals the negative value of the
change in the Gibbs-free energy, the work for the dissociation of one mole of a
component becomes:
— Q

M/J‘SV - A_f gmol,298 (239)
Then for the work from the dissociation reactions to convert all components from one
mole mixture, it can be written:

Wz = 2 YA g 1?10!, 1,298 (2.40)

After sub-system 3a all compounds in the gas mixture are converted into their elements
at standard pressure and temperature. As it is assumed that the exergy of these elements
is known, the chemical exergy of the mixture can be calculated by adding up the
different contributions:

exmol, ch = W‘evﬁ + W‘evﬁa + 2 Vi ‘ exmoi, element (2’41)
i
VVrev. 2 W’ev, 3a
Ti To
o Toy | Pl or P
—— e 2 beeme w32 fe----- -
components | .
(mixture) } components i nvironmental
T (separate) T elements
Q(To) Q (7o)
Figure 2.4 Overview of sub-systems for the calculation of the exergy of a
gas mixture, assuming that the exergy of available elements
is known
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In equation 2.41 it is assumed that the molar exergy of the elements is known. The
exergy values of the elements will be determined here in a second step. Therefore the
element must be converted reversibly and isothermally into a compound or element that
exists in the (defined) environment. In Fig. 2.5 the necessary sub-systems for the
calculation of the exergy of an element are shown. For the conversion of elements into
an environmental compound, onty matter from the environment can be used.

T Ww, 3b T VVrav, 4

Do T 1 b ] Ts 4 P To Yo |
environmental environmental environmentat
element } i companent } mixiure
Q (7o) Q(Ts) £
<]
oo To PR - To Yo
envircnmental environmental —
component , mixture
(separatsd) T
Q (To)
Figure 2.5 Overview of sub-systems for the calculation of the exergy
of elements

In order to bring an element in full equilibrium with the environment, it must be
converted first in an environmental component if the element does not exist as such in
the environment. If for instance the surrounding air is used as the defined environment
to determine exergy values, the elements carbon (C) and hydrogen (H:) must be
converted into CO and H;O respectively by using oxygen from the environment. In case
of elements like O, and N,, which do exist as such in the environment, no conversion is
necessary. The conversion of the element into an environmental compound occurs 1n
sub-system 3b (see figure 2.53) and is actually the formation reaction of the
environmental compound. The work from a formation reaction equals the negative
value of the change in Gibbs-free energy. As the formation reaction of one mole of
compound requires v mole of the considered element, the work from the conversion in
sub-system 3b becomes:
1 i
= _‘; : Af & 101,298 (2.42)

rev,3b

As the conversion of 1 mole of the considered element requires v, mole of an

environmental component, this component has to be separated from the environmental
mixture at its partial pressure and reversibly compressed till standard pressure. This
extraction of the component is supposed to occur in sub-system 4a. The work from this
sub-system, the work from compression, is:

YiFa
Po

W, (2.43)

vey,da

=_VO',R"I‘YB'1H
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In this equation y; is the mole fraction of the respective component in the environment.

The compound resulting from the formation reaction in sub-system 3b becomes
available at standard pressure. The reversible discharge of this compound to the
environment requires that it first must be expanded to its partial pressure in the
environment. After this expansion it will be discharged without pressure loss to the
environment via a reversible membrane. The reversible work from the isothermal
expansion becomes:

W,y =R, T, In—L2 (2.44)

te v yj o

The exergy of the element then equals the reversible work from the sub-systems
necessary for the reversible conversion of the element into an environmental
component, so:

ex, =Wz T Woa t W, (2.45)

molelement — ' re rev, 4 revda
With the Egs. (2.42) till (2.45) the chemical exergy of one mole element can be
calculated, provided.that a composition of the environment consisting of gaseous

components is defined and that at least one of these components contains the considered
clement.

It must be noticed that some authors apply a further subdivision of the chemical exergy
into chemical exergy and mixing exergy. Here the chemical exergy includes the
chemical exergy as well as the mixing exergy. Dividing these terms has only hmited
advantages, but can result in serious confusion with regard to the accurate definition of
the mixing exergy.
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3 What about losses?

Dr.ir. HJ. van der Koo,

Faculty of Applied Sciences,

Department of DelftChemTech,

Section of Applied Thermodynamics and Phase Equilibria,
Delft University of Technology

3.1 Introduction

In the context of the first law of thermodynamics, it seems strange to speak about
exergy losses. Doesn’t this law stress the conservation of energy? We will try to
develop some feeling about this point by discussion of a simplified example of a
counter current heat exchanger. From this we will see what actually is lost and what
causes these losses. We continue with a simple and a more complete derivation of the
relation between losses occurring in all real processes and their causes. When we
understand what is lost and how that is related to the operating conditions of our
processes, we are perhaps able to meaningfully reduce these losses in order to tmprove
QUL PTOCESses.

3.2 A heat exchange process

Consider a counter current heat exchanger where a hot and a cold stream exchange
thermal energy, the hot stream cools down and the cold stream heats up. This type of
energy transfer is very common in the process industry. At a certain point in the heat
exchanger, the hot stream has a temperature 7;, and the cold stream has a temperature
1. In this case the driving force for thermal energy transfer is usually taken as the
temperature difference Ty, — T.. In order to transfer an amount of thermal energy in a
reasonable amount of time we have to design the heat exchanger such that the
temperature difference between both streams remains large enough. We, for example,
decide about the minimum temperature difference that we allow to occur in the heat
exchanger, and this has its consequences for the heat exchange surface area needed.
Assume that from the hot stream at 7%, a small amount of thermal energy 80 per
second is transterred to the cold stream at T¢, and that T, > Ty, the temperature of the
environment. In the best case we have no thermal energy leaks to the environment.
The first law of thermodynamics is certainly not violated by the process we consider,
because the thermal energy abstracted from the hot stream is completely transferred to
the cold stream. Is it possible to speak about losses in this case?
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=

Th,out

Tc,in

Figure 3.1 A heat exchange process

We will now consider this heat exchange process from a completely different point of
view. Assume that we want to produce the maximum amount of power from an
amount of thermal energy 80 per second at the temperature 7y, of the hot stream. The
lowest temperature that we have available is the temperature of our environment 7.
We can then operate a Carnot engine between 7y, and 7y, to produce the amount of
work 6Wh per second, given in Eq. (3.1):

W, = @(1-%} (3.1)

However, if the amount of thermal energy 80 per second is transferred to the cold
stream at T;, we can produce an amount of work oW, per second in the same way as
before from a Carnot engine, as shown in Eq. (3.2):

W= 80| 1~ 1, (3.2)
’ T,
If we subtract Eq. (3.2) from Eq. (3.1}, we obtain:
o, o, = o, =70 -1 | 63)
1, 1T,

The right hand side of Eq. (3.3} 18 > 0 because T. < Ty, and the other terms are positive
too. This means that also the left-hand side of Eq. (3.3) has to be positive. The amount
of power we could have obtained from 60 per second at 7j, is larger than the amount
of power obtainable from 8Q per second at T.. The operation of transfer of thermal
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energy from 7h to 7. is accompanied with a decrease in the amount of power
obtainable from the system. The difference between W, and 8W, is called the amount
of work lost dWies due to the process of thermal energy transfer from a higher to a
lower temperature. A closer observation of Eq.3.3 shows that 8§Q is the amount of
thermal energy transferred per second and A1/T, the difference between 1/7. and 1/75,
can be interpreted as the cause, the driving force, for transfer of thermal energy. The
larger AU/T, the larger the amount of work lost due to the process considered.

The second law of thermodynamics, applied to a control volume, can be expressed in
formula form as follows:

dS . . 5Qiﬂ 5Qour \
Z = Z minS."n - Em’ouz‘slout + 2,[ T - ZJ‘ T + ASiﬂev (34)

In our system, we consider two control volumes, one at T;, and one at 7. For the first,
Eq. (3.4) can be worked out, the first term is the accumulation term, which in our case
of a steady state process is zero. If we have only one hot stream, the mass balance
SIVES Mljp = Mont. Assume that the amount of thermal energy transterred between the hot
and cold stream 80 is so small that we reasonably can assume that both temperatures
T and T remain constant, and further that the transfer process in each of the streams
occurs reversible. In that case ASirey = 0. For the hot stream Eq. (3.4) reduces to:

U = mlfrz - m’s.om - Q (3'5)
T,

The entropy change of the hot stream is the difference between the out- and ingoing
entropy streams and is shown in Eq. (3.6):

AShor = _T - m(sh,ouz - Sh,irz) (3.6)
A

In the same way, the entropy change of the cold stream is given by:

AS i ﬂ% = 1S e = S 3.7)

o

'The total entropy change is equal to ASirey per second, as shown in Eq. (3.8):

ASromi = Ashox + ASCDM = ASirrev {38)
Eqs.(3.8), (3.6) and (3.7) can be combined to Eq. (3.9):
: {1 1 (3.9)
AS. =80 ———
rrev @[Y; T—;’!)
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From Eq. (3.9) we see that ASyv > 0, as it should be for a real, possible, process, in
accordance with the second law of thermodynamics. This example shows us that the
entropy generated in' the process considered is given by the product of the thermal
energy stream and the driving force of that process:

AS,,., = @A(l] (3.10)
T

From Eq. (3.3) and Eq. (3.10), we see that we can write:

W,

lost

= TS, (3.11)

ray

Eq. (3.11) is the so-called Gouy-Stodola-relation. The power lost in a process is equal
to the product of the actual temperature of the environment in which the process takes
place, and the amount of entropy generated per second in the process.

What we have seen from this example is that thermal energy initially available at Ty,
after transfer to a lower temperature 7. , has a lower potential to obtain work from it
than it originally had. There is no loss of energy, in accordance with the first law, but
we can do less with it, Before we consider other driving forces and streams that lead in
an analogous way to.a loss in work potential, we apply the following linear relation
between the stream and the driving force to our example:

80 =T, - T.)UdA 3.12)

In Eq. (3.12), U is the overall heat transfer coefficient, in S.I. units Wm'ZK'l, and dA is
the surface area through which the thermal energy is transferred from the hot to the
cold stream. Eq. (3.12) is often used in practice and has to be integrated over the whole
heat exchange surface area. The driving force for thermal energy transfer is usually
chosen as AT in stead of Al/T as suggested here. From Eq. (3.12) we see that for a
designed heat transfer rate, we can increase the heat transfer area, as the most
reasonable option, and/or the overall heat transfer coefficient U, to reduce the driving
force for heat transfer. Substitution of Eq. (3.12) into Eq. (3.3) leads to:

ow,, =(T,-T. )UafA(Ti - TLJ = UdA[MJ (3.13)

4 h hoe

As we can see from Eq. (3.13), the potential power lost due to heat transfer is
proportional to the temperature difference squared. Reduction of AT by increase of dA
and/or U can lead to a decrease in the amount of power lost due to transfer of thermal
energy.
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3.3 Towards the equilibrium state

The next example that we will consider is a rigid, completely isolated and closed
system in which a flexible and permeable membrane divides the system in two parts:
part] and part 2, initially at different conditions of pressure, temperature and chemical
potentials of the substances present. We assume that no chemical reactions take place.
The internal energy U/ of the whole system remains constant, as well as the number of
moles of each component i m, and the volume V. Due to some transfer of the
components through the membrane, both entropy values of part 1 and part 2 will
change.

part 1
pr. Toomg,.. -
part 2
Pz, Tz,--,ﬁi,z,--

Figure 3.2 Isolated and closed system consisting of two parts

The change of part 1 is given by:

d$, = —dv, + 2 av, -3 Ly (3.14)
T 1 Lo

For part 2, we can write an expression analogous to Eq. (3.14), see Eq. (3.15):

dS, =—dU, +=—=dV, —
=i Bt~

2

Hio .
T dn; , (3.15)

Because U/, V and each m; for the total system remain constant, the following relations
must hold:

dU, =—-dU,;dV, = —dV, and dn,, = —dn,, for eachn, (3.16)
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The total change in entropy can be obtained from the summation of Eq. (3.14) and Eqg.
(3.15), and subsequent substitution of the expressions from Eq. (3.16). This leads to
Eq. (3.17):

AS,

Frey

= dS, +dS, = dU, 1L vav| L L2y o B 1 n,, (3.17)
L T, L T LT

Each of the three terms on the right hand side of Eq. (3.17) must be > 0 for any real
process. If 7y < T, energy must flow from part 2 to part 1, and dU/y must be > 0. For
the second term we have that if po/T> > py/Th than dVi > 0, as a consequence of the
transport of matter and energy from part 2 to part 1. In the same way we have for the
third term that if i2/T> > Wi/T1 we must have that dm; > 0. This means that
component i is transported from part 2 to part 1.

We can identify m Eq. (3.17) three different driving forces and their conjugated
streams: A1/T and a stream of internal energy, Ap/T and a volume stream, and finally
A(uy/T) and the mole stream . As a consequence of the processes taking place in the
system, T, decreases and 77 increases until the temperature of both part 2 and partl 1s
the same: T;. In this case there will be no net transport of thermal energy from part 2 to
part 1 any more. Also p» decreases and p; increases until the pressure in both part 2
and part] is the same: pr. The conjugated volume streams become both 0 m’s”. Finally
also any net mole transport ceases if 11 = L2 for each component i. In this situation
we say that the system we considered has gone to its equilibrium state. Without any
net forces a system is in the equilibrium state if everywhere in the system the
temperature, the pressure and the chemical potentials of each component have a
constant value. In this case there are no driving forces and resulting streams, and
entropy generation stops.

We have seen examples of different types of driving forces and conjugated streams,
the product of which contributes to entropy generation. The product of the temperature
of the environment: Ty, and the sum of all entropy generation contributions is equal to
the loss in the amount of power the system potentially can produce. In the next
paragraph, we will discuss a more general approach to the determination of the total
amount of entropy generated in a system in a non equilibrium situation. This will give
us insight in the causes of entropy generation and thus also in the loss in power, the
exergy, as a consequence of all processes. The power that initially could have been
obtained is larger than the amount of power that we finally could have produced from
the system.

3.4 A microscopic view on entropy generation

Classical thermodynamics deals with macroscopic systems but several phenomena that
occur in the process industry are microscopic in nature and can be better understood
and modeled starting at a microscopic level of description. Irreversible
thermodynamics starts from a so small microscopic level that parameters as
temperature, pressure, chemical potential and so on are still well defined. This means
that, especially for the gas phase, the characteristic length scale must be larger than 1
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pm under the process conditions normally occurting in the process industry. The
procedure often followed is to work with microscopic density values for the extensive
thermodynamic properties used to describe the system studied. To calculate the total
change as a consequence of the processes taking place in the system, we must integrate
over the whole volume of the system. The processes in the system are driven by
appropriately defined driving forces, in this case considered as gradients, and give rise
to conjugated flows, in this case considered as the conjugated fluxes. As is mostly
done, the entropy generation density is defined as follows:

AS,. . (3.18)
14

o=

We expect to find an expression of the following form:

o= X1, (3.19)

In Eq. (3.19) Xj is the gradient of the driving force of type j and J; is its conjugated
flux. If the gradients are not too large, the fluxes are linearly dependent on the
gradients. This is the linear regime that is extensively investigated in the area of
irreversible thermodynamics. Onsager and Casimir contributed a lot to this. The
driving forces can be of different tensorial character and can only couple to other
driving forces of the same character. Thus scalar driving forces can only couple to
other scalar driving forces. In this case flux J; can for example be expressed as
follows:

(3.20)

Ji=Y L X,

The constants L in Eq. 3.20 are the so called coupling constants. Eq. (3.20) indicates
that flux J; depends in general on all gradients of the same type. These constants must
be determined from experiment. Onsager has shown that Ly = Ly;. This reduces the
number of independent constants with a factor two. The cobstants Ly are also called
conductivities.

To derive an expression for o, the entropy generation density, we start from the Gibbs
expression as given in Eq. 3.21:

1

r K
dS = —qu +Lav -3 Higy
FAU > - 3.21)

When we transform this expression to a relation between the density values of the
extensive variables. We will use the normally used symbol with a subscript v: for
example S, = S/V, except for m/V we use ¢, the concentration of component 1, Eq.
(3.21) will get the following form:

dS, =—du, -3 #iqe, (3.22)
T T
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The time derivative of Eq. (3.22) is given in Eq. (3.23):

as, 1duU, M; de;

(3.23)

di T dr T dt

To derive an expression for ¢ from Eq. (3.23), we first have to find an expression for
dey/dr. This derivative gives the accumulation of the concentration of component i in
the small control volume that we consider to be our system. This accumulation term
can be written in its most simple form as follows:

de. de,
—=-VJ, +—
a0 (dz J 524

The first term on the right hand side of Eq. (3.24) is the contribution due to streams of
i, to and from our system. In this term is, V = d/0x + 0/dy + d/0z, the nabla operator. In
the case that we have to apply this operator to a vector, V = id/dx + jo/dy + kd/dz,
where i, j and k are the unit vectors in the x-, y- and z-direction. Eventually this first
term can be split in a diffusion and a convection contribution:

—VJ, =-Véy, =-V¢, (Vi "V) -Viy = _VJi,dif - VJi,con (3.25)

The last term in Eq. (3.24) is the generation term of substance i in our system.
Substance i can be generated as a consequence of chemical reactions in which 1 takes
part. The conversion of a chemical reaction k is defined as:

d&'k - 1 dck,,' 396
dt v, dt (3:26)

4

In Eq. (3.26), vy, is the stoichiometric constant of substance i taking part in reaction k.
This coefficient is positive for products and negative for reactants. Numerically, these
constants are equal to the coefficients of the substances taking part in a chemical
reaction.

If we have n different reactions in which i is converted, the last term of Eq. (3.24) can
be expressed in more detail as follows:

de; :21, de, (3.27)
dt ), =" dt

The expression dei/dt, in Eq. (3.26) and Eq. (3.27), is the speed of reaction k:
Finally, Eq. (3.24) can be written as:

de, u

—~==VJ,+ D v, .1
= ; bl
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Next, we focus on the determination of dU/,/dr. We will start from the first law of
thermodynamics, in balance form:

dE

dt
Eq. (3.29) shows clearly that the energy generation term is zero. Energy is conserved.
The enerey density Ey is a summation of several contributions as shown i Eq. (3.30):

~+VJ, =0 (3.29)

1
E, = Ech My +U, + ZI(ZQ'C;,;’% (3:30)

The first term on the right hand side of Eq. (3.30) is the kinetic energy contribution, M,
is the molar mass of substance i, and v; is the velocity of that same substance, the
second term is the internal energy density without the presence of external force fields,
and the last term is the potential energy contribution due to external force fields 1. The
last term of Eq. (3.30) is the contribution to the total energy density due to the
presence of external force fields. @, is the potential of force field 1 and ¢ is a constant
characteristic for the combination of the concentration of component i and the force
field 1 In case of the gravity field of the carth Cguviy: = Mi, the molar mass of
substance 1.

[J, is a function of temperature and the concentrations of the substances present in the
system, and can be written in differential form as follows:

f;i“ dc; = cv,vdT+zL£v:,-dci

i

dU,=c, dT+Y

(3.3D)

In Eq. (3.31) cvy is the heat capacity density at constant density, and uy, is the partial
molar internal energy density of substance i. If we transfer Eq. (3.31) in its time
derivative, and substitute Eq. (3.28) in that equation, we get:

dU, dT
i =0y E"" u,; (-MV]:' + ;Vk,irkJ (3.32)

We will substitute Eq. (3.32) in the derivative of Eq. (3.30) with respect to time. This
leads to Eq. (3.33):

dE 1 de, 2 dT
= L ME+Y .0 v, —F Y VI + ) Vi 333
df 21‘2 dt[ i’ Z l,z@i) s dt Z‘ ,( ; ki'k ( )
In Eq. (3.33) we can write the product uy;VJi as VueiJi - JiVu, i and for Zuy;vy; we can
write Apulivg, this is the change in internal energy density due to reaction k.
Comparison of Eq. (3.33) with Eg. (3.29) shows that the right hand side of Eq. (3.33)
is identical to -VJg,. The first term on the right hand side of Eq. (3.33) can be
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identified as the time derivative of the kinetic and potential energy density
contributions. Introduction of these changes in Eq. (3.33) gives:

dE,, +E, ) T
-V = i dr o +CV,VE+;A“;¢L£‘,,MC —Z(Vuv‘iji _Jivuv'i)
(3.34)
dE, . +E, .
VJE‘, = VJQv —I—IVZM",I_J’i £ ( ‘»',kmdI v.po )
(3.35)

If we define:

Then, we see from Eq. (3.34) and Eq. (3.35) that we can write an expression for -VJqv.
This expression is given in Eq. (3.36):

dTl
VI, =¢,, E—i_ ZAJ-,:«L%JJ’:C + EJEVMW. (3.36)
' k i

We now write Ju, explicitely, as shown in Eq. (3.37):

d(E,,, +E,,,) (3.37)

Vi, =V, + Vz u, J; = "

From Eq. (3.37) it is possible to give another expression for - VJov. This expression is
shown in Eq. (3.38): -

v, kin

d(Ev,!{in + Ev,po;)

dt

(3.38)

VI, =V, +VYud, -

After equating the right hand side of Eq. (3.36) and Eq. (3.38), the introduction of
dU./dt from Eq. (3.32), and rearrangement of the resulting equation, we obtain:

d Ev i -E-Ev ot 339
W, gy o (Eesin * Evpor) (339)
dt ' dt
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From Eq. (3.39), we see that the internal energy density is increased by dissipation of
the kinetic and potential energy density. We are now able to determine d5,/dz from Eq.
(3.23) and the expressions for dU/,/d¢t and dei/dt given in Eq. (3.39) and Eq. (3.28)
respectively:

dS 1 d( kin }:) /‘u i
v Hmv _ Ev, ‘Ev,po _ E : v, _V ¥ .
dt T T, dt T I ; Vhile (.40

i

If we define: Ayx = - Zivy; Uk, as the affinity of reaction k in the last term in Eq. (3.40),
and rewrite the two nabla containing terms, we get the following result:

A, 1d(E, , +E
T FTT dt
(3.41)

We will rewrite Eq (3.41) such that the entropy production term is more clearly
visible:

v, kin v.pot )

Ci.ﬂvﬁithv +v2““‘ PWAL—EDY
A k

ds Ty w1 1 I A, 1d(E,, +E
= V(—— =y =f, V—— V—=+ 7, ——
PR Vi LA W A ;I“kT i

v ki v,po:)

(3.42)

The right hand side of Eq. (3.42) is an expression for ¢, the entropy generation
density. If we introduce the relation Juyv = Jov + Zciuy;, in the left hand side of Eq.
(3.42), we can transform that expression into a more well known form:

as, Euf [&+Z (1 ﬂJJ | (3.43)

dr

When we introduce the relation wuy; -pvi = Tsvs, we can simplify Eq. (3.43) even
further:

ds Jy Y uJ. . ds Iy y
1 v [l | — y V » N 3_44
dt Ve T T ) dt i ( T 2T S (3.49)

After the equal sign of the expression given in Eq. (3.44), we first see the
accumulation term of entropy and then, in the second term, the transport of entropy by
the flux of thermal energy divided by 7, and in the third term, the contribution of all
substances to the entropy of the streams.

In Eq. (3.42), as said, the right hand side of the expression represents the entropy
generation density 6. We can change this expression a little bit by working out V(u/7)
as follows:

/uv,i

a1
Hy T (V'LL"J)T _ My (V'u“i)i"
v = al + T +——*-T (3.45)
T
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When we substitute Eq. (3.45) into Eq. (3.42), we can write for G

V i .
G:JQyV%—EJi (#V,I)T +Z AL . _id(Evm +E

T LT T d (3.46)

v,pot)

In case we apply a static electric field to our system, leading to an electric current, the
electrical energy is converted completely into thermal energy, and Eq. (3.46) changes
to:

v, pet remainming )

. 1 V(/’lv:i )’[' Av,k JV v kin +E
o=l V- X g VE g dr

(3.47)

The first term in Eq. (3.47) is the product of the heat flux and the gradient of 1/7, the
second term is the product of the flux of matter divided by T and the gradient of the
chemical potential at constant temperature 7, summed up over all substances, the third
term contains the contribution due to the occurrence of chemical reactions. Per
reaction, there is a contribution of the driving force of chemical reaction k, the affinity
density divided by 7, multiplied with the speed of that reaction. The fourth term is
made explicit from the last term, the dissipation of kinetic and the remaining potential
energies, and is the product of the electric current density divided by 7 and the
gradient of the electric field E.

If we consider a steady state flow process, with stream direction x, a constant cross
sectional area A, and assume that mixing in directions radial with respect to x is
complete, we can transform Eq. (3.47) to a form containing products of streams and
driving forces:

1
A—
T AJ Aluz T AJ dE 1 d(Ekin + Epot,remaifming)
cAdx=AJ, ——dx— —x+ Y — d
= Ay o X, zr"de T dr
(3.48)
Finally we get:
. 1 e My o A Vd(E, +E,, . )
AS = A— — . i, + e 2 —_AV _+ i pot remainning (349)
rev Q T znl T ; T T dr

In Eq. (3.49) the last term can often be neglected, and in the process industry not many
operations make use of an electric field. The dissipation of kinetic energy can be
worked out further by using the expertise field of physical transport phenomena. In
most cases we only have to retain the first three terms of the equation. For example for
heat transfer, many separation processes, chemical reaction processes and/or
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combinations of them, this more simplified form suffices.

We now apply Eq. (3.49) to the heat exchanger we considered before in paragraph 3.2,
and take only the first term on the right hand side into account. We assume that Qf1
per second is constant. In this expression is / the characteristic length of the heat
exchanger. On integration over dx from x = 0 to x = [, we get:

s x=l
AS, _e | N (3.50)
lx:O T;,x Th,x

To solve Eq. (3.5(1), we must express Tox and Ty as functions of x, At x =0, Tex =
Teow and Thy = Thin, at X = L Tox = T and Ty = Thon. From these data, and the
assumptiion that both T, and 7j,x are linear functions of x, we can write:

7. = ) - Ll T (3.51)
RUS T}I,,-,I)x iy (3.52)
hox T I h.in

Using Eq. (3.51) and Eq. (3.52) in combination with Eq. (3.50), we get the following
result:

A‘S‘imv :Q ;hljdct_;lnr’zx I(I} (3'53)
I\, -T T =T '

c,in cout hout h,in

This equation must be solved further by application of the higher and the lower
boundary conditions. The integration boundaries are indicated tn Eq. (3.53), as shown
after the last bracket. After this application we get:

. ' T T
AS!-HH — _Q_ l , ln e l lﬂ hout
l T - T T T - T;l,fﬂ T;t,ifz

€, c.out c, 00 h.out

(3.54)

To solve Eq. (3.54) further, we must realize that ¢ per second can be written in two
different expressions, as shown in Eq. {3.55):

hin

0=, < Cppte > (Tope = Loin ) = 1 < Cpman > (Liin = D) (3.55)

¢ .out c,in

<Cpmole> aNd <cpman> are the mean molar heat capacity values at constant pressurc
for the cold and hot stream respectively. If we introduce the expressions from Eg.
(3.55) in Eq. (3.54), we get the following result:

¢,0ur

AS >1n

- H,Ouf
+ Ry, <y > IN—— (3.56)

cin hin

= nc <c pumal

irrev pmol ¢
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Equation (3.56) is indeed the sum of the entropy increase of the cold stream and the
entropy decrease of the hot stream, and is positive. As we have seen, the loss in the
potential amount of power for our heat exchanger is given by the Gouy-Stodola
relation, and is shown in Eq. (3.57):

W,

lost

T T
> i, <c,, 0, > I

¢, h i

= T;A*S‘h?'eu = ]B(ﬁc <c

(3.57)

pmol.c p ool

We have seen examples of the degradation of the amount of power before and after a
process has taken place as a consequence of a decrease in temperature level. The
example of the electric ficld has shown us that work was transferred completely into
thermal energy due to friction. Energy related to a displacement in a certain direction
was converted into thermal energy, being directly related to the random movement of
molecules of the system. Losses are directly related to a larger input of energy carriers.
This means that a reduction of the losses of processes directly reduces the energy
COStS.

3.5 Conclusions

» During a process the potential amount of power decreases

e The potential amount of power lost is linearly related to entropy generation

o Entropy generation is the sum of products of the driving forces and their
conjugated streams, or

¢ Entropy generation is the sum of products of the gradients of the driving forces and
their conjugated fluxes

e The reversible limit is the best case

¢ The most reasonable efficiency can be defined with respect to the reversible imit

e Power dissipation can be interpreted molecularly: directed movement changes into
random movement (friction)

¢ Often, streams were chosen in the design of a process, that means that we have to
investigate whether reduction of the driving forces is reasonably possible

» Driving force reduction leads to a reduction of the input of energy carriers

¢ Driving force reduction often leads to lower environmental impact

s Driving force reduction leads to lower operating costs and often to higher
investment costs

o Inthe process industry, the potential amount of power input related to equipment is
in the order of some % of the loss in the potential amount of power input related to
the processes

o Analysis of the losses leads to process improvement, and certainly, if already
applied in the design phase

e In answer to the question: ‘What about losses?’, we can say. ‘Scrutinizing our
technological activities, understanding, and quantification of these losses, in order
1o improve our processes, are of utmost importance for society, and in particular
for the engineer

o A useful paraphrase is: “All Joules are equal but some Joules are more equal than
others

38 TU Delft



What about losses?

3.6 References

t1]
(2]
(3]
[4]

[5]

[6]
[7]

[8]

L. Onsager, Physical Review, 37, pages 405 — 426, 1931

L. Onsager, Physical Review, 38, pages 2265 — 2279, 1931

H.B.G. Casimir, Review of Modern Physics, 17, pages 343 -350, 1945

J. Szargut, D.R. Morris and F.R. Stewart, Exergy analysis of thermal, chemical,
and metallurgical processes, Hemisphere publishing corp., 1988

AP. Hinderink, F.P.JM. Kerkhof, A.B.K. Lie, J. de Swaan Arons and H.J. van
der Kooi, - I. Exergy analysis with a flowsheeting simulator — II. Application;
synthesis gas production from natural gas, Chemical engineering science, Vol
51, 1996, pages 4693-4715.

Th. De Donder, L’ Affinité, Gauthier-Villars, Paris, 1927.

G.D.C. Kuiken, Thermodynamics of irreversible processes, applications to
diffusion and rheology, John Wiley & Sons, Chichester, 1994

S. Kjelstrup and D. Bedeaux, Elements of irreversible thermodynamics for
engineers, International centre for applied thermodynamics, Istanbul, 2001.

TU Delft 39







Refrigerated facilities

4 Refrigerated facilities

Dr.Eng. E.C. Boelman and Dr.Eng. H. Asada,
Faculty of Architecture,

Section of Building Services,

Delft University of Technology

4.1 Introduction

Temperature abuse can occur when foods are not kept cold or are not placed in a
refrigerated space and rapidly cooled to an adequate temperature (e.g. less than 5 °C).
Refrigeration capacity is also required for rooms where frozen foods are stored.
Buildings and facilities for cold storage have to be designed and built not only to meet
production and hygiene requirements, but also to operate in an energy-efficient manner.

Exergy analysis can be applied to buildings, e.g. to provide insight into losses due to
heat transfer through a room enclosure. Exergy analysis can also articulate intuitive
notions which are not expressed in energy analysis, e.g., that thermal energy tends to be
more valuable when its temperature is further from the environmental temperature, and
that something is consumed (or lost) when the temperature of a substance or system is
brought nearer to the environmental temperature. For example, while energy is
conserved when heat is transferred through a wall, exergy is actnally lost in the course
of this heat transfer.

Exergy analysis is also useful for comparing different energy carriers (e.g. electricity
and heat) on an equivalent basis. For example, if a compression refrigeration cycle is
used to keep a room (e.g. a cold store) at a constant temperature, electricity will be
required to drive this cycle. The room exergy losses can be linked to the thermal exergy
output required from the refrigeration cycle; this in turn can be linked to the electricity
required to drive the cycle. Because the thermal exergy required at the room has a lower
value than the electricity supplied to the refrigeration cycle, one kW thermal exergy lost
through the room enclosure (e.g., due to heat transmission) is likely to require more than
one kW electricity input to drive the cycle. By the same token, exergy savings at room
level may well translate into larger exergy savings further up in the chain (e.g.
substantially smaller electricity input to drive the refrigeration cycle).

Section 4.2 of this chapter discusses the exergy of heat and cold near environmental
temaperature, and uses the exergy factor to express a general relationship between
thermal exergy and temperature. It shows an exergy factor plot to quantify the intuitive
notion that heat or cold is more valuable when further from the environmental
temperature. Such a riotion is typified by e.g. the underground ice stores built before the
advent of mechanical refrigeration, in order to preserve winter ice for warmer months.

Section 4.3 addresses exergy needs at the core and at the periphery of processes by

means of two examples. Being valid for the specific situations addressed, these
examples are not meant to spawn general conclusions. Nevertheless, they indicate that
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exergy losses at the core of a process (e.g., distillation; room heating) can build up to
substantially larger exergy losses at the periphery (e.g. heat and power utilities).

Section 4.4 reviews simplified expressions for calculating exergy losses due to heat
transfer through the enclosure of a cold store, and section 4.5 presents a calculation
example using these expressions. Section 4.6 closes this chapter.

4.2 Exergy of heat and cold near ambient conditions

Exergy (or availability) can be defined [2] as the maximum theoretical work that would
be delivered by a system as it comes into equilibrium with the environment. This
implies that this exergy can only be used ‘down to’ the level that is given by the
environment. Hence, the definition is not complete until the environment is specified.

Usually average values of the earth are selected: the reference temperature may be
specified as T, = 298.15 K (25 °C) [5] and the reference pressure p, as 1 atm. However,
the earth is not in equilibrium; temperature, pressure and composition vary from place
to place around the globe. When a system, e.g. a steam turbine at 650 K (ca. 330 °C),
operates relatively far from environmental temperature, the effect of selecting 288.15 K
(15 °C) or 298.15 K (25 °C) as the reference temperature T, is relatively minor.
However, when considering systems at near-environmental temperature, e.g.
refrigeration or space heating / cooling, it is recommendable to account for variations of
T, in both place and time. A similar point can be made for differences in pressure and
chemical potential, when applicable.

4.2.1 Exergy factor .

Exergy often appears as heat and cold, ie. a temperature difference. Chapter 7 (section
7.3) examines the exergy associated with heat transfer in more detail. The present
section defines an exergy factor for simple systeims at constant temperature, and uses it
to express a general relationship between thermal exergy and temperature.

When comparing between the energy and exergy of a system, it is convenient to use the
exergy factor [S], ie. the ratio Ex/® between the exergy Ex and the energy of the
iransferred heat ®. This ratio indicates the fraction of the total heat content (@) with a
potential to be useful as thermal exergy (Ex). This usefulness depends on the
temperatures involved.

Assuming the heat is transferred between a system (e.g. food storage room) at

temperature 7 and an environment at temperature 7, (both 7 and 7;, being constant), the
exergy factor becomes

(4.1)

The right term of this equation is also known as the Carnot factor, which is further
discussed tn Chapter 7, section 7.3.
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In case the system temperature 7 changes as a result of heat transfer to the environment
at T, (e.g., as in a flow of ventilation air), the energy and exergy equations undergo
integration to reflect this change. For relatively small temperature changes, the specific
heat ¢, can be assumed to remain constant, and hence can be cancelled out in the Ex/D
quotient. The exergy factor thus becomes [5]:

Ex

@

T
¢ 1111

0 TO

- 4.2)

One special case of Eq. (4.2) is that of system a at temperature T, exchanging heat with
system b at Ty, both T, and 7, being different from T, Such an example could be air
from docking station b at e.g. 5 °C infiltrating into cold store @ at e.g. -20 °C. The
exergy factor then is

E T, T
S /Lt 1 (4.3)
@ T,-T, T,

4.2.2 Thermal exergy and temperature

The exergy factors plotted in Fig. 4.1 express a general relationship between thermal
exergy and temperature, based on Eq. (4.1). They indicate a theoretical need for thermal
exergy (as a fraction of the thermal energy needed), in order to keep the system
temperature T3, constant in an environment of a different temperature To,. This definition
of the exergy factor is only concerned with the minimum thermal exergy needs for
compensating the spontancous heat transfer across the system boundary (e.g., the walls
of a room or vessel). It neglects the thermal exergy losses likely to arise from heat
transport and temperature differences between the room and the refrigeration cycle. It
also does not account for heat gains from air infiltration or internal heat loads (e.g. cool-
down of stored product in cold stores).

The vertical axis of Fig. 4.1 displays the exergy factor Ex/®, and the horizontal axis
shows the ratio Ti, / T, of the temperature T, inside a given system (e.g. cold store,
oven, furnace) to the outdoor temperature T, The use of these dimensionless ratios
enables the exergy factor for different temperature combinations (T, and 7o) to be
expressed in one single curve. Fig. 4.1 shows that the exergy factor Ex/® is higher the
further the temperature of a system is from the environment temperature.

Since Kelvin temperatures are used (0 °C = 273.15 K), many temperatures commonly
found in food-processing fall within the relatively narrow range of Tin / T, between 0.9
and 1.7. For example, in The Netherlands we may assume a common outdoor
temperature to be 7, = 283 K (ca. 10 °C). If we take a cold store at an indoor
temperature Ty, of 233 K (ca. =20 °C), the ratio Tj, / T is 0.9. For an oven at Tn=473 K
(ca. 200 °C), T/ Tois 1.73. By way of comparison, in a high-temperature furnace (e.g.
for baking bricks), temperatures may reach 1473 K (ca. 1200 °C), whereby the ratio Ty /
T, becomes 5.2.
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Figure 4.1  Exergy factor of heat and cold as a function of temperature, based on
Eg. (4.1)

One can define the cooling need (or refrigeration load) as the rate at which heat has to
be removed from the cold storage room to compensate for heat gains through its walls,
in order to keep T, constant. An exergy factor of 0.12 indicates that the exergy need
accounts for only 12% of the cooling energy need.

Although this exergy factor may be low compared to that of cryogenic systems such as
liquid nitrogen storage tanks, it is shown in section 4.3 that changes in thermal exergy
needs at user level (e.g. cold storage room) may result in greater changes at utility level
(e.g. refrigeration cycle).

4.2.3 Outdoor temperatures and exergy needs

The previous section first defined the exergy factor Ex/®, and then used it to express the
relation between temperature levels and the minimum thermal exergy needed to keep
enclosed systems (e.g. rooms or vessels) at constant temperature. The present section
illustrates how these exergy needs can vary with outdoor temperature.

Figure 4.2 shows exergy factors, based on Eq. (4.1). The figure indicates the theoretical
need for thermal exergy to compensate for heat gains through the walls, so as to keep
constant the indoor temperature Ty, of indoor spaces at 20 °C (e.g. an office) and 20 °C
(e.g. a cold storage room). The environment temperature T, is varied as shown in Table
4.1.
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Figure 4.2 Exergy factor for rooms at —20 °C and +20 °C, based on monthly
outdoor temperatures (from Eq. (4.1})

Table 4.1 Monthly average outdoor temperatures for The Netherlands (de Bilt
1961-1970)

Months | jan | feb | mar | apr | may | jun | jul | aug | sep | oct | nov | dec
T.1°C] {7369 94 137]17.9]20.7]|21.8]1209|189]152|119{89

For the room at 20 °C, the monthly variation in exergy factors Ex/® in Fig.4.2
guantifies the intuitive perception that heat is scarcer (or harder to obtain) in the colder
months, when it is mostly needed. For the cold store at =20 °C, on the other hand, the
Ex/® ratios are higher in the warmer months. They do remain above 10% throughout
the year, reflecting the intuitive notion that refrigeration temperatures are harder to
maintain than room temperatures.

Figure 4.2 also illustrates the intuitive notion that heat tends to be more valuable in
winter and cold in summer, when they are scarcer (and thus harder to obtain or keep).
This notion would not be apparent from a first-law energy analysis.

4.2.4 The exergy of cold

When T, < T, there is a lack of energy in the system, i.e., coldness, which is sometimes
expressed as negative energy. Exergy, however, is always positive (also by definition, if
one considers that work is positive at afl times) [6]. Shukuya [4] refers to the ‘cool
exergy’ which flows through the building envelope system (exterior walls), when the
indoor temperature Ty is lower than the outdoor temperature 7.

Although the direction of energy flow changes depending on whether Tin>To or Tin<To,
the exergy flow through a building envelope is always from indoors to outdoors. What
changes, according to Shukuya, is only whether this outward flow is of ‘warm’ exergy
(Tw>T,) or ‘cool” exergy (Tu<To).
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4.3 Exergy needs from core to periphery

Chapter 7 discusses the physical principles underlying exergy losses from heat
distribution, heat storage and heat transfer. It can be argued that reducing the exergy
needs at the core of a-process can help to avoid amplified exergy needs at the peripheral
levels. This line of reasoning presupposes that core processes fulfil the user’s primary
needs (e.g. to keep a room or industrial process at constant temperature), and that the
periphery (e.g. energy utilities) is intended to supply thermal or electric exergy to the
core processes. Because heat transfer, heat distribution and energy conversion usually
entail exergy losses, it is likely that the exergy input required by peripheral processes
will be larger than the actual exergy needed by the core processes.

Since the definition of core and utilities depends on the nature of the process being
examined, caution is required when formulating and extrapolating conclusions. Analysis
results for a specific system are likely not to be directly applicable to other systems with
different needs or composition. Although the results themselves should not be
extrapolated, an approach from core to periphery can provide insight on a case-by-case
basis.

Two different examples of a core-to-periphery approach are presented below. What is
intended as a reference is not necessarily specific conclusions drawn for those particular
cases, but rather the authors” approach to their analyses.

4.3.1 The ‘shell model’ approach

De Wit [7] uses a ‘shell’ model (schillenmodel) to analyze a distillation process. The
core consists of reactors and separation processes. Heat delivery and heat recovery
shells surround the core, transferring heat to or recovering heat from the core process.
'The use of heat pumps allows heat to be transterred from low to high temperature (ie.,
‘against’ the usual temperature gradient).

Figure 4.3 is a simplified verston of a figure shown by De Wit in [7]. The inner shell is
a distillation process with small exergy losses (schematically shown by a thin vertical
arrow to the left of the core process). A heat pump (HP, black rectangle) exchanges heat
with the core process. Part of this heat is valuable (exergy, shown as white horizontal
arrows); the unusable portion is designated ‘anergy’. The exergy losses from the heat
pump are shown to be larger than those from the core process (heat pump and
refrigeration cycle exergy losses are analyzed in chapter 5). A combined heat and power
(CHP, black rectangle) cycle burns natural gas, and supplies electricity to the heat pump
{(white horizontal arrow) and steam to the core process (obligue arrow), The exergy
losses from the CHP (including combustion) are shown to be larger than those in the
heat pump.
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imporiexport

Figure 4.3  Schematic of the ‘magnifying lens’ effect of exergy losses from core to
outer shell (adapted from de Wit [7])

These results are specific for a given set of conditions, and presuppose a core process
requiring large amounts of heat at relatively low temperature (i.c., low exergy needs).
Due to the low exergy needs at the core level, a heat pump can be driven with a
relatively small amount of electric exergy. De Wit performed a similar analysis for a
process with high exergy needs at the core (e.g. higher temperatures) and noted that the
increased need for electricity to drive the heat pump would result in substantially higher
needs for natural gas to drive the CHP cycle.

De Wit notes that small exergy losses at the core cause larger exergy losses in the outer
shells of the model. Because exergy losses are caused by every heat transfer and heat
transport step, reducing exergy losses at the inner core will lead to large reductions in
tuel and electricity input at the outer shell. The ‘shell” model works as a magnitying
glass for the exergy losses. Hence, reducing exergy losses at the core often works more
sffectively, if a peripheral improvement is to have the same effect as a core
improvement, then this improvement will have to be much larger.

When considering these remarks, it is important to keep in mind that reducing thermal
exergy losses does not imply eliminating them: when the temperature of a system
differs from that of the environment, this temperature difference will cause exergy
losses due to heat transfer.

4.3.2 The ‘exergy consumption’ approach

Shukuya [3] uses the term ‘exergy consumption’ to articulate the idea that something 18
consumed when energy is degraded, and to explore the benefits of using natural energy
sources (e.g. solar) to meet the exergy needs of buildings. Even more than food
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production processes, buildings are characterized by a need for large amounts of
thermal energy at levéls very close 1o the environment.

Omne specific example of thermal exergy for core processes in buildings refers to space
heating systems. Shukuya presents a calculation example for a system consisting of a
gas-fired boiler, a room heater (e.g. a fan coil) and a room (indoor air plus building
envelope — external walls). The room can be regarded as the core, which needs thermal
exergy to be kept at a constant temperature.

Figure 4.4 presents a schematic of the system, and Table 4.2 lists the assumptions.

i % air boiler
C: heater
r=h 4 S LNG pawer plart
—p—
/t._.___i..—-—.—-—_.e.—_-{-—_l:. LILNG

Figure 4.4  Schematic of the space heating system analyzed by Shukuya [3]

Table 4.2 Assumptions for the space heating system analysis [3]

Overall heat transfer coeffictent . .
Boiler thermal efficiency
Case (U value) averaged for walls and %]
window [W/ (1112»1{)] ’
1 3.00 &0
2 1.59 80
3 1.59 95
4 3.00 95

A 6.0m x 6.0m x 3.0m room with one exterior wall having a 1.5m x 6m glazed window is
assumed. The exterior-window and —wall U values are 6.2 and 2.67 W/(mvi) for Cases 1 and
4: 3.6 and 1.14 for Cases 2 and 3. The infiltration air change rate is 0.8 bl for Case 1; and 0.4
h”' for Cases 2 and 3. The room air temperature Kept constant at 293 K (20°C) in all cases
while the outdoor air temperature is assmmed to be constant at 273 K (0 °C). Outlet aix
temperature, inlet and outlet water temperatures of the heat exchanger are assumed to be 303 K
(30°C), 343 K (70°C), and 333 K (60°C), respectively, for all Cases. Electric power is supplied
to a fan and a pump at a rate of 30 W and 23 W in Case 1; 16 W and 17 W in Cases 2 and 3.
The ratio of the chemical exergy to the higher heating value of liquidified natural gas (LNG) is
0.94. The thermal efficiency of the power plant, that is, the ratio of produced electricity to the
higher heating value of LNG supplied is 0.35.

The calculation example consists of a baseline case (case 1, with a poorly insulated
building envelope and a boiler of 80% thermal efficiency) and three improved cases. In
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case 2, building envelope insulation is improved, which leads to reduced thermal exergy
needs at the core. In case 4, the boiler efficiency is improved to 95% (reduced exergy
needs at the periphery), and in case 3 both wall insulation and boiler efficiency are
improved. The largest exergy loss shown in Fig. 4.5 takes place at the boiler, and is due
to the degradation of chemical exergy in the natural liquefied gas (LNG, used in Japan)
into heat, via a combustion process. Thereafter, hot water from the boiler exchanges
heat with room air in the heating unit, leading to subsequent exergy losses. Heated air
then mixes with room air, leading to a further exergy loss. Finally, the thermal exergy of
the indoor air is dissipated to the outdoor environment, through the building envelope
(external wall and window).

E. 1
>
o Space Heatfing
o  Bxergyload |
Boiler Heal Room air Building
exchanger envelope

Figure 4.5  Exergy losses from periphery to core in a space heating system [3]

The thermal exergy required for the ‘core’ process of keeping the room temperature
constant accounts for only ca. 6 ~ 7% of the chemical exergy input into the boiler. This
relatively small need of exergy at room level may suggest that there is Hittle to be gained
by improving the building envelope. In this example, however, the calculations indicate
that insulating the building envelope (from 3 to 1.6 Wim* K) is more effective than
improving the boiler thermal efficiency from 80% to 95%.

These two examples illustrated two different approaches to the analysis of exergy flows
in multi-component systems, where thermal exergy is needed to sustain a core process
(e.g., distillation, room heating) and supplied by peripheral utilities {(e.g., heat pump,
boiler).

Section 4.4 presents simple expressions for estimating the thermal exergy needed to
keep a room (e.g. cold store) at constant temperature, and section 4.5 shows a
calculation example illustrating how this exergy needed to keep the room cool can be
magnified at the refrigeration cycle.

4.4 Exergy loads for refrigeration

The terms ‘thermal load’ and ‘refrigeration load” are often used in air-conditioning and
refrigeration engineering to designate the rate at which heat is being gained or lost by a
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system (often a room). If the system (e.g. a room) 1S to be kept at constant temperature,
these heat gams (or losses) have to be compensated for by the removal (or supply) of
heat at the same rate. This heat removal (or supply) is often carried out by mechanical
means.

Typically, refrigeration load consists of various segments: transmission (heat transferred
into the refrigerated space through walls, floors and other surfaces); product (heat
removed from and produced by refrigerated products); internal (heat produced by
people, lighting, motors); air infiltration (air entering the refrigerated space); and
equipment (heat gains created by refrigerating equipment).

This section focuses on the transmission and air infiltration loads of refrigerated spaces
{such as cold stores). These loads refer to the transmission and infiltration heat gains —
and resulting exergy losses — that have to be compensated for in order to keep the spaces
at a constant temperatore. It should be kept in mind (as discussed 1n section 4.2.4) that
‘cold” exergy will flow outwards (i.e. will be lost from a cooled room to the outdoor
environment), even though the energy flows will be in the inward direction (ie. heat
will be gained from the outside environment).

The exergy load for refrigerating a room EXjead reom can thus be defined as the outward
flow of exergy from a room due to heat transmission through the building envelope
Exuns and air infiltration Exig.

Ex!oad_room = Ex + Exinf (44)

mns

Section 4.2.1 dealt with the exergy factors Ex/® for systems kept at constant
temperature (e.g. a room) or undergoing a temperature change (e.g. air entering the
room and cooling down to room temperature). When the corresponding energy flows ¢
are known, exergy flows Ex can be obtained simply by multiplication. When directly
calculating thermal exergy flows, it is convenient to use Egs. (4.5) to (4.7) below.

4.4.1 Transmission loads

The thermal exergy Exy.s lost through the building envelope (surface area A, overall
heat transfer coefficient {/) from a space at a constant indoor temperature Ty, owing to a
temperature difference with an outdoor environment at 7, can be expressed as:

L =T,| UXAX(T, -T,)’
T | T

Ex 4.5)

= (I)rms X

trns

in i

7. T,
|

The indoor air temperature T, is presumed to be constant and uniform throughout the
room, and temperature differences are assumed to be small enough to justify calculation
with an overall heat transfer coefticient {5].
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4.4.2 Air infiltration loads

The exergy loss Exys accompanying heat transfer @iy to a steady mass flow (@) of air
(isobaric specific heat ¢,) infiltrating a colder space can be stated in simplified form as

[5]:
T,
T, ~T,=T,xn=2  (46)

a

— Ta T:'rz
Ex, . =D, X (1——T-;><1nT—) =@, XC, X

in [ a

The air is regarded as a dry, ideal gas with specific heat 1.0 kJ/kg K. When the
infiltrating air temperature Ty differs from the outdoor temperature 7, the exergy loss
from air infiltration becomes:

Ex. (4.7)

“inf

T.
—T xIn—"

inf

T T,
=d . x(1- ——xIn=") =0, ;; Xc, X

in inf inf

T, T,

inf

4.4.3 Exergy losses at refrigeration cycle and heat source / sink

Chapter 5 discusses the exergy of refrigeration cycles in detail, and provides the
equations used in the present chapter to calculate the exergy losses at the individual
components: condenser, evaporator, compressor and throttling device.

In Chapter 5, the exergy input is defined as the compressor shaft power. The output, or
useful exergy effect of the refrigeration cycle ExXrse source_fiows 1 defined as the exergy
flow change of the heat source medium (e.g. outside air). The present chapter looks into
the further exergy losses which may take place when the exergy EXise source_low gained
by the heat source medium is used to keep a room (e.g. cold store) at constant
lemperature.

The first loss occurs when the heat source medium (e.g. air) enters the evaporator heat
exchanger at temperature Tource_in = Zin, XiLs at a lower temperature Tsourcs ow and then
mixes with room air at temperature Ti,. This mixing causes an exergy loss at the heat
source, EXioss mix_source- 10 Simplified form, this loss can be expressed as:

(4.8)

Ex loss _mix _source EX rise _ source _ flow - EJC load _room

Subsequently, the remaining cold exergy £Xicad_room is lost via the building envelope
through heat transmission Exqys and air infiltration Exi. (see Eq. 4.4).

4.5 Exergy loss example for a cold store with refrigeration cycle

This section presents a calculation example for a cold store (enclosed in a docking
station) kept at constant temperature by a refrigeration cycle.
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4.5.1 Calculation example

A simplified example of thermal exergy losses for a cold store and a refrigeration cycle
in steady-state conditions is presented. The system is assumed to consist solely of a cold
store (enclosed in a docking station) and a refrigerating machine providing cooling
capacity to the cold store. Heat transfer and pressure losses from heat distribution are
neglected. Temperatures are assumed to be constant at 7, = ~20 °C inside the cold
store, T = 10 °C outdoors and Tixr = 5 °C in the docking station surrounding the cold
store. The cold store is assumed to lose cold exergy as a result of transmission heat
gains, to the docking station (through walls and ceiling) and to the ground (through the
floor). Cold exergy losses through the door via infiltration from the docking station are
also accounted for. Transmission heat gains through the door are neglected.

docking station
e 5°C

outdoors Pc ‘
¢ 10°C Dirng
: cold store .
COMpPressor e -20°C (Duyc

15°C
condenser :
i

An air-cooled direct expansion refrigeration cycle is assumed to provide the cooling
capacity @y, = 10 kW required to keep the cold store temperature constant at Tiy = -20
°C (the exergy of refrigeration cycles is discussed in chapter 5). The cycle is assumed to
use Refrigerant R-134a and the isentropic compressor efficiency is taken as mc = 0.65.
For a basic cycle (single stage, no superheating or subcooling) with evaporation and
condensation temperatures constant at —27 °C and 18 °C, these assumptions yield a
cooling COP (COPy) of 2.9 and a compressor power input of P. = 3.43 kW [2]. Chapter
5 discusses the exergy of refrigeration cycles in more depth.

From an energy viewpoint, these numbers say that 3.43 kW electric energy are needed
for the refrigeration cycle to remove 10 kW thermal energy from the cold store, in order
to keep its temperature constant at T, —20 °C. An exergy analysis, on the other hand,
shows losses which are not immediately apparent when examining the process from an
energy viewpoint.

Table 4.3 shows an overview of the conditions assumed for the cold store and
refrigeration cycle.
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Table 4.3 Overview of cold store and refrigeration cycle conditions
Subsystem Variable Value
Environment T 10 °C
Refrigeration cycle | refrigerant R134a

Tcondansaﬁon 18 OC
Tavaporaléon 27 OC
by, 10 kW
COPr 2.9
MNe 65%
Heat source / sink | medium air
Tsink_in 10 °C
Tsink_out 15 eC
(I)m sink 268 kg/S
Tsource_in “‘20 OC
Tsourceﬁout _25 OC
@D source 1.99 kg/s
Docking station Tinf into_cold_store | 5 °C
Do int 0.166 kg/s
Cold store Tin_cold_store =20°C
Usan = Uceiine | 0.29 W/im'K
A 350 m”
Aceiling = Afioor | 300 m”
Uttoor 0.17 W/im’K |
Vco]d store 1500 1n3

4.5.2 Calculation results

The results were obtained with a spreadsheet model, using Eqs. (4.4) to (4.8) for the
cold store and the equations presented in Chapter 5 for the refrigeration cycle.

Table 4.4 Exergy input and losses, from refrigeration cycle to cold store

Subsystem Variable Exergy loss | Exergy loss
(kW] [%]
Refrigeration cycle | Exjoss cond 0.33 0.6
Exloss_exp 036 10.5
Exloss evap 025 7.2
EXtoss comp 1.08 31.5
Heat source / sink | EXrise sink flow 0.12 3.4
Exrjseﬁsource flow 1.30 37.8
Ex.inputZP c 3.43 100
COld store Exlossﬁnﬂxﬁoold—room air 040 305
EXtoss_infiltration 0.28 21.5
FEX1oss_transmission_walls 0.47 36.4
Exloss,transmission floor 0.15 11.6
Exinput: Exriseﬁsource‘ﬂow 1.30 100
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Table 4.4 shows exergy input and losses for the components analyzed. Figure 4.7 shows
a plot of these results, where the exergy losses at the various components are visualized
as line segments of varying slope. Since all line segments have the same (arbitrary)
length, the slopes visually indicate the relative exergy losses corresponding to each of
the components listed under the horizontal axis. These components are grouped into
three subsystems, namely: refrigeration cycle; heat source/sink; and room.

The graph is built as follows: the height of the first point (plotted on the vertical axis)
corresponds to the electricity input Exinpe = 3.43 kW. The first line segment corresponds
to the condenser exergy 10sses Exjoss cona, and is plotted by subtracting Exjess cond = 0.33
KW from EXipm, plotting the resulting point at 3.10 kW, and drawing a sloped line
between both points. Exergy losses for the other components are plotted in a similar
manner.

_ 4

=z

R

c

2 3 refrigeration cydle
- o axergy losses
cE
® 3
= 0
Sc 2
E' 3 input elctricity
S R A
2
o T~ T ytxegylosses
w cold store

exergy losses
i | ! ] i | 1 L
& R A0 o A0 20 ot ) s
P et o® Qge’ﬁ‘ +o° ® ooﬁ"a e o N80
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REFRIGERATION CYCLE W @ @ e
HEAT SOURCE /7 SINK
ROOM
Figure 4.7  Visualization of exergy input and losses, from refrigeration cycle to cold

store

For the refrigeration cycle, the largest losses take place at the compressor. Considering
the relatively small refrigeration capacity of this cycle, 65% isentropic efficiency was
assumed for the calculations. Chapter 5 shows that improving the compressor efficiency
can significantly reduce exergy losses.

Exergy losses also take place at the heat sink and heat source, as pointed out in section
4,4.3. Finally exergy is lost in the cold store, due to: cold air supply below room
temperature; heat transmission @y, via walls, ceiling and floor; and heat gains Dy due
to air infiltration from the docking station. For the conditions analyzed, .the largest
exergy losses through the cold store enclosure are due to heat transmission through
walls and floor. These losses could be reduced by means of improved thermal insulation
(thicker and/or more insulating material) and reduced air infiltration rates (shorter door
opening times and/or improved air-tightness). Lowered the docking station temperature
can also reduce cold store exergy losses from air infiltration, but will likely increase
exergy losses from the docking station to the outdoor environment.
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4.6 Conclusions

Food processing plants require relatively large amounts of thermal energy at near-
environmental temperatures. The closer these temperatures are to the environment, the
lower the exergy content of the required thermal energy.

The exergy factor (the ratio between the exergy Ex and energy @ of heat) was used to
express the exergy content of thermal energy, and its relation to temperature levels.
Considering that many food processing temperatures lie in the region between —20 °C
and 200 °C, and assuming an outdoor temperature of 10 °C (frequently occurring in The
Netherlands), the exergy factors of heat used m food processing fall in the region
between 0.1 and 0.4. In other words, only 10% to 40% of the heat or cold dehvered by
heating or cooling equipment consists of thermal exergy.

Also, because food processing temperatures are relatively close (o environmental
temperature T, the reference value T, selected for calculation is likely to influence the
results, as illustrated in Fig. 4.2. For simple steady-state calculations, monthly or
daytime average temperatures may be used, but more detailed dynamic calculations may
require hourly temperature values.

This chapter presented simple expressions for quantifying exergy losses i a cold store
{enclosed in a docking station) as a result of steady-state transmission and infiltration
heat gains through its enclosure. A set of specific conditions (temperatures, msulation
values and air infiliration rates), was assumed for the cold store, and its cooling needs
~were coupled to the output of a refrigerating cycle. Calculations were then performed
using a spreadsheet model, in order to show the relative magnitude of exergy losses
from refrigerating cycle to cold store.

For the specific conditions analyzed, the largest exergy losses took place in the
refrigeration cycle (at the compressor), followed by the cold store enclosure, (heat
transmission through walls and ceiling). For these specific conditions, exergy losses due
to air infiltration were smaller at 8%.

The basic model presented in this chapter allows the effect of varying temperatures,
thermal insulation and air infiltration rates to be examined for a room (e.g. cold store)
for steady-state conditions. This variation is left as an exercise. The model can also be
coupled to a refrigeration cycle model, in order to assess the relative magnitude and
impact of losses in both the cold store and the refrigeration cycle. Chapter 5 discusses
the exergy of refrigeration cycles in more detail.
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5 Refrigeration and heat pumping in food processing plants

Dr.ir. C.A. Infante Ferreira

Faculty of Design, Engineering and Production,
Section of Refrigeration and Climate Control,
Delft University of Technology

5.1 Introduction

In food processing plants refrigeration is often an essential utility to guarantee the
product quality. Sometimes it is even more than a utility since the whole production
process depends on the availability and performance of the refrigeration plant, as for
instance m ice manufacturing plants.

This chapter introduces and discusses evaluation criteria of vapour compressor cycles
based on analysis with the first and second laws of Thermodynamics. Although other
cycles can be applied for attaining refrigeration effects, vapour compressor cycles are
most common. The most simple vapour compressor cycle will be discussed here as an
example. Food processing plants will mostly require complex types of vapour
compressor cycles. Similar analysis can be developed for such complex cycles. Sahin
and Kodal [8,9] and Chen [2] present thermoeconomic optimization studies of two stage
refrigeration systems including the effect of the major irreversibilities and economic
paramelers.

Figure 5.1 shows schematically a vapour compression refrigeration / heat pump cycle.
The cycle operates counter clock wise. A refrigerant undergoes a number of processes
in a closed loop. Starting from point 1, low pressure refrigerant vapour is compressed (o
high pressure state 2. This requires the compressor shaft power P.. In the condenser

heat is rejected to a heat sink. In food processing plants the heat sink is mostly the
surrounding air, ofteir in combination with water evaporative cooling. Sometimes the
heat can be rejected to another process step where heating 1s needed. In that case the
cycle has a dual function: refrigerating machine and heat pump. Due to heat rejection,
the refrigerant first cools down to saturated vapour conditions, then it condenses until all
refrigerant becomes a liquid at saturated conditions. Eventually the refrigerant is slightly
subcooled as it leaves the condenser with state 3. Generally a throttling device
substitutes the turbine shown in the figure. In that case no power is recovered from the

expansion process, 1e. F, =0. After the throttling device the refrigerant is again at low

pressure and has a state in the two-phase region. In the evaporator heat is absorbed from
the heat source until the refrigerant attains vapour saturated conditions. Eventually the
vapour is superheated until state 1.

The rate of heat removal from the heat source, heat rejection to the heat sink and the
power input to the compressor are determined from their definitions:

m

®, =6, . * 0 —h) (5.1)
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heat sink with Ty

o ’

condenser compressor
Pt
y turbine =
Pe
evaporator i

Figure 5.1  Vapour compression refrigeration / heat pump
Dy =G o “(hy—h) (5.2)
})t,‘ =¢m_ref *(hz _h'l) (5‘3)

The enthalpy of state 2 follows from the definition of isentropic compressor efficiency,
if this efficiency is known:

_ hzs “h'l
e (5.4)

The (first law) performance of refrigeration cycles and heat pumps is expressed in terms
of the coefficient of performance (COP), which is defined as

N objective _of the cycle (5.5

CcoP = -
required _input

The objective of a refrigeration cycle is to remove heat from the low temperature heat
source:

O

COP, =—

& 3

. (5.6)

while the objective of a heat pump is to deliver heat to the high temperature heat sink:
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q)ouf

COP,, PP (5.7)
The coefficient of performance will be a function of the operating conditions of the
system and of the refrigerant used in the cycle. Fig. 5.2 shows for a number of
refrigerants the single stage vapour compression cycle COP for a condensation
temperature of 35°C. The COP has been calculated by filling Egs. (5.1) and (5.3} in Eq.
(5.6) and calculating the different enthalpy values with REFPROP [7]. All further
presented refrigerant data have been calculated with this program. As the evaporating
temperature reduces, the COP significantly decreases but is mostly above 1. Ammonia
(NH3) and n-pentane show the largest values for the COP, followed by a number of
refrigerants with similar performance: isobutane (R600a), propane (R290), R134a and
R410A. The in the Netherlands frequently used low temperature mixtures R404A and
R307 show significantly lower COP’s. Carbon dioxide (CO;) as a single stage cycle
shows unacceptable low COP values. By using complex system designs it is possible to
attain higher COP’s at lower temperatures.

50 ceenraseny
Mpentare—NH3  R600a H290 Ri3fia R410A RAO7C
45
40
35
3.0 Ly
i
ﬂ.‘ 25 ,a'//'/
S ,, 7 T101ALR507_~
- /
el
o / __—T co2 E
07 : _____..--'""""'—_—-—'-
— E
0.5 ;
0.0 ‘
-60 -50 -40 -30 -20 -10 ]
Evaporating temperature [C]

Figure 5.2 Coefficient of performance of refrigerating cycle as a function of the
evaporating temperature for a condensation temperature of 35°C, no
subcooling, no superheating and compressor isentropic efficiency of
70%

The ideal refrigeration / heat pump cycle is the reversed Carnot cycle. This cycle
consists of two reversible isothermal and two isentropic processes. This cycle is totally
reversible and as such is sustainable and has the largest performance for a given set of
sink and source conditions. It can be derived that

COP, = T (5.8)

R,Camnot
TH -1

and
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Ty

T 5.9
T, T, G

COPHP,Cama: =

These performance values serve as a (second law) standard against which actual cycles
can be compared resulting in the second law efficiency:

COPR,Carrzot
and
COPF,
Nup = — AR (5.11)
COPHP,Camor

Since the Carnot refrigeration cycle would be sustainable, these values also indicate the
sustainability level of the system. Generally, practical refrigeration systems show
second law efficiencies below 40%. Figure 5.3 shows, for the conditions of Fig. 5.2,
values of the second law efficiency for single stage refrigeration cycles with different
refrigerants. Ammonia (NIH3) appears again as the refrigerant with the largest potential
to reach high second law efficiencies. Media as R507 are clearly less efficient
refrigerants. For larger systems higher efficiencies can be expected due to higher
compressor isentropic efficiencies. A global indication of the quality of a refrigeration
plant (or heat pump) can be obtained by calculating its second law efficiency. If this
efficiency shows a value below 40%, the cycle performance is poor but the cause of
malfunction cannot be identified. Only a second law analysis of the cycle will allow for
this identification. This will be the topic of section 5.3.
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Figure 5.3 Second law (Carnot) efficiency of a single stage refrigeration cycle
operating under the conditions of Fig. 5.2 with temperature driving
forces of 7.5 K for both sink and source heat exchangers
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When evaluating the sustainability of a refrigeration / heat pump cycle, not only its
energetic performance plays a role but aspects as contribution to ozone layer depletion,
global warming potential, safety and toxicity may determine the sustainability of the
cycle. In recent years the total equivalent warming impact (TEWI) of the medium used
in the refrigeration / heat pump plant has been adopted to evaluate its sustainability. It
includes the direct global warming impact due to emissions of the refrigerant and the
indirect global warming impact due to CO, emission during the production of the
electrical energy needed to drive the cycle. In this way it also includes the energetic
performance of the plant.

TEWI = GWP * refrigerant _ content * (leak _rate * i+ end _life _leak _ percentage)

N . ., CO, _emission
*pumber _operating _hours ®

+
coP, KWh

in

(5.12)

In Eq. (5.12) GWP represents the global warming potential of the refrigerant in CO;
equivalents, i is the expected number of operating years, and the number of operating
hours includes all operating hours during the life of the system. For an industrial
refrigeration plant operating under the conditions of Figs. 5.2 and 5.3, Fig. 5.4 shows
the total equivalent warming impact as a function of evaporating temperature. The
assumptions under which the figure applies are given in the figure caption. Ammonia is
again the best refrigerant with the lowest environmental impact. Refrigerant mixtures
R404A and R507 have a 50 to 80% larger environmental impact.
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Figure 5.4  Total equivalent warming impact (TEWI) of refrigerating systems with
different refrigerants. Assumed refrigerant content 1000 kg, leak rate 5%,
end life leak percentage 10%, operational life time 15 years, number of
operating hours 2000 hours/year, energy conversion factor 0.58 kg CO2/kWh

Again this evaluation method allows comparison of alternatives but does not allow for
an identification of the reason why a plant shows too high TEWI values. A second law
analysis of the cycle is needed if this identification is required. This will be the topic of
section 3.3.
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5.2 Second law analysis

In the derivation of Egs. (5.8) and (5.9) it is assumed that the heat sink and heat source
temperatures are constant, even though heat is added or removed. This implies sink and
heat sources of infinite size. In practical systems the sink and source consist of a flow of
a fluid that undergoes a temperature change as heat is exchanged. In refrigeration
systems the heat sink is mostly an air flow, eventually indirectly through a water flow.
The heat source is also frequently an air flow that undergoes a temperature drop. In food
processing plants flows of brines are also common heat sources. Consider, for instance,
a continuous freezer where a calcium chloride solution flow is cooled down from -29 to
-31°C by evaporating ammonia at -36°C. This is illustrated in Fig. 5.5. Since heat is
removed from the calcium chloride solution, its temperature is lower at the outlet T_out
of the heat exchanger than ai the inlet, T in. As it will be shown later, also the
refrigerant temperature may change as the refrigerant flow passes the heat exchangers.
Here this is less relevant since Egs. (5.8) and (5.9) refer to the ideal reversible reference
process based on the external temperatures imposed to the cycle.

The inlet and outlet calcium chloride temperatures of the contimous freezer are
imposed by the food processing process. If a different (complex) cycle, refrigerant or
heat exchanger arrangement are used the requirement for the source conditions remains.

29 LT
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|t :

e calcium chloride soluicn {

T out

Temperature {C]
@
l \

evaporaiing ammonig

—>

0 0.2 0.4 0.6 0.8 1
Evaporator length [-]

Figure 5.5  Heat source (calcium chloride solution) with a gliding temperature

Similar considerations can be drawn for the heat rejection side. Heat sink and heat
source conditions give a constant basis for the comparison of options but their
conditions have to consider their gliding character. Touber [10] derives that in case of
cliding sink and source temperatures, the COP of the ideal reversible vapour
compression cycle is obtained when the thermodynamic averaged sink and source
temperatures are filled in Egs. (5.8) and (5.9). These temperatures cause the same
exergy loss in the condenser and evaporator as the gliding temperatures. The
thermodynamic averaged sink and source temperatures are given by:
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T = q)ou! _ Tsmk_ou: "Tsmrc,fn
A T R T (5.13)
m_sink ™ psink sink _out sink _in sink _out sink _in
and
1—7 _ @ in _ Tsource _out ‘Tmurcef in (5 14)
C - — -
¢m _source ¢ psource ]‘n(rvource _ ot / Twurce _in ) ]‘n("rsom‘ce_ ot / Tsou}‘ca _in )

Exergy or specific flow availability (Moran & Shapiro {6]) is the work that would be
delivered by a reversible process that would bring the flow in equilibrium with the
environment conditions. This process consists of an isentropic expansion to
environment pressure and an isothermal expansion to the entropy state of the

environment. The exergy of a flow with state n can be calculated from:
2

c
ex, = (h, —hy) =Ty (s, —So)*“?Jr 8z, (5.15)

In vapour compression cycles the kinetic and potential energy terms are generally
negligibly small in comparison with the other two terms so that Eq. (5.15) simplifies to

ex, = (h, ~h) =T, (s, —5,) (5.16)
When analyzing vapour compression refrigeration cycles, the environment conditions
must be taken as the thermodynamic averaged sink temperature, T, =T,. Generally the
environment pressure is the atmospheric pressure, p, =101.3 kPa. The environment
enthalpy, h, and entropy, s, must be calculated for the medium under consideration.
For the refrigerant state points this implies that

hy = f(T5, py) (5.17)
and
5o = f (T po) (5.18)

must be calculated from the (superheated vapour) data tables of the refrigerant.
Assuming constant specific heat values for the heat sink and heat source media and
neglecting pressure differences between air and surrounding, the exergy values for the
sink and source media can be approached with

EXnk = Cp_snk Taur —L0) T, ur In(Z;,, /T;) (5.19

5.3 Exergy analysis of a refrigeration cycle

The rate of availability destruction or exergy loss, Ex,, for each of the components of
a vapour compression refrigeration cycle allows for an identification of the sources of
malfunction within the cycle. When the specific exergy values for each state are known,
a simple exergy balance will allow for the calculation of the exergy loss of a
component. An analysis of the critical design components becomes then possible. In the
following sections each main component will be analyzed separately, following the state
numbering given in Fig. 5.1.
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5.3.1 Condenser

Fig. 5.6 shows the conditions around the condenser. The condenser is considered
externally adiabatic, so that there is no heat transfer with the surroundings. The
refrigerant coming from the compressor with state 2 is desuperheated and condensed to
state 3 at the condenser outlet. In countercurrent flow, the heat sink medinm (water or
air) is heated from 7, to 7T Between the two media, the heat flow @, is

sink _in sink _our *

exchanged. The exergy loss in the condenser is obtained from

Exioss_cond = ¢m_ref (ex2 o 8}.‘23 ) + ¢m_sink (exsink_in - exsink,aut) (520)

exX

sink _in sink _out

¢'m _sink —> _>

4— CD out 4— (bm _ref

ex,

exX, FEmmmATmm—mmmm—m—mommmmemmmmeeeT

Figure 5.6  Conditions around the condenser

5.3.2 Evaporator

Similar considerations can be made for the evaporator. The situation is schematically

shown in Fig. 5.7. ﬁ ® =0
pSalnintsbsisiniasunl H e —— 1 ex

ex, 1

@m_ vef —"> —>

4_ (D in <— ¢’m .. Souirce

ex ex

SOWCE _OUf Jmm e e d s e e e e souree _in

Figure 5.7  Conditions around the evaporator
An analysis of Fig. 5.7 gives for the exergy loss in the evaporator

Exlo.s‘.s‘_evap = ¢m _ref (EJC4 - exl ) + (bm_.s’ource (exsource in exsource_au:) (521)

The useful exergy effect of the cycle is the exergy flow change of the heat source
medinm:

Ex rise _ source _ jlow = ¢m _ sotrce (8X sowrce _owt ex source _in ) (5 22)
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5.3.3 Compressor

Again the compressor is considered to be externally adiabatic, what is a reasonable
assumption for the larger compressors without heat removal. Screw compressors for
refrigeration applications are generally oil injected. In the analysis of such compressors,
the exergy flows associated with the oil flow must also be included in the analysis.

Figure 5.8  Conditions around the compressor

The exergy loss in the compressor becomes:

Ex!ass?comp = ‘;bm_ref (exl - exl) + Pc (523)

5.3.4 Throttling device
Similarly for the expansion device:

Exlass_e:\'p = ¢nzfr (€X3 - €x4) - ]Dt (524)

Generally there will be no work delivery to the surroundings so that 7, =0.

5.3.5 Exergy efficiency of the cycle

The exergy efficiency of a vapour compression refrigeration cycle is defined as the ratio
between objective of the cycle (useful exergy effect in evaporator) and exergy input to
the process:

EX rise _sowrce _ flow

an’_i.na'_Iaw = . P,C _P: (525)
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The difference between the exergy input ( P, — P.) and the exergy rise of the source flow

is equal to the sum of exergy losses per component. This allows for the construction of
Sankey diagrams that visualize the contribution of the different components to the total
exergy losses of the system. This is illustrated in Fig. 5.9.

§Ex_risy_soumee £ D0 Jost. tompressor %

Figure 5.9  Sankey diagram illustrating how the different losses are
visualized

5.3.6 Application example

A vapour compression refrigeration system, using R134a as the working fluid, operates
under the conditions listed in Table 5.1. The condenser is a water cooled condenser in
which @, is rejected to a water flow. The heat source is dry air circulated within a

refrigerated room. All latent heat effects associated with the air flow should be
neglected. The refrigerant passes the condenser with negligible pressure drop but
undergoes a significant pressure drop as it passes the evaporator. The data have been
taken from a real plant. Consider all components and refrigerant lines to be externally
adiabatic and kinetic and potential energy effects to be negligible. Make an exergy
analysis of the plant and compare this analysis with the results of a first law analysis.
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Table 5.1 Operating conditions of example refrigeration cycle
Medmum Variable Value
Sink @, 5.804 kW
Tonic 22.1°C
Do _cink 0.283 kg/s
Cp_sink 4.187 kJ/KgK
Source @ 46 kKW
T iree in 3.3°C
L 1.61 kg/s
Cp_source 1.006 kI/kgK
Refrigerant | 7. 26.0°C
{p—— 24.9°C
T vaporaior _in -16.0°C
T yaporator o (SATUTation) | -17.6°C
T s aporator_aus 0.3°C
L oompressor _out 60.1°C

The first step in the analysis is locating the principal operating states of the refrigerant
134a cycle in T-s and p-h diagrams. Pressure — enthalpy diagrams are most widely used
in the refrigeration ficld but for convenience also the T-s diagram will also be drawn
here. For this analysis REFPROP [7], a refrigerant properties calculation program that
includes a variety of refrigerants, has been used. Alternatively saturated and superheated
vapour tables for R134a may be used. Data for a confined number of refrigerants can be
found in Moran & Shapiro [6]. An extensive number of refrigerants can be found in
ASHRAE [1].

The pressurc at the high pressure side of the cycle is the saturation pressure
corresponding to the condensation temperature (26°C), or pz = ps =685.3 kPa. State 2 1s

fixed by pa and Ty =T, o = 60.1°C ¢ by = 446.9 k/kg and s = 1.824 kJ/kgK.
State 3 is fixed by pa and Ty =T,ppe oue = 24.9°C : hy = 2343 kl/kg and 3 = 1.119

kJ/kgK. The refrigerant state change in de condenser from stage 2 fo stage 3 is given in
Fig. 5.10.
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Figure 5.10  State change in condenser in T-s diagram (left) and p-h diagram (right).
The line represents part of the 685.3 kPa isobar in both diagrams.

The pressure at the low pressure side of the cycle changes through the evaporator and is,
at the inlet of the evaporator, the saturation pressure corresponding to the inlet
saturation temperature (-16.0°C), or ps =157.2 kPa and, at the outlet of the evaporator,
the saturation pressure corresponding to the outlet saturation temperature (-17.6°C), or

p1 =147.0 kPa. State 1 is fixed by py and 1) =T, =0.3°C: Iy =402.8 kJ/kg and

evaporator _out
s1 = 1.795 kJ/kgK. The expansion through the valve is a throttling process implying that
hs = hy = 234.3 ki/kg. The entropy of state 4 follows from the local quality:

o + By =Ry 1599 _ e
84 =57 1572 ; ) (Sy 1572 81 15720
Ty 1572 /M 1572

(5.26)

with the index V indicating saturated vapour conditions and L saturated lLiquid
conditions, From Eq. (5.26) s4 = 1.136 kJ/kgK. The refrigerant state change in de
evaporator from stage 4 to stage 1 is given in Fig. 5.11.
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Figure 5.11  The line represents the process in the evaporator in both diagrams,
considering a pressure drop from ps =157.2 kPa to p; =147.0 kPa
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The processes in expansion valve and compressor can now be obtained by connecting
state 3 to state 4 and state 1 to state 2, respectively. This is shown i Fig. 5.12.
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Figure 5.12  State change in cycle in T-s diagram (left) and p-h diagram (right)

The sink medium outlet temperature can be obtained from

= Lo (5.27)

sink _out Tsin k_in + e
¢m _sink

Cpfsink

With the data of Table 5.1, T,

sink _in

=22.1+273.15=295.25 Kand T,,, ., =300.14K.

The thermodynamic :a.vemged sink temperature follows from Eq. (5.13): T, =297.69
K. Similarly, the source medium outlet temperature can be obtained from

(O3
source _ otit = Tmurce n .,:n (528)
- h ¢m7murce K P _saurce
With the data of Table 5.1, T,,. ,=03+27315=27345 K and

T =273.61K. The thermodynamic averaged source temperature follows from

source _ out

Eq. (5.14): T; =275.03 K. The first law of thermodynamics gives

P=d, -0, (5.29)

i

Equations (5.6) and (5.8) allow for calculation of the COP of the refrigeration cycle
COP, =3.82and of the reversible refrigeration cycle operating under similar external

conditions COPy cumer = 12.14, respectively. The second law efficiency is, with eq.
(5.10), 31%.
In case of isentropic compression the discharge conditions are fixed by pz and 825 = 1=

1.795 kI/kgK: hy, = 437.4 k¥/kg. The isentropic efficiency of the compressor follows
then from Eq. (5.4): 7, =0.785, what is a quite reasonable value for such a relatively

small compressor.
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Application of Eq. (5.16) for the refrigerant states and Eq. (5.19) for sink and source
media gives the results listed in Table 5.2.

Table 5.2 Overview of state conditions and calculated exergy values.

State T [K] h [ki/kg] s [k¥kgK] ex [kJ/kg]
1 402.8 1.795 9.56
2s 437.4 1.795 44.16
2 446.9 1.824 45.03
3 ' 234.3 1.119 42.30
4 234.3 1.136 37.24
sink_in 295.25 0.042
sink_out 300.14 0.042
source_in 276.45 0.801
source_out 273.61 ' 1.036
(0 297.69 424.2 1.899

Equations (5.20) through (5.24) can now be used to evaluate the exergy losses in gach
component. The mass flow of refrigerant can be evaluated from, for example, Eq. (5.1).
The results are shown in Table 5.3.

Table 5.3 Overview of exergy losses in application example components.
Exergy loss [kW] | Exergy loss [%]

EXpss cond 0.075 6.2

EXipss_exp 0.138 11.5
EXi55 _vap 0.377 31.3
I - 0.236 19.6
EX s source fiow 0.379 31.5
Ex, . =P, 1.204 100.0

These results are illustrated in the pie diagram of Fig. 5.13.

condenser
( 6%
expander
11%

Useful output
31% £

compressor
20%

Figure 5.13  Distribution of the exergy losses through the different components of the
refrigeration system of the application example. The evaporator gives the
largest contribution.
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When Eq. (5.25) is filled in, it appears that the exergy cificiency of the cycle
corresponds to the second law efficiency calculated before: 31%. Table 5.3 and Fig.
5.13 show that, in addition to the global quality of the performance of the cycle given by
the second law efficiency, an exergy analysis allows for identification of the
components that give the largest contribution to deviation from ideal behavior. In this
case the evaporator followed by the compressor. In the next section the causes of
irreversibility per component will be discussed per component.

5.3.7 Impact of malfunction corrections

The exergy losses in heat exchangers will be discussed by in Chapter 7. The condenser
operates around environmental conditions so that heat transfer to the surroundings 1s
negligible. The evaporator is installed in a refrigerated room and its purpose is (o
exchange heat with the surrounding air. The refrigerant side pressure drop in the
evaporator is non-negligible but is already accounted for in the conditions of state 1, at
the outlet of the evaporator. The main cause of irreversibility in the heat exchangers is
heat transfer between sink and condensing medium and between source and evaporating
medium.

Figure 5.14 illustrates the conditions around the evaporator as listed in Table 5.1.
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Figure 5.14  Temperature change of refrigerant and source medium (air) through the
evaporator.

It appears that the temperature driving force for heat transfer is rather large. In this case
the malfunction of the superheating control associated with a wrong design of the
refrigerant distribution is leading to this large temperature driving forces. Assuming that
the maintenance personnel can fix this malfunction the situation schematically
illustrated in Fig. 5.15 could result. Now states 4 and 1 have different conditions. The
pressure at the low pressure side of the cycle is, at the inlet of the evaporator, the
saturation pressure corresponding to the inlet saturation temperature (-4.0°C), or pa
=252.6 kPa and, at the outlet of the evaporator, the saturation pressure corresponding to
the outlet saturation temperature (-5.6°C), or p; =237.8 kPa. State 1 is fixed by p1 and

T =T =0.3°C: by = 400.5 kl/kg and s; = 1.749 kJ/kgK. The expansion

evaporator _ oul

through the valve is a throttling process implying that hy = hs = 234.3 kJ/kg. The
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entropy of state 4 follows from the local quality (eq. (5.20)): s4 = 1.128 kJ/kgK.
Assuming that the isentropic efficiency remains the same (7, =0.785), also the state at

the compressor discharge changes: hy = 429.0 kl/kg and s, = 1.769 ki/kgK.

Tin ] air

evaporating R134a

-10

Temperature [C]

-15

-20
8] 0.2 04 0.6 0.8 1

Evaporator length {-]

Figure 5.15 Temperature change of refrigerant and source medium (air) through the
evaporator after correction of refrigerant distribution and control
malfunction.

The effects of the correction of this malfunction are given in Table 5.4.

Table 5.4 Overview of exergy losses in application example components after
correction of the malfunction.

Exergy loss [kW] | Exergy loss [%]
Exs cond 0.033 472
EXpy e 0.074 9.4
EX)sovap 0.138 17.4
EX 55 _comp 0.165 20.9
EX i source iow 0.379 48.0
Ex,,. =P, 0.789 100.0

The effect of the correction is quite clear both for first and second law performance. The
COP increases from 3.82 to 5.83. The second law efficiency from 31% to 48%.

After this modification of the system, the compressor appears now to be the main cause
of non-ideal system behavior. The compressor in this plant has already a reasonable
isentropic efficiency. Nevertheless, it would be possible to substitute the compressor by
a compressor with a slightly higher performance of 85%. If this compressor would be
installed than an exergy analysis of the resulting system gives the resulis listed in Table
5.5.
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Table 5.5 Overview of exergy losses in application example components after
correction of the malfunction and substitution of compressor by one with
85% isentropic efficiency.

Exergy loss [kW] | Exergy loss [%]
EXiprs cond 0.032 4.3
EX s ey 0.074 10.2
EXiys5 evap 0.138 18.9
EXtss_comp 0.107 14.7
EX oo source_ow 0.379 52.0
Exppy = F, 0.729 100.0

A relatively small step in isentropic efficiency of the compressor has a significant
impact in the system performance: the COP goes from 5.83 to 6.31 (8% improvement),
the second law efficiency from 48% to 52% (also 8% improvement).

5.4 Exergy analysis of refrigeration plant

In the previous sections the exergy losses in refrigeration cycles have been considered.
The exergy entering the cycle in the evaporator is negligible in comparison with the
exergy entering the system in the form of compressor shaft power requirement.

When the refrigeration plant is considered, globally there are three main exergy m-flows:
electric energy input for the compressor drive, the condenser fans and / or pump(s) and
the evaporator fans and / or pump(s). The useful effect of the process corresponds with
the exergy increase of the air flow passing the evaporator. An exergy mcrease which
corresponds with the exergy reduction of the same air flow due to the heat load to the
storage room. The exergy input to the condenser and evaporator fans is lost. Part of the
exergy input is lost directly due to electric motor losses. The rest is lost due to mixing and
friction with the storage room air (evaporator) or surrounding air (condenser). A small
amount of the exergy input to the compressor drive is usefully applied to remove the heat
load. The rest is lost in the different components of the refrigeration plant.

Mostly plants are designed to handle extreme operating conditions. The result is that most
of the time plants operate under part load conditions. If the plant switches on and off then
a dynamic analysis of the plant is needed to be able to quantify the impact of the different
exergy inputs as a function of time. An example of possible exergy loss distribution is
given in Fig. 5.16, taken from Infante Ferreira et al [5]. The figure applies for the
integrated exergy flows for a period of 24 hours. The integration is needed to quantify the
effect of frost formation and continuous operation of the evaporator fans. The continuous
operation of the evaporator fans is needed to guarantee the product quality. The useful
effect is only 9% of the total exergy input. The largest losses take place in: Air cooler fans
(41%); Blectric motor of compressor drive (16%); Condenser (14%); Compressor (7%);
Condenser fans (5%).
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Figure 5.16  Exergy loss distribution in fruit storage (Infante Ferreira et al [2]).

Some researchers propose that the required input in Eq. (5.5) should include the
auxiliary energy inputs to the system: to drive evaporator and condenser fans and / or
pumps and required control systems. A so-called system COP, COSP, is then obtained.
In that case, the results obtained with Eq. (5.10) are significantly lower. If the power
usage is not simultaneous, the ratios of operating hours must be considered. The
example of Fig. 5.16 illustrates that when studying the exergy losses, an integrated
approach is needed to allow for the identification of the main causes of exergy losses.
For this plant application of two-speed cvaporator fans, that operate at high speed as the
refrigeration cycle is in operation and at low speed if only air circulation is required to
guarantee an acceptable product quality, could lead to significant exergy (and energy)
performance enhancement of the system.

5.5 Reducing exergy losses

5.5.1 Cycle fevel

In Section 5.1 it has. been illustrated that the choice of the operating medium has to
some extent effect on the level of the second law efficiency that can be attained. In Fig.
5.3 only single stage operation under a determined set of external conditions is shown,
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so that other specific conditions will give different results. Ammonia and n-pentane
show the best performance. Then a group of refrigerants show similar performance:
isobutene (R600a), propane (R290), R134a and R410A. The refrigerants R404A and
R507, quite popular in the Netherlands, definitely are thermodynamically less efficient
and should be avoided. When used at low temperatures in combination (cascade or
secondary fluid arrangement) with ammonia at the high temperature side, carbon
dioxide attains performances comparable with the R134a group of refrigerants (Infante
Ferreira [3]).

Although it has not been discussed here, when the temperature lift between source and
sink is large, multi-stage operation should be considered.

Subcooling has always a positive and large effect on the efficiency of the vapour
compression cycle. This is illustrated in Fig. 5.17 for a number of refrigerants. For every
refrigeration system the possibility of creating extra subcooling while the condensing
temperature is maintained should be investigated.

Cooling capacity gain [%]

Subcooling {K]

Figure 5.17  Effect of subcooling on cooling capacity ( and COP) for a
condensation temperature of 35°C and evaporating temperature of -
10°C.

5.5.2 Condenser

The main canse of exergy loss in the condenser is the heat transfer at finite temperature
difference between refrigerant and sink medium. This if the exergy loss associated with
sink-fluid forced convection is mot considered. These exergy losses may also be
substantial: in the case of Tig. 5.16 5% of the total exergy losses of the plant compared
with 14% due to heat transfer.

The temperature difference between condensing refrigerant and sink medinm will

always be a trade off between energy consumption (and associated exergy losses) and
investment costs.
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Figure 5.18 Temperature driving force and trade-off between energy and
investment.
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Figure 5.19  Optimum temperature driving force for condenser and evaporator
for a specific application.

Fig. 5.17 illustrates, for specific conditions of a plant using an air cooled condenser, that
if the temperature difference is chosen too large (15K between air inlet and
condensation temperature) or too low (5K between air inlet and condensation
temperature) the total costs of energy + investment are larger than for an mtermediate
case (10K between air inlet and condensation temperature). In the first case the energy
costs are too large while in the second case the investment costs are too large. It should
be noted that the common practice in the Netherlands is designing condensers with 15K
between air inlet and condensation temperature. Fig. 5.18 illustrates that the number of
operating hours of the refrigeration plant plays an important role in the optimum
temperature driving force for both condenser and evaporator.
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5.5.3 Evaporator

Similar considerations can be applied to the evaporator as for the condenser. Also here
the trade off between energy and investment costs play a role. Figs. 5.17 and 5.18
illustrate also the impact of evaporator driving force. However, since the temperature
driving force also plays a role in the product quality, the impact of temperature driving
force on product quality must also be considered.

The quantity of water vapour removed by the evaporator from a refrigerated / freezing
room depends on the temperature driving force. With temperature differences of 5-6 K
between air inlet and evaporating medium there will be almost no water vapour removal
while for temperature driving forces of 10 K 20 to 35% of the heat removal will be
associated with latent heat effects. Products sensible to dry out may then loose weight
and quality. The impact of evaporating temperature driving force on weight loss, for
long term fruit storage applications is also shown in Fig. 5.17.

In other cases in freezing processes a large temperature driving force is used to
guarantee a high frozen product quality. This is for instance the case for consumption
ice manufacturing, where extreme large temperature driving forces are applied. The
need for these extreme driving forces should be investigated: what is the impact of
driving force on crystal size and what the impact of crystal size on ice taste.

5.5.4 Compressor

There are several causes for the irreversibilities in compressors: internal flow losses,
internal heat transfer and heat conduction, mechanical {riction, internal leakage, mixing
and external convection and radiation. Depending on the compressor type and size the
contribution of the different effects may be quite different. The food processing plant
designer and owner is confronted with existing compressor designs so that the exergy
losses of the compressor are associated with the compressor selection. Infante Ferreira
and Touber [4] give an overview of the isentropic efficiency of the refrigerating
compressors available in the Dutch market. In some application ranges there is large
spread in compressor quality. This is illustrated in Table 3.6.

The average values have been printed bold. The other two values indicate the minimum
and maximum values and show the isentropic efficiency range within the same
compressor size group. The isentropic efficiency of semi-hermetic and hermetic
compressors includes the electric motor losses. Against the expectations, the larger
compressors do not show higher isentropic efficiencies than the smaller models.
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Table 5.6 Isentropic efficiency as a function of refrigerant volume flow (R22
evaporating at -10°C.

Volume Reciprocating Screw Scroll

flow Open Semi- Hermetic | Open Semi- Hermetic

fm3/h] hermetic hermetic

10-20 0.8% 0.88 0.88 063070079 | 060068072 0.63 0.67 0.71

20-350 0.77 0.81 0.88 068073082 | 057059061

50-100 0.81 0.850.83 | 0.730.770.81 0.71 0.71 0.71

100-200 0.70 0.77 0.81 0.700.74 0.79 0.71 0.73 0.75 .63 0.65 0.56

200-300 070 0.750.80 | 0.700.740.76 075075075 | .66 0.66 0.66

300-500 0.71 0.71 0.71 0.64 0.68 0.70

S500-1000 0.720.720.72 0.70 0.71 0.73

5.5.5 Expansion device

In recent years two-phase expanders have been the topic of a number of researches. In
some applications two-phase expanders appear to decrease significantly the exergy
losses and so the performance of the vapour compression refrigeration / heat pump
cyele. Fig. 5.20 shows for the some refrigerants the effect of expander isentropic
efficiency on the COP for a heat pump cycle.
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Figure 5.20 COP gain for a heat pump when an expander is used to recover
{part of) the expansion work

If isentropic efficiencies above 60% can be attained with practical expanders then
significant cycle performance gains can be obtained for the refrigerants in the R134a
and propane (R290) group.
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6 Value diagrams and exergy efficiencies

Ir. N. Woudstra

Faculty of Design, Engineering and Production
Section of Thermal Power Engineering,

Delft University of Technology

6.1 Introduction

The exergy analysis of plants, for the conversion of energy or the production of
chemical substances, requires in general the determination of all exergy flows that are
transferred between the distinguished apparatuses or unit operations of such a plant. The
resulting exergy losses can provide useful information with regard to the overall
performance of the considered plant. However it is in general difficult to judge
thermodynamic losses without further reference. An evaluation of plant performance
will usually require a comparison of the thermodynamic performance of specific
apparatuses or unit operations with available data from previously built plants.
Therefore exergy efficiencies have appeared to be very useful. However exergy
efficiencies are not only useful at the level of apparatuses or unit operations but also at
higher system levels e.g. for the comparison of overall plant performance (total system)
or the performance of subsystems, The combination of exergy efficiencies with exergy
flow diagrams (Grassmann diagrams) can briefly provide an overview of the most
important information with regard to the thermodynamic performance of even complex
plants.

6.2 The value diagram for heat transfer

O,T-diagrams are frequently used to present heat transfer processes. In Fig. 6.1a the
temperature of both flows in a heat exchanger is given as a function of the heat
transferred to the primary flow, the flow that is the heated flow. In Fig. 6.1b the
temperature curves of the same tlows are shown in the valve diagram. In this diagram
the temperature of the flows are also given as a function of the heat transferred to the
primary flow; but the temperature at the vertical axis is replaced here by the term
(1-T,/T). As this axis begins at T =7, and goes up to T =<0, the values on this axis
can go from O to 1. If it is assumed that an infinitesimal small amount of heat dQ is
transferred from the secondary flow, the flow that is cooled down in the heat exchanger,
the resulting decrease in temperature d7, may be neglected. For the exergy of this
amount of heat can be written:

dEx, :(I—%)-dQ 6.1)

In the value diagram the area 1-3-4-6-1 equals the amount of heat d, whereas the area
1-2°-5°-6-1 equals the exergy dEx. of this amount of heat. The term (1-T, /T)

indicates which part of the considered heat can be converted into work and can be seen
as the exergy fraction of this amount of heat.
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The total exergy transferred from the secondary flow can be determined by integrating
Eq. (6.1) from the inlet temperature T, to the outlet temperature 7,

Ts,uit T J
Ex,= [ (1-%-d0 (6.2)
T L
This amount of exergy equals the whole area below the temperature curve in the value
diagram. Within the heat exchanger the heat dQ is transferred to the primary flow. The

exergy of the heat supplied to this flow equals:
dEx, = (1 —%) -dQ (6.3)

In the value diagram this exergy is represented by the area 1-2-5-6-1. This amount of
exergy is smaller than the exergy transferred from the secondary flow. The difference,
the area 2-2’-5°-5-2, is exergy that is lost due to the temperature difference necessary to
transfer heat from the secondary to the primary flow. The total exergy absorbed by the

primary flow can be calculated by integrating from mlet to outlet:
T,

puit T
Ex,= [ (1-22)-dQ (6.4)
T
Tp.in p
Q, T-diagram
Ts,in
T T 5890 el W
s y Tp,out
Ts,out
T dlp
ot
Q{@‘aﬂ
-"FJ,i."i
To
daQ Q

Figure 6.1a  Heat transfer process represented in a Q,T-diagram
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value diagram

3 4 dQ = area 1-3-4-6-1

dEx= area 1-2'-5'-6-1

5l
exergy loss of
5 heat transfer:

cfE)(IOSS = area 2-2-5'-5-2

—

dQ Q
Figure 6.1b  Heat transfer process represented in a value diagram

The absorbed exergy by the primary flow equals the area below the temperature curve
for this flow in the value diagram. The total exergy loss due to heat transfer, Ex, —Ex,,

is represented by the area between the two temperature curves. Therefore value
diagrams easily preseni amounts of exergy and exergy losses during heat transfer
processes. From this diagram it will also be clear that an increase in temperature
difference between the flows that exchange heat will increase the exergy loss due to
heat transfer. The temperature difference can be seen as the driving force for the heat
transfer process; increasing the driving force will accelerate the process, so that the size
of the heat exchanger can be reduced, but causes higher exergy losses.

Like Q,7-diagrams, value diagrams can also be used to present the heat transfer to a
flow when this heat transfer takes place in more heat exchangers. Figure 6.2 shows the
0, T-diagram for the heat transfer in the feedwater train of a large steam turbine plant as
an example. In this feedwater train feedwater is preheated in a series of eight extraction
preheaters. The O, T-diagram shows the temperature curves of both the secondary and
the primary fluids. The applied temperatures and extraction pressures are optimized to
minimize overall exergy loss. The diagram clearly shows the applied temperature
differences for heat transfer. In particular temperature differences in the low
temperature heat exchangers should be limited.
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Figure 6.2  Q,T-diagram for the heat transfer in a feedwater train

The value diagram for this feedwater train is shown in Fig. 6.3. The shaded areas in this
diagram represent the exergy loss caused by the heat transfer in the feedwater train.
From this diagram it becomes clear why the temperature differences for heat transfer
must be limited particularly in the low pressure (LP) preheaters. Higher temperature
differences will seriously raise the exergy loss in these heaters because of the rather
steep temperature curve of the feedwater in the low temperature region.
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Figure 6.3  Value diagram of the same feedwater train as in Fig. 6.2
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The heat transfer in a large steam boiler is presented as another example. The Q.7-
diagram is shown in Fig. 6.4. The diagram shows the theoretical flue gas temperature
from the temperature achieved during adiabatic combustion till ambient temperature.
Due to simultaneous combustion and heat transfer in the boiler furnace, high flue
temperatures over approximately 1500 °C do not occur in actual boilers. But the
theoretical flue gas temperatures will provide the correct basis for evaluating exergy
losses. The Q,T-diagram in Fig. 6.4 also shows the temperature curves of the heated
fluids. The evaporator is located in the part with the hottest flue gas. Afier passing the
successive superheaters and reheaters the flue gas is finally cooled in the economizer
and air precheater. With exception of the economizer and the air preheater temperature
differences between the primary fluid (the heated fluid) and the flue gas are very high,
thus limiting the overall heat transfer area. A better insight into the exergy losses due to
heat transfer in the boiler can be derived from the corresponding value diagram, as
shown in Fig. 6.5. The value diagram confirms the high exergy losses in the high
temperature part of the boiler, the furnace with evaporator and the first superheater. But
it also appears that exergy losses in the low temperature heat exchangers are certainly
not negligible.

QT - diagram Total Boile:
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Figure 6.4  Q,T-diagram of heat transfer in a large steam boiler
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Figure 6.5  Value diagram of heat transfer in a large steam boiler

6.3 The value diagram for thermal power plants

The value diagram is primarily developed for the evaluation of heat transfer processes.
But with some ingenuity it can also be used for the evaluation of thermal power plants:
large power stations as well as combined heat and power plants. Starting point for the
exergy analysis of power plants is the fuel exergy that is supplied to the plant. In general
the fuel exergy does not equal the heating value of the fuel, however the differences
between the exergy value and the lower or higher heating value of fossil fuels are
limited. The difference between exergy and lower heating value can be established by
the exergy factor of the fuel:

__ %X
Jesr LHYV,

In Table 6.1 this ratio is roughly indicated for different types of fossil fuel. The ratios
for coal and oil are estimated values, derived from [Baehr, 19791 and [Baehr, 1987}, the
ratio for natural gas is a value calculated for natural gas (Slochteren quality).

(6.5)

Table 6.1 Ratio between the exergy and lower heating values for different types of
fossil fuel
fuel For
hard coal 1.02-1.03
fuel o1l 0.98 - 1.01
natural gas 1.04
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The width of the value diagram represents an amount of heat; this can be for instance
the heating value (here the lower heating value will be applied) of 1 kg of fuel. Instead
of the lower heating value, one can take the exergy of the fuel as the width of the
diagram, as is done in Fig. 6.6. As the vertical scale of the diagram starts at T =7, and
ends at T =0, the length of the vertical axis equals 1. The total area of the diagram
then represents the exergy of the fuel. Such a diagram can be very useful for evaluating
thermal plants.

(T=~) 1
TO
1- —
(1- =)
“
HHVF‘ LHV: areaéz X
!
(T=Tp) —
B LHVF, nat. gas
- OXF -

Figure 6.6 - Value diagram based on the exergy of the fuel

After adiabatic combustion of a fuel, the flue gasses will have a high temperature. As
fuel and oxidizer are supposed to enter the combustion chamber at ambient temperature,
the heat that can be transferred from the flue gas by cooling down till ambient
temperature will equal the lower heating if 1t is assumed that water vapour in the flue
gas will not condense. In Fig. 6.7 the temperature curve of the flue gas during cooling
down is represented, assuming that the exergy factor f,, ; is higher than 1. At the right

border of the diagram the temperature of the gas is the adiabatic combustion
temperature. The area below the temperature curve then equals the exergy of the heat
that can be derived from the flue gas. After combustion only the exergy of the heat is
available for use. This means that the exergy represented by the shaded area above the
temperature curve together with the area at the left side of the diagram representing the
difference between the exergy and the lower heating value has been lost. Therefore this
area is considered to be the exergy loss due to combustion.
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Figure 6.7  Value diagram with the temperature curve of flue gas during cooling
from adiabatic combustion till ambient temperature

Tn a steam boiler heat from the flue gas is transferred to the steam cycle. The feedwater
entering the boiler is heated till approximately saturation temperature, evaporated and
superheated respectively. In the value diagram shown in Fig. 6.8 the temperature curve
of the steam is also added. Flue gasses leave the boiler above ambient temperature and
are supposed to be discharged at boiler outlet temperature via the stack to the
atmosphere. Therefore the available heat in the flue gas is partially lost. The corres-
ponding exergy loss in Fig. 6.8 is indicated as the exergy loss by the stack. The area
below the temperature curve of water/steam represents the exergy transferred to the
steam cycle. Then the area between the temperature curves of flue gas and water/steam
represents the exergy loss due to heat transfer in the boiler.
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Figure 6.8  Value diagram of a conventional steam cycle power station
The generated steam by the boiler is expanded in a steam turbine; there the largest part

of the exergy transferred to steam cycle is converted into mechanical energy (= 100 %
exergy). After expansion the steam is condensed; in the condenser heat is transferred to
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the environment. Water or air is generally used as cooling fluid. The difference between
condensing temperature and ambient temperature is determined by the temperature
increase of the cooling fluid in the condenser and the temperature difference between
the primary and secondary fluid necessary to enable heat transfer. Consequently
condenser temperature is 10 K or more, higher than the ambient temperature. The
exergy loss resulting from this temperature difference is represented in Fig. 6.8 as the
exergy loss of the condenser. The remaining (not shaded) area below the water/steam
temperature curve represents (roughly) the generated mechanical (or electrical) work. It
must be noted that Fig. 6.8 mainly shows losses occurring outside the steam cycle;
including the internal exergy losses in the same value diagram can not easily be done.

0
Wshaﬂ -t Q exhaust gas
. LHVE -
- Exp .
Exloss, combustion

”:D EXexhaust gas

Figure 6.9  Value diagram of a gas turbine cycle

Today gas turbines are often used for electricity generation, in case of large-scale
electricity production in combination with a bottoming steam cycle in so called
combined cycle plants. A gas turbine cycle can also be represented in a value diagram
as shown by Fig. 6.9: Just like the value diagram of the steam cycle, the exergy losses
within the gas turbine cycle, like losses due to friction in compressor and turbine, are
neglected in this diagram. In an open cycle gas turbine heat is transferred to the cycle in
the combustion chamber. Air enters the combustion chamber at elevated temperature
due to the previous compression; in the combustion chamber a further increase of
temperature is obtained. The upper temperature curve in Fig. 6.9 represents the
temperature increasc in the combustion chamber; here heat is transferred to the gas
turbine cycle. The area above this curve, together with the sirip at the right side of the
diagram due to the difference between the heating value and the exergy of the fuel, 1s
the exergy loss due to combustion. The area below this curve represents the exergy that
is transferred to the cycle.

After expansion in the turbine the temperature of the flue gasses is rather high (around
500 °C). The lower curve in Fig 6.9 represents the temperature of the flue gas while
cooling down till ambient temperature. The area below this curve represents the exergy
that is still available in the hot exhaust gas of the turbine. When the flue gas is directly
discharged to the environment, this exergy will be lost. In stationary applications
however the residual heat of the turbine exhaust gasses is generally used to generate
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steam in a heat recovery steam generator. In industrial applications mainly saturated
steam is generated; in case of large scale power plants (combined cycle plants)
superheated steam is generated for the bottoming steam turbine cycle. Figure 6.10
indicates which part of the flue gas exergy can be recovered under these circumstances.
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Figure 6,10 Value diagram of combined cycle plant

6.4 Exergy efficiencies

6.4.1 Introduction

Exergy efficiencies can be used for varying purposes. An obvious application is to use
them for assessing, analyzing and optimizing processes and systems. We can think here
of processes and systems for converting substances in chemical process plants, and of
processes and systems for energy conversion. Below, we will specifically deal with their
application in energy conversion systems.

Exergy efficiencies have only minor importance for a rough evaluation of electricity
production units: the generated electricity equals the produced exergy, while usually the
exergy of common fuels for electricity production differs only a few percentages from
the ZLHYV. For that reason, a power plant’s exergy efficiency will differ only slightly from
its thermal efficiency and will, therefore, not really provide additional information.
The situation is completely different for combined heat and power (CHP} plants. The
exergy efficiency there also visualizes the thermodynamic significance of the generated
heat. Since the exergy of heai depends on the temperature, and is for finite temperatures
always smaller than the energy quantity, exergy efficiencies of combined heat and
power plants will usually be lower than comparable thermal efficiencies. Specifically
the temperature level of the generated heat determines the difference. The exergy
efficiency may provide additional information about the quality of the conversion in the
CHP plant; the interpretation of exergy efficiencies, however, is still ambiguous.

90 TU Delft




Value diagrams and exergy efficiencies

Exergy efficiencies are particularly valuable in analyzing and optimizing systems. An
exergy analysis usually includes a detailed calculation of the exergy values of process
flows and the exergy losses in the system. Such a calculation shows the places in the
system where losses occur and the extent of these losses. In the analysis the question has
to be answered how the exergy losses can be avoided or limited. Based on the absolute
value of exergy loss, it is usually difficult to assess whether an exergy loss m an
apparatus is unnecessarily large. An exergy efficiency in which the exergy loss is
compared with the added or transferred exergy gives a better picture of the quality of
the processes in the apparatus, and thus also gives a better impression of whether exergy
losses can be reduced. Exergy efficiencies of apparatuses (or parts of plants) can also be
valuable in checking process calculations. Unrealistic input data or incorrect
assumptions can result in unusual efficiencies. Obviously, only frequently applied
apparatuses are eligible for such a checking.

6.4.2 General definition of exergy efficiency

Generally, efficiencies (and thus also exergy efficiencies) for practical use must meet a

number of conditions.

1. The sensitivity for changes in the system involved must be large. Efficiencies must
be defined in such a way that all values between 0 and 1 are possible, and no other
vahies.

2. Preferably, the definition of efficiency must be applicable in practice. This means
that the definition, without additions, must be practicable to a large number of
different systems.

3. Tt must be possible to calculate efficiency values quickly, using available data.
Preferably, one should avoid the necessity of making very detailed additional
calculations.

4. Efficiencies are a measure for a system’s quality. Such a standard is only reliable if
it is based on data that take into account the influence of all relevant parameters. The
quality of the process calculation performed determines whether this condition is
satisfied.

As stated above, an efficiency definition not only concerns a theoretically sound choice,

but has to consider also the calculation of exergy values needed for these efficiencies.

The preference for a specific efficiency definition is thus also determined by the way m

which exergy values are available.

Several authors have provided definitions for exergy efficiencies, e.g. [Kotfas, T.J],
[Tsatsaronis, G, [Brodyansky, V.M., Sorin, M.V., Le Goff, P.]. From an evaluation of
published definitions it appears not to be possible to satisfy all mentioned conditions
simultaneously. Depending on the significance of the various conditions, it is possible to
define exergy efficiencies in various ways. Figure 6.11 distinguishes two different
definitions of efficiencies, i.e. wniversal efficiency and functional eﬂiciencyi). The
universal efficiency is based on a generally workable definition for exergy efficiency.

) The names as applied here for the exergy efficiencies are not derived from literature. In the literature stated, a
name for the universal efficiency was not found; various names, howevez, are used for functional efficiency:

rational efficiency, efficiency with transiting exergy, elc.
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Due to the relative insensitivity to changes in the system, it is rejected as insufficient in
the publications stated. The functional efficiency is preferred, but requires further
specification, depending on the type of system. For certain systems, relevant
specifications are difficult or completely inconceivable. Both definitions of efficiency
are introduced here in order to emphasize the significance of functional efficiency and
to show the impossibility of specifying functional efficiency for certain systems.

The universal efficiency is defined as follows:

Meew = % (6.6)
X Ex;,
In which:
2 Exon is the exergy of the energy flows leaving the system
2 Exin is the exergy of energy flows entering the system

The difference in exergy between the ingoing and outgoing energy flows equals the
exergy loss, i.e.

ZExin = Z Exout + E Exloss (67)
For (6.6), we can also write:
>Ex. —2 Ex
nex,u — in loss (68)
X Ex,

The universal efficiency offers a clear definition for a variety of systems. A
disadvantage of this definition, however, is that the efficiency values obtained can be
insensitive to changes in the system. This occurs, for example, when only part of the
flows undergo a change or when the flows undergo only minor changes. The exergy
loss is then small compared to the exergy of the ingoing energy flows. In that the exergy
flows contain large “ballast flows™: exergy flows that are actually fed to the process, but
pot directly involved in the intended conversion. As a result of these ballast flows, the
universal efficiency may be insensitive to changes in exergy loss.

definition of effiencies

i

S

_g pragmatic fundamental

S [Kotas] [Brodyansky et al]
o [ Tsatsaronis]

Figure 6.11  Possible division of exergy efficiencies

This is the reason for defining functional efficiency, in addition to universal efficiency.
With functional efficiency, the influence of ballast flows is gliminated as much as
possible in order to achieve the highest possible sensitivity to changes in the system.
A general definition of functional efficiency is:
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2 E:
— xproduct ( 6 ' 9)

> Ex

SOUFCe

nex.f

In which:

¥ Exprodue: iS the exergy of that part of the outgoing energy flows that can be considered
to be the product of the system;

Y EXsouree 1S the exergy of that part of the ingoing energy flows that can be considered
necessary for making the product n the present process.

Basically, YExsure must be identical to the supplied exergy minus the exergy of the

ballast flows, or:

Z Exsourcc = z Exin - Z Exbaliast (6 10)
Similarly, it can be written for ZExpodact
2’ Exproduct = z Exout - 2 E X ballast (6 1 1)

Since by definition, the exergy of ingoing and outgoing ballast flows is the same, the
difference in exergy value between "source” and “product” must also be identical to the
sum of the exergy losses in the system, i.e.:

X FEx, .. =2Ex + X Ex,, (6.12)

source product
The Egs. (6.9) through (6.12) are insufficiently clear about how to calculate the
functional efficiency of a specific system. First, it must be established which tlows (or
sub-flows) are part of EXpoduct; EXsource 01 EXvallas, In addition to the definition given, a
more detailed elaboration/specification (see also Fig. 6.11) of the functional efficiency
is needed. Tt appears, however, that it is not possible to provide a generally vahd
specification of Exproducts EXsource OT EXpaiast. Thus the exergy of product and source has
to be specified for each individual system.

The various authors do not use uniform methods and names to specify functional
efficiencies. The fundamental approach, as supported by [Brodyanskyl, is preferred, but
produces large practical problems since it requires a drastic breakdown of exergy
values. For this reason, a more pragmatic approach has been chosen that is very similar
to the proposals made by [Kotas] and [Tsatsaronis]. Therefore the breakdown of exergy
values of flows of matter can be limited to the breakdown into the thermo-mechanical

exergy ( Ex,_ ) and the chemical exergy ( Ex, ).

im

In the appendix the functional efficiency of a large number of apparatuses has been
specified. Considering the limited breakdown of exergy values required here, this
specification is generally workable. Exergy values — and thus exergy efficiencies —
depend on the environment definition chosen. Strictly speaking, mutual comparison of
exergy efficiencies is only possible if the same environment definition is assumed.

6.4.3 FExplanation of efficiency definitions

The difference between universal efficiency and functional efficiency can be illustrated
with a simple example: the heat transfer process in a heat exchanger.

The purpose of a heat exchanger is to heat a process flow - called primary flow — by
withdrawing heat from another process flow — called secondary flow. The exergy of the
primary flow will increase as a result of the absorbed heat, and the exergy of the
secondary flow will decrease. Figure 6.12 visualizes the exergy change in the process

TU Delft 93




Valhue diagrams and exergy efficiencies

flows. The universal exergy efficiency for this heat exchanger can be obtained from Eq.
(6.6):

_ Exs,cmt + Exp,out 6 13
nex,u(heat exchanger) E E ( . )
xs,in + xp,im

heat exchanger

i A
| EXs out
EXsin 3 Iz,
AEXS 1 ¥ foss

1 \ rA EXP 1

'} /
E EXx p,out

Xp,fn
f . 1

Figure 6.12 Change in exergy quantities during heat transfer

Considering the exergy quantities involved in the process, the exergy quantities Expim
and Ex, o flow through the process without undergoing any change. These flows can be
regarded as ballast flows that are not part of the process and thus need not be considered
in the process assessment. If possible, the specification of a functional efficiency should
consider only changes in exergy quantities. It is assumed that the purpose of the heat
exchanger is to heat the primary flow. The exergy change AEx, of the primary flow can
be regarded as the desired product of the process, Expoaa from Eq. (6.9). The secondary
flow provides the necessary exergy to obtain this product. The exergy change AEx, of
the secondary flow can thus be regarded as the exergy source, Exsouce. Then, for the
functional exergy efficiency of the heat transfer process can be written:

1 — AExp — Exp,out - Exp:m (6 14)
Ex f(heat exchanger) AEJCS Exs,in — Exs,out |

Tn this equation, the exergy flows seen as ballast are not taken into consideration.
Actually, in comparison (6.13) the exergy loss is related to the total exergy supplied
(Exoim + EXpin), while in Eq. (6.14) the exergy loss is related to the exergy change in the
secondary flow (AExs). Since AEx, is always smaller than (EXgn + Expin), the functional
efficiency (6.14) is more sensitive to changes in exergy loss than the universal
efficiency (6.13).
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7 Fluid flow and heat transfer exergy loss

Drir G.C.J. Bart

Faculty of Applied Sciences
Department of Multi-Scale Physics
Section of Thermal and Fluids Sciences
Delft University of Technology

7.1 Introduction

Separate or combined effects of fluid flow and heat transfer are encountered in many
technical installations and with many chemical processes. Fluid flow originates from
work or potential energy that is converted into the kinetic energy of flowing mass. Such
energy conversions are always accompanied by losses. Part of the added emergy is
converted into heat by internal friction of the fluid. In thermodynamics this is expressed
as: Irreversible processes cause production of entropy and loss of exergy. For equal
mass flow the exergy loss in pipe tlow can be diminished by increasing the pipe
diameter. In that way the driving force needed to keep the mass flowing is reduced.

Pipes conducting fluid having a temperature different from surrounding temperature can
exchange heat with the surroundings by conduction, convection and radiation. Such a
heat transfer over a finite temperature interval always means exergy loss. This loss can
be reduced with a smaller heat exchanging area, thus smaller diameter of the pipe. So,
when fluid flow and heat transfer act together both phenomena have to be taken into
account in a joint treatment for an assessment and optimization of exergy loss.
Transport phenomena like fluid flow and heat transfer are described in many standard
textbooks, e.g. by Van den Akker and Mudde [1], Beek and Muttzall [2], Bird, Stewart
and Lightfoot [3], Coulson and Richardson [4] and Kreith and Bohn [5]. With the basic
knowledge from these books and the laws of thermodynamics the characteristic
phenomena can be described and exergy loss rated. A comprehensive overview
concerning the production of entropy and its minimization in technical processes is
given by Bejan [6,7]. In the following only Newtonian fluids will be considered. This
means fluids for which viscosity 1 [kg/ms] is single valued, that is not depending on
flow conditions or flow history. Further only hydrodynamically and thermally fully
developed flows will be considered. These are flows for which the velocity and
temperature profiles are independent of axial position and time.

In many thermodynamic installations and processes the wanted production of e.g. heat,
cold, electricity, Hquid helium, etc. is directly proportional to mass flow. Moreover the
mass flow is a constant in the whole or large parts of the plant or installation. As a
consequence, in this contribution, the mass flow will be used often instead of mean
velocity or volume flow.
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7.2 Pipe flow
T - T+dT
p (ez) f p+dp
!
h : h+dh
s | = s+ds

z '}(D’é z-+dz

Figure 7.1  Length element dz of pipe with state properties temperature 1,
pressure p, enthalpy h, entropy s, mean velocity (¢} and
heat flux @7,

In pipe flow often the notion hydraulic diameter is encountered. If the cross section is
non circular the hydraulic diameter D, equals four times the ratio of cross section of the
fluid A and the wet perimeter F
4A

D — 7.1
b= f (7.1)
For a pipe with circular cross section the hydraulic diameter is equal to the diameter.
The relation between mean axial fluid velocity (c,), mass density p, mass flow rate @,, -
and volume flow rate @y is given by:

@, = pOy = pAlc) (7.2)

The pressure drop over a small length element of the pipe dz, see Fig. 7.2, is given by
the Fanning equation:

_dp_ Afipled® _ 479 73
dz Dy, T 2DypA? :

Fis called the friction factor. The so-called friction factor fis a function of the Reynolds
number

Re — plez) Dy _ 4%wm (7.4)
n n¥

and the roughness ¢ of the wall of the tube. The dissipation per unit of length is given
by:

dpP dp
— = - =0 7.5
& 3 v (7.5)
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The necessary pumping power can be found by integrating the dissipation per unit of

length. The dissipated mechanical energy per kg of mass flowing is given by:

1dp
dwr = 7.6
Wi b d (7.6)

For a pipe system that is kept on surrounding temperature, the dissipated mechanical
energy is equal to the exergy loss. Mechanical work has been transformed into heat at
surrounding temperature, which can not be further used. For the determination of the
exergy loss, information is needed about the friction factor. This is the subject of the
following part.

7.2.1 Laminar pipe flow

For laminar flow, also known as Poiseuille flow, in a horizontal pipe with circular cross
section it is found:

4f = 6—4, 0 < Re < 2000 (7.7)
Re

If the cross section is non circular, the friction factor is still proportional to 1/Re, but
with a different coefficient of proportionality. For laminar flow between two infinite
parallel plates it is found 4 f=96/Re. Bird et al. [3] present an analytical solution for the
flow in between two concentric cylinders, the so-called annulus. Then for the friction
factor a value is found in between the values for flow in a pipe with circular cross
section and for flow between parallel plates. Other examples are given by Kreith en
Bohn [5].

Laminar flow dissipation of vapour and liquid in pipe with circular cross section

Condensation and evaporation processes are found in electrical power stations,
refrigerators and in liquefaction. Here the example is chosen of liquid water flowing to
an evaporator at 100 °C and the steam that is formed is ducted away. Both flows are
faminar and are in horizontal pipes with circular cross section. In other examples, the
same situation will be considered under different flow conditions. What is the ratio
between the dissipation when both tubes having the same diameter and how should the
ratio between diameters be chosen to have equal dissipation per unit pipe length?

If the Fanning Eq. (7.3) together with Eq. (7.7) is substituted into the expression for
dissipation per unit mass flow (7.6) it is found:

128 Dy
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Table 7.1  Some properties of water and steam at 100 °C and 101325 Pa.
Water Steam
Mass density p 958,38 0,5977 kg/m?
Viscosity M | 0,2818-1073 | 0,1255-107* | kg/ms
Thermal conductivity | A 0,682 0.0249 W/mK
Specific heat capacity | ¢p 4211. 2034. JkgK
Prandt]l number Pr 1.74 1.02 -

With equal diameter and equal mass flow, the ratio of dissipation of vapour 1 (steam at
100 °C and standard pressure) and liquid 2 (water at 100 °C and standard pressure)
according to Eq. (7.8) is given by:

2 2
Ep_% _ 0.01255 (958.38) — 1145.10°
N2 Py 0.2818 \ 0.5977
For equal dissipation the fourth root from this value has to be taken to find:
D/D,=18.4. For equal diameter the ratio between Reynolds numbers:
Re/Re, =n,/m, =22.5. For the equal dissipation case it is found: Re/Re,=m, D1
D, =1.22, These ratios are well within bounds, so that both flows indeed can be
laminar.

7.2.2 Tuarbulent pipe flow

For a model of turbulent flow in a smooth pipe the equation of Blasius gives the friction
factor as function of Reynolds number:

4f = 0.316Re™/*, 2500 < Re < 10° (7.9)
This equation has been expressed with a dashed line in Fig. 7.2. Also other empirical

relations are known for this case. Be aware of the range of validity that always should
be given with such equations.

The relation of the friction factor with the Reynolds number and roughness of the pipe
surface has been expressed in the solid curves given in Fig. 7.2. Such a figure is often
called Moody diagram. These curves have been calculated with the equation given by
Coulson and Richardson {4]:

(7/2)7%5 = 2.51n(0.27a+0.885Re—1 (f/g)—O.S),

2500 < Rey < 107 (7.10)
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107 -
B e=0,05
] e = 0,01
47 L = 10-2

laminar turbulent

e REa— _—

ésmooth pipe™
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Figure 7.2 Friction factor 4f as function of Reynolds number Re and relative
roughness € of inner pipe surface.

Here ¢ is the relative roughness, the ratio of mean height of the roughness and pipe
diameter. If relative roughness becomes large the friction factor is almost independent
of Re. It also can be noticed that the results for smooth pipes obtained with this equation
do not coincide with the Blasius equation. Differences up to 10 % can be seen in the
value of fraction factor. This gives an impression of the accuracy that can be reached
with this kind of equations. For completeness, left in Fig. 7.2 the friction factor for
faminar flow in a round tube as known from Eq. (7.7) is presented.

Turbulent flow dissipation in smooth pipe

Suppose now that the friction factor is given by the Blasius equation and repeat then the
example before. Now dissipation is given by:

1.7876 n° 2 @L7

775 prpATs dz (7.11)

th =

A 10% larger diameter decreases friction losses with more than 50%. The ratio between
dissipations in case of equal diameter and equal mass flow is given by:

0.25 2 0.25 2
(m) P _ (0.01255) (958.38) — 1181-105

n2)  p? 0.2818 0.5977

For the case of equal dissipation it is found for the ratio of diameters:
DD, = (1.181x108)1e75=19.0.
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Turbulent flow dissipation in very rough pipe with constant friction factor f,

Again the same questions are asked as in the preceding examples. The dissipation
caused by internal friction now becomes:

8 @

th = 4f0?5£ﬁ .

For the ratio of dissipations with equal diameter it is found:

2 2
P2 (95838 .
= = | == = 2.571-1
2 (0.5977 0

el

and the ratio of diameters for equal dissipation is given by: Di/D, = (2.571x109)=19.1.
It is remarkable how little the ratios of diameter at equal dissipation differ in the three
examples given.

7.2.3 Other systems

Examples of other systems that need a different treatment from the flow in long pipes
are: Long and narrow bends in pipes, diffuser, venturi, throttling valve, tap, metering
flange, jump in cross section, porous medium, arrangement of catalysts, packed and
fluidized beds, shell and tube heat exchanger, etc.. The flow in this kind of pipe fittings
or apparatus will not be fully developed. Yet it can be treated in a similar way as pipe
flow, after introduction of a friction loss factor or friction coefficient that is a measure
for flow resistance. Friction loss factor K; is directly related to the dissipation per unit
mass flowing:

1
wp = Kfi(cz)2 (7.12)

Velocity c. here is taken downstream of the apparatus. In the literature earlier mentioned

[1,2,3] values for the resistance number are given. If in certain cases values are
missing, then measurement of pressure drop and volume flow can give the answer. For
flow in a pipe with length L the friction loss factor is given by: Ky =4 L/ D;.

7.3 Heat transfer

When in thermodynamics two thermally interacting systems at different temperatures
exist, heat transfer will occur until temperatures become equal. The temperature
difference can be seen as driving force for the heat flow. In general, heat transfer
processes are irreversible. Only in the limiting cases when losses approaches zero a
reversible process is possible. This can be reached by an adiabatic process or infinitely
well insulated process. Then heat flow becomes zero. The other limit is an isothermal
process. Then the heat remains at the same temperature and no possibility to generate
work is lost. Any deviation from the ideal isothermal or ideal adiabatic process means
irreversibilities, entropy production and exergy loss.
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First two infinitely large heat reservoirs at temperatures 7, respectively 7, are
considered. It is supposed that 7, > T, and an amount heat dQ is transferred from
reservoir a to reservoir b. It is supposed that mo heat is lost in this process or that
mteraction with the surroundings does not exist. This is an irreversible process with
production of entropy. This entropy production is positive and equals:

11
ASigey = dQ (E - F) (7.13)

Then exergy loss is simply found with the Gouy-Stodola theorem;

11 T, - T
dEx = TpdSiger = dOTy (———) = 40T ( b) (7.14)

L Ta T, Ty

With this equation it can be seen directly that exergy loss becomes nil in an adiabatic
process (dQ = 0) and with an isothermal process (7, = 7,). At temperature levels far
above surrounding temperature the exergy loss by heat transfer is relatively small. At
temperature levels far below surrounding temperature the exergy loss can be
considerable. In the production of liquefied air or more pronounced with the production
of liquid helium this becomes important. When in helium production the surrounding
temperature 7,=300K, and further somewhere in a heat exchanger T,.=12K en T,=4K the
exergy loss amounts to 50dQ. To prevent this type of exergy loss it is important to keep
the temperature difference 7,— T, as small as possible. In a heat exchanger this can be
approached with an as large as possible heat exchanging area. This has technical, e.g.
heat exchange with surroundings, as well as economical limits.

A principle way to prevent the exergy loss is to couple heat exchange with production
of work as indicated in Fig. 7.3.

T, T
| ] | ’ |

dQ dg

aw, _dw

dw, — dw,

>| TO |
Figure 7.3 Reversible heat exchange between reservoirs a and b with help of

a reversible engine and a reversible heat pump e.g. Carnot
processes.
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A reversible engine (Carnot engine) receiving an amount of heat dQ at temperature 7,
and rejecting heat at surrounding temperature produces an amount work:

1

dW, = d@ (1 — i—;) (7.15)

A reversible heat pump (Carnot heat pump) takes heat from the surroundings and
delivers an amount of heat dQO at temperature T,. The heat pump asks for a work input

1y

dWp, = dg¢ (1 - ?b) (7.16)

The net work to be gained then equals:

1 1
L — dW, = AT | = — — 1
aW, — a _Qo(Tb Tﬂ) (7.17)

As expected, this is equal to the exergy loss calculated in Eq. 7.14.

Maintaining of a constant temperature

A dwelling has to be kept internally at 20°C, while outside temperature equals 0°C. If
heating occurs with electrical resistance heating in total 5 kW electrical energy is
needed. However, when this loss is compensated with an ideally operating Carnot heat
pump between internal and external temperature, power is needed as mput for the heat
pump:

273.15
03 1= = .
5-10 (1 293.15) 341w

This is the minimal rate of work needed to maintain the internal temperature in the
given situation.

Now suppose it is tried to reach this situation with help of an electrically driven Rankine
cycle operating as heat pump. This is the same cycle as often applied in the household
refrigerator. Because of irreversibilities this practical heat pump needs 1.5 kW to
maintain the internal temperature. It is supposed that the electrical power station has an
efficiency of 40% based on natural gas heat content. The remaining question now is if
space heating with such an electrically driven heat pump is favorable in the use of
primary energy in comparison to a high efficiency burner with 90 % efficiency on
natural gas heat content.

The high efficiency burner needs as natural gas power input 5.0/0.9 = 5556 kW,
whereas the practical heat pump needs as natural gas power input 1.5/0.4 =375 kW.
With the properties given here, the electrically driven heat pump is energetic and
exergetic better than the high efficiency burner. In practice also aspects like investment
and maintenance costs, price policy of supplers and tax policy of government will play
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their role and can lead to different conclusions. Anyhow we can see that both practical
cases are still far away from the theoretical minimum power and that a favorable
thermodynamic solution of the heating problem probably will look quite different, A
possible solution can be found in the combined production of heat and power. This can
be at large scale when district heating is offered by the electrical power station or on
small scale at the end user. For this last option fuel cells are possible, but still many
technical and economical problems have to be overcome. Here comparison was simple
because in the two cases the same primary fuel was used. In case of different fuels a
comparison on the exergy of the fuel is necessary.

Pinch analysis

From the preceding example it has become clear that to fulfil a given demand on heat at
a prescribed temperature level m practice not only the exergy related to this demand has
to be supplied, but that due to irreversibilities in combustion, energy conversions, heat
transfer, flow, etc., a lot of exergy is still lost. Much can be saved with better mutual
tuning of the supply and demand of heat and cold within an apparatus or industrial
plant. Pinch analysis is a development tool to minimize the demand on heat and cold
within a system by the application of e.g. heat exchangers. Compared to the analysis
based on exergy. the pinch analysis has the drawback that it is, in its basic form,
restricted to heat transfer. Then a number of possible savings, originating from the
second law of thermodynamics, 1s neglected, because as driving force only temperature
differences are considered.

7.4 Combined effect of flow and heat transfer

7.4.1 Pipe flow with heat transfer to the surroundings

Consider a small length element of a pipe dz that exchanges heat with the surroundings
via a layer of msulation material and through which a fluid flows. This small part of a
pipe, see Fig. 7.1, acts as a thermodynamic open system. The total exergy loss consists
of contributions from internal mechanical dissipation and heat transfer to the
surroundings.

Heat transfer

With the heat transfer via the insulation layer, per unit mass flowing, an amount of heat
dg is transferred from temperature level 7' to surrounding temperature 7, without
production of any useful work. Consequently this means per unit mass flowing, an
exergy loss equal to:

dex; = dg (1“%) (7.18)
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This expression is also the minimal work needed to compensate for the heat loss to the
surroundings. When the temperature of the fluid is lower than surrounding temperature
both the sign of dg and 1-7/T change and loss remains loss.

Mechanical dissipation

The dissipated mechanical energy is converted into heat at temperature level 7. If this
temperature is higher than surrounding temperature in principle some work can be
gained back with a reversible process. This leads to a net loss of exergy:

T T
dexs == dwy — dwy (14&—?) = dwrjg (7.19)

This expression, the product of mechanical dissipation with a loss factor 7y/7, is also in
use for the description of friction losses in turbines and compressors. From this
expression it also can be seen that when T'<T,, extra work is needed to compensate for
the dissipated mechanical energy.

Total exergy loss

The total exergy loss of the open system per unit mass flowing now becomes:
dex = dex;+dexo (7.20)

Both the dissipated mechanical energy and the exchange of heat with the surrounding
still depend on flow characteristics. For the case of turbulent flow in a smooth pipe and
the Blasius equation being valid the mechanical dissipation can be found in Eq. 7.11.
For the heat transfer with the surroundings of the length element of the pipe the general
expression is:

®'rwDdz (I —To)rDdz

On @, (L)

(7.2

dg =

Here o is the heat transfer coefficient within the fluid and oy, the heat transfer
coefficient of the wall of the pipe and the layer of insulation material. For simplicity it 1s
supposed that the pipe is that well insulated that the heat transfer process in the fluid can
be neglected. Further it is assumed the heat transfer coefficient o, is independent of the
diameter of the pipe. Then the total loss of exergy of the length element of pipe can be
writen:

17876 n°F 0L 7, Qs (T —Tp)* 1D
dz +

- 7.22
al B pIDATST &, T dz (7.22)

dex =

From this equation it is clear that the exergy loss from heat transfer (2nd term) increases
with the diameter and the exergy loss from friction (1st term) at the same time decreases
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In a situation with complete freedom, the diameter can be chosen such that the
contribution of friction is negligible and additionally the insulation thickness is adapted
to the desired level. When the level of insulation is fixed, e.g. because of costs, there
exists an optimal diameter D, for which the exergy loss is minimal. This situation can be
found by differentiation.

Tl0.25 @%75 To

7.23
p2 Oligo (T —Tp)? ( )

Dy = 0.365

Of course this equation is only valid as long as the assumptions made still hold.
However, the character of the solution given is general. The exergy loss from friction
decreases with the diameter and the exergy loss from heat transfer increases with the
diameter.

Ratio of diameters at minimum exergy loss

Again the evaporator at standard pressure is considered, where water with temperature
100 °C enters and steam at temperature 100 °C exits. Both flows are in smooth pipes
and are turbulent. The pipes are both well insulated with the same O, In this case the
ratio between diameters is given by:

< o\ 1/575
D (m)mp—% = 114,
Dy M/t p?

If it is further supposed that @,=0.4kg/s, T,=298.15 K and 0,=1.0 W/m2 K, then it is
found for the diameter of the water flowing pipe in case of minimal exergy loss:
D,=0.013m.

7.4.2 Heat exchangers

f (Dm 1 \

I
T b
> Dy | Dn
[
\

f (I)mZ \

T

-

P1s Cp,1s M1y Mt ! P2, Cp2, M2, A2

-

R(;’l,B’l,Nltl l \ REZ,PTZ,NHQ /
— z g z+dz

Figure 7.4 Cross section of an element dz of a simple heat exchanger
consisting of concentric tubes.
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Tn a heat exchanger the ultimate goal is the perfect heat transfer between two flows.
Exergetically perfect means that the temperature differences between the two flows
become negligible small. It can then be seen immediately that in this respect a co-
current heat exchanger can never beat a counter-current heat exchanger. The exergy loss
of a co-current heat exchanger is of the same order as with mixing of two flows with
different temperature. With a counter-current heat exchanger, in case there is no heat
exchange with the surroundings and no mechanical dissipation, the two flows can
approach equal temperature and the exergy loss then becomes nil. This situation can
only be reached when the two flows are thermally balanced, or:

D1 Cp,l = D2 Cp2 (7.24)

For this ideal situation, the simple counter-current heat exchanger, that exists of two
concentric round tubes and as depicted in Fig. 7.4 will be considered. The overall heat
transfer coefficient beétween the two fluids is ¢ The influence of the total length of the
heat exchanger L on the exergy loss caused by heat transfer will be investigated. With
help of a heat balance and the entering temperatures 7,(0) and 7y(L), it is found for the
temperatures as function of axial distance z:

Ti(z) = Ty (0) — % (T1(0) = Bo(L) — AT) (7.25)
T =To(L)+ (1- 1) (T(0) - TalL) - AT) (7.26)

The temperature difference between the two flows is constant.

T1(0) —Tz(L)

AT =
14+ OLtotLﬁDl/cDml Cp.1

(7.27)

Now two limiting cases can be found for which the exergy loss is nil. One limit is found
for £=0. In this case there is no heat transfer and both flows keep their original
temperature. As the purpose of a heat exchanger is the transfer of heat, this trivial limit
will not be further considered. The other limit is for L — e . In that case AT = 0 and
consequently the production of entropy is nil. Keep in mind that these calculations hold
for the idealized counter-current heat exchanger only. Of course an infinite length is
quite unpractical. With a finite length, AT still can be decreased with a large heat
exchanging surface and a high overall heat transfer coefficient between the fluids. This
kind of measures directly influences the exergy loss caused by friction or by heat
exchange with the surroundings. If with ridges or other protrusions the heat exchanging
area is augmented, also the roughness of the wall increases and with that the mechanical
dissipation. Also when heat transfer is augmented by promoting turbulence, dissipation
increases. Pressure drop, and thus dissipation, is proportional to length. With larger
diameters heat transfer to the surroundings is promoted.

These counter acting aspects make, in a nutshell, the dilemma in heat exchanger design.
Not yet to mention other restrictions as: limited allowed weight or volume, high
pressures, safety regulations in nuclear reactors, fouling, aggressive or toxic liguids,
etc..
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7.4.3 Exergy loss in a heat exchanger

In a heat exchanger the two mass flows are not equal in general. That 1s why it is more
convenient in the comparison of the different contributions to use the rate of exergy loss
in stead of the specific exergy loss. The rate of exergy loss can simply be obtained from
the earlier results for exergy loss per unit of mass flowing by multiplication with the
appropriate mass flow rate.

Exergy loss by heat exchange with the surroundings

This subject already has been treated in section 7.4.1. The rate of exergy loss by this
heat transfer is given by:

dz | (7.28)

Not all quantities are independent here, e.g. O, still can be a function of length L or
diameter D..

Exergy loss by dissipation in flow

For the exergy loss by mechanical dissipation in the flow, the same procedure can be
followed as already applied in section 7.4.1. For the inner tube it can be followed
completely. It is only necessary to multiply with @, to obtain the rate of exergy loss. In
this way it is found:

. 1.7876 n(i)_ZS q)m%js Ty
Ex; = dz (7.29)
l.75 p%DillFﬁ i

For the so-called annulus between diameters D, and D, first the friction factor has to be
calculated with help of the Reynolds number based on the hydraulic diameter. For the
annulus in Fig. 7.4 with inner diameter D, and outer diameter D, the hydraulic diameter
equals D, — D,. This yields Reynolds number:

Rey = —2®m2 (7.30)
N2 T (Dl +- Dz)
Applying the same procedure as for Eq. 7.11 leads to:
0.25 ¢ 275
) D T
Exy — LI8T6 Mo Zmp -0 dz (7.31)

TC].75 p% (D2+D1)1'75 (DQ—D1)3T2
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Exergy loss by heat transfer between the flows

For this loss for a length element of pipe dz it is found:

Exa = = Tooue {T2(z) —Ti(z)) mDy (mﬁ}(}j _TZL(Z)) dz (7.32)

Then still an expression for &, the overall heat transfer coefficient between the flows is
needed. If the thermal resistance of the wall of the pipe is neglected,

1 1 1
= — 4+ — (7.33)
Oltot 95 05)

is obtained, with a, respectively a, the heat transfer coefficients in both fluids. These
coefficients can be found with the Dittus-Boelter-relation that is well-known from
Iiterature [5]. For heat transfer from a turbulent flow in a smooth pipe:

Nu = 0.023R*3 0% 2300 < Re < 107, 0.5 < Pr < 120 (7.34)

The Nusselt number Nu = a.Dy/A, with A the thermal conductivity of the medium and the
Prandtl number Pr being the ratio between kinematic viscosity 1/p and the thermal
diffusivity Mp ¢,. So only material properties are needed together with a value for the
Reynolds number. o; and o, now can be calculated with:

4 0.5 0.6 (Dm().SCO.4
oy = 0.023 (;J A (7.35)
i &y
?LO‘6CD 0.8 60‘4
oy = 0.0297 2 b2 (7.36)

T]g'il(DZﬁDl) (D2+D;)O‘S

Optimization
The total rate of exergy loss is found from an addition of the different contributions:
Exwi = Exg + Exy + Exs + Exa {7.37)

As this is for a length element dz the total loss of the heat exchanger can be found after
integration, The parameters that can be independently fixed are heat exchanger length L
and diameters D, and D, In principle the optimum design can be found by partial
differentiating the equation for the total exergy loss to the three parameters. Each partial
derivative then is set zero, leading to three equations for the three parameters. This
sounds rather straightforward but is not. Not only o, possibly depending on length L or
diameter [,, but also the temperatures 7,(z) en Tu(z) are a function of the parameters.

So, it can be very handsome if computer software is available to carry out this kind of
calculations. Then a suitable model of the heat exchanger is needed that can solve the
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heat and momentum equations and with that can calculate exit properties from input
properties. Then it is a simple step to evaluate the exergy loss. After that a strategy for
optimization has to be followed. Optimization can be done on the level of the heat
exchanger or on the level of the complete installation. This need not to give the same
results, as exergy loss is also determined by the mutual interaction by the components of
the complete installation.

For an existing heat exchanger the different contributions to the exergy loss can also be
determined by measurements. Mechanical dissipation is found by measuring volume
flow and pressure drop. Input and output temperatures give an impression of AT and
thereby the heat transfer between the two flows. The measurement of the cooling down
curve in a no-flow situation gives information on G-

Without calculations or measurements it already can be concluded that for the heat
exchanger discussed here, a situation will be possible with minimum exergy loss. The
heat transfer to the surroundings limits length L and diameter D,. Very small length and
diameter are not favourable, as then the temperature difference between the flows
becomes too large. Somewhere in between the optimal situation can be found.

If an optimized heat exchanger is installed care should be taken that the situation of
minimum exergy loss is mamtained. Heat transfer can be decreased and mechanical
dissipation increased’ by fouling. If the thermal insulation is damaged or aged, heat
transfer to the surroundings will increase. With measurement of process parameters this
kind of changes in operation can be detected. By cleaning and repairing these
shortcomings the operation can be kept optimal.

Figure 7.5  Heat exchanger

Complete heat exchanger

Now a complete heat exchanger is considered for which inflow and outflow conditions,
e.g. enthalpy and entropy, are known. Both mass flow rates ®,, and @, are unequal.
The heat flow rate to the surroundings equals @, Pressure drops are Ap, respectively
Ap,. Give the rate of exergy loss for the complete heat exchanger.

First notice that no useful work can be gained from the heat at surrounding temperature.
The influence of pressure drop and all other irreversibilities is automatically accounted
for in the state properties. So it is simply found:
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AEx = @, (ha —h1 — Ty (52 —81))+ Py (ha —h3 —Tp (54 —s53)) {7.38)

This equation is in accordance with the general expression for exergy loss of an open
system with boundary at surrounding temperature and can be used irrespective of which
flow is heated or cooled.
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Re
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Description

Affinity

Surface area

Activity

Thermal diffusivity
Velocity

Heat capacity

Specific heat at constant pressure
Molar heat at constant pressute
Axial velocity component
Coefficient of performance
for a heat pump
Coetficient of performance
for a refrigerator
(Hydraulic) diameter
Exergy

Specific exergy

Molar exergy

Exergy loss

Perimeter

Friction factor
(Gibbs-energy

Specific Gibbs energy
Molar Gibbs energy
Enthalpy

Specific enthalpy

Molar enthalpy

General flow

Length

Mass

Number of patticles
Amount of substance
Nusselt mumber

Power

Pressure

Prandtl number

Heat

Specific heat

Molar heat

(Gas constant

Universal gas constant
Reynolds mumber
Entropy

Specific entropy

Molar entropy

Unit

J/mol

m¥/s

K
Jikg K
J/mol K
m/s

m

Jikg
J/mol
J

m

J

Jkg
J/mol

J

Jikg
J/mol
different
m

kg

mol

W
Pa

J

J/kg
Jmol
Jikg K
J/mol K

K
Jkg K
J/mol K
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Greek

=y

3

£

E

LB BT < PES O D Q

<3
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Temperature, Celsius

Thermodynpanic temperature
Eavironmental temperature

Internal energy
Specific internal energy
Molar internal energy
Voltage

Volume

Specific volume
Molar volume
Reaction rate

Work

Specific work
Driving force

Quality

Mass fraction

Mole fraction

Height
Axial cylinder coordinate

Description

Heat transfer coefficient
Efficiency(second law)
Roughness

Efficiency

Dynamic viscosity
Thermal conductivity
Stoichiometric number
(Mass) density

Heat flow rate

Heat flux

© Mass flow rate

Volume flow rate

°C

K

K

I

Jkg
Jmol
v

m3
m’/kg
momol
mol/s

J

kg
different

Unit

wW/m® K

kg/m s
W/mK

kg/m’
W/m®
kg/s

m/s
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Appendix A

Appendix A Functional exergy efficiencies for a variety of processes

A.1 Introduction

In general, functional exergy efficiency is defined as:
_ z’ Exprcduct

T T Bt
Tn order to be able to apply this efficiency to specific systems, a further specification of
T EXproduer and Z Exgource 18 required. The part of the exergy of the process flow that must
be attributed to product or source has to be established for all ingoing and outgoing
process flows. If only part of the exergy of a flow is attributed to a source or product, a
breakdown is required into an active part (source or product) and a passive part
(ballast). How to make such a breakdown depends on the desired accuracy with which
exergy efficiencies have to be determined.

(A1)

In practical situations, it is usually allowed to neglect the kinetic and potential energy of
process flows. Also for the specification of the exergy efficiencies the kinetic and
potential energy are assumed to be negligible. In a reversible process, kinetic and
potential energies can be fully converted into power; if they are not negligible, they can
be added to the relative exergy values.

Below, a limited breakdown of exergy values for flows is chosen into thermo-
mechanical exergy and chemical exergy. Thermo-mechanical exergy 1is the power
produced if the flow is brought in thermo-mechanical equilibrium with the environment
in the prescribed way. The chemical composition remains unchanged in this process.
Chemical exergy is the power generated if the flow is brought in chemical equilibrium
with the environment in the prescribed way. Chemical equilibrium with the environment
means that the components composing the flow are converted into environmental
components and expand to the partial pressure of the respective component in the
environment.

The sum of the two exergy terms equals the exergy of the flow, L.e.:
Exy,., = Ex, + EXy ftow (A.2)

“tm, flow
Breaking down the exergy of a flow into a thermo-mechanical and a chemical
component offers ample opportunity to distinguish between the active part (source,
product) and the non-active part (ballast).

Below, functional exergy efficiencies are specified for a number of frequently applied
apparatuses; these efficiencies can be used in analyzing various processes. In this
specification sometimes arbitrary choices cannot be avoided; another conclusion is that
that functional efficiencies cannot be stated for each apparatus. For example, the
function of a condenser in a steam cycle, where the condenser transfers heat to the
environment, will only become clear by considering the combination of turbine +
condenser. The thermodynamic performance of the condenser can only be assessed
regarding the exergy efficiency of this combination. Considering the specific character
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of such combinations of apparatuses and the many possibilities, it is decided to define
only efficiencies for individual apparatuses. With the given examples, the user will be
able to specify functional efficiencies in an analogous mammer for combinations of
apparatuses closely related functions. On the following pages, in specitying the
functional efficiency of each apparatus, a brief description of the process is given and
the choice of exergy product and source is elucidated.

A.2 Turbine

In a turbine, a working fluid is expanded in order to deliver mechanical energy via a
shaft. During the expansion process, part of the process flow will sometimes be
extracted; in the case of steam turbines, for example, extraction steam is used to pre-
heat boiler feedwater. In that case the turbine has several outgoing flows.

The shaft power produced is regarded as the product of the process in the turbine, so:
Ex = Fran (A.3)

product
The change in thermo-mechanical exergy of the working fluid is available as an exergy
source. Since the chemical exergy of the working fluid does not change, the change in
thermo-mechanical exergy is identical to the change in total exergy of the working fluid.
Therefore it is supposed that:

Exsource = Exrm, i E Extm, out = Exin - Z E‘xout (A4)
And then the turbine’s functional efficiency becomes:
P .
— shatt (AS)

T]ex fftarbine) "
Exin - E Exout

A.3 Heat exchanger

In a heat exchanger, a fluid (the primary flow) is generally heated by withdrawing heat
from another fluid (the secondary flow). It is assumed that the purpose of the heat
exchanger is to heat the primary flow. The increase in thermo-mechanical exergy of the
primary flow is then the product of the heat transfer process. If the chemical
composition of the working fluid remains unchanged, the increase m thermo-
mechanical exergy is identical to the total exergy:

Exproduct = Exp,out - Exp,in (A6)

The secondary flow supplies the exergy. The exergy produced by this flow is identical
to the exergy change of the secondary fluid in the heat exchanger. For the secondary
fluid, it also applies that the chemical composition —and thus the chemical exergy—
remains unchanged.

Exsourcc = Exs,m - Exs,om (A7)
The functional exergy efficiency of the heat exchanger is then as follows:
_Ex, o~ EX

,in
ney:,f(heat exchanger) EXS L Fx (Ag)

5,00t
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It occurs, for example in the case of feedwater preheaters, that more than one inlet flow
is present at the secondary side; then the secondary flows are mixed in the heat
exchanger and leave the apparatus as one secondary flow. In this case the functional
efficiency becomes:

Exp,out FExp,in (AQ)

77&: f(heat exchanger} =
2 Ex, —Ex

s,k

Note In this efficiency heat losses are automatically taken into account, as they are
included in the exergy values.

A.4 Pump

In a pump, an incompressible fluid is increased in pressure using shaft power. The
exergy increase of the fluid is regarded as the product. Shaft power is available as a
source for this exergy increase. The pump’s functional efficiency is then:

T]ex,t'(pump) :M (AIO)

Pshaft
Electric motors are often used for driving pumps. If the losses of the pump drive are
also taken into account, it applies:
_ Ex_ —Ex

e fpume) = (;1; = (ATD)

electric

A.5 Condenser

There are various ways to consider the exergy efficiency of condensers. In the case of a
condenser that is intended to discharge heat to the environment, it is not possible to
define a “product” and therefore it is impossible to specify a functional efficiency.
However, it can occur that the exergy absorbed by the primary fluid in a condenser can
be utilized elsewhere in a plant. For example, a hot condenser for the generation of hot
water for district heating water or the condenser of a topping cycle that transfers heat to
a bottoming cycle. Under these circumstances the same definition for functional exergy
efficiency can be applied as in case of heat exchangers. Also with condensers, we may
have to deal with several inlet flows at the secondary side. Then for the condenser's
functional efficiency can be written:

Exp,out _—Exp,in (AlZ)

nex ffeondenser) =
2 Ex . —Ex

5,00t

Note Usually in condensers, non-condensable gases are discharged, together with a
certain vapour quantity. If this discharge is considered in the process calculation,
the exergy of the discharged vapour must be added to Eq. (A.12) as part of the
condenser's exergy loss.

A.6 Feedwater preheater
For feedwater preheaters, we can use the same specification as for heat exchangers and
condensers.
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A.7 Deaegrator

In a deaerator, condensate is heated and deaerated using steam. Usually, i steam
turbine cycles, several —relatively small—condensate flows are fed to the deaerator.
After de-aeration, the liquid mixture is discharged to the boiler feed pump.
The deaerator is a direct contact heater. The condensate flow is regarded as the primary,
heat-absorbing flow. This flow is heated by mixing it with steam and condensate of
higher temperatures; these hot flows can be regarded as the secondary, heat-supplying
fluid flows. Analogous to the heat exchanger, for the product can be written:

Ex )=, - ex — Ex,, (A.13)

product out Din

in which ®,, is the mass flow condensate heated i the deaerator.
Similarly, for the source can be written:

Exsourcc = z‘ (q)m,s ' exs,in) - exout : z (I)m,s = 2 Exs,in - e‘xour. ! Z (I)m,s (A 14)

The functional exergy efficiency then becomes:

LT —Ex .
m,p exout p.in (AlS)

e sidoscraton) S Ex,, —ex,, 5 o

Note The deaerator usually acts as the storage tank of the boiler feed pump. In steady
state  the Storage tank has no effect on the exergy values.
In the top of the de-aerator the non-condensable gases are extracted, together
with a small amount of steam. If the discharge of this quantity of steam is
included in the process calculation, then the exergy of this flow is part of the
exergy loss of the deaerator (assuming that the discharged steam is not utilized
elsewhere) and has to be subtracted from the product.

= q)m,p ! (exout —ex

min nLp

A.8 Compressor, fan

In a compressor or fan, a compressible fluid is increased in pressure by means of shaft
power. The functional efficiency for compressors is specified in the same way as for
pumps, 1.e.:

Exou _Exin
nex,f(compressor) = —_;—' (A 1 6)

shaft

A.9 Mixer, splitter, valve

Mixers, splitters and valves are tools that are frequently used in energy conversion
systems but are not used for energy conversion or energy transter. They may cause loss
of exergy, but it is not possible to define a product. Therefore, it is not possible to
specify their exergy efficiency.

Note In system calculations spliiters are ofien used to separate fluid components
from a mixture. In that case, actually the splitter acts as a separator. However it
is not possible to specify a meaningful functional exergy efficiency for a
separator.
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A.10 Drum

Circulating evaporators consist of a heat exchanger and a drum. Heating and partial
evaporation of the circulating fluid occurs in the heat exchanger. In the drum, liguid and
vapour are separated and the recirculated liquid is mixed with the liquid feed flow. If
drum and heat exchanger are distinguished as individual apparatuses, the drum can be
regarded as an apparatus in which a liquid flow is evaporated using heat withdrawn
from the flows to and from the heat exchanger. The exergy absorbed during heating and
evaporating the feed flow is then regarded as the product. The exergy extracted from the
fluid flow circulating in the heat exchanger is the source of this product. Then the
functional efficiency becomes:

Exsteam,out - Exfeedwatcr,in ( A 17)

Ex

‘evaporator, in

Mo fideamy ™ E

evaporator,out

A.11 Combustion chamber

In a combustion chamber, fuel is combusted using an oxidiser. The combustion
products, the flue gases, are discharged. Heat losses are neglected here and the process
is supposed to be adiabatic. In modelling large boilers heat losses have to be included in
the heat transfer system. The purpose of combustion is to produce a gas (flue gas) of
which only the thermo-mechanical exergy is utilized. The thermo-mechanical exergy
produced can thus be regarded as the product of the combustion chamber.

The fuel and oxidant are fed to the combustion chamber, often at elevated temperature
and pressure; the thermo-mechanical exergy of the fuel and oxidant flows is then larger
than zero. This thermo-mechanical exergy cannot be regarded as a product of the
combustion process and must therefore be deducted from the thermo-mechanical exergy
of the flue gas. Therefore, the increase in thermo-mechanical exergy is chosen as the
product:

Exprodnct - Extm, fuel Extrn, oxidiser (A 18)

As the source for the production of this exergy, the chemical exergy of the fuel and
oxidiser is used. The chemical exergy of the flue gas flow is discharged to the
environment and thus does not become available as a product. The net available exergy
from the exergy source is:

= Ex

o, flue gas

Exsourcc = Exch, fucl + Exch, oxidiser Exch, flue gas (A 19)
The functional exergy efficiency of the combustion chamber is then defined as follows:
_ Extm, flue gas - Extrn, fuel Extrn, oxidiser A 20
T]ex,f(combustion chamber) — E E E ( - )
xch, fuel + xch, oxidiser xch, flue gas

This definition does not account for the presence of non-combustible components in the
fuel that are separated in the combustion chamber in the form of ash or slag. The
chemical exergy of these substances is not utilized for heat production and must,
therefore, be subtracted from the chemical exergy of the fuel.
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In general, ash and slag are discharged from the combustion chamber at high
temperature. It is possible to still utilize the thermo-mechanical exergy of these
substances; the thermo-mechanical exergy of ash and slag is, therefore, regarded as a
product of the combustion process. In that case, the functional efficiency becomes:

_ xrm, flue gas + Extm, ash Extm, fuel Extm, oxidiser (A 21)

nex f{combustion chamber)
Exch, fuel + Ex - Exch, ash Ex

ch, oxidiser ¢h, flue gas

Note In practice, not all of the fuel is converted in the combustion chamber. If the
non-converted fuel (also in modeling) is discharged in the ash or the flue gas, the
chemical exergy of this quantity of fuel is regarded as a ballast flow.

A.12 Boiler

Usually, a boiler is a complex installation, consisting of various apparatuses such as a
combustion chamber, several heat exchangers, pumps and fans. In a detailed analysis of
a boiler, we have to deal with each individual part and can use the exergy efficiencies
for the apparatuses involved.

In some situations a rough consideration of the boiler suffices; the boiler is then
regarded as just an apparatus in which a process flow absorbs heat. The quantity of fuel
required can then be determined using a predefined thermal efficiency. This enables a
complete system calculation without detailed boiler calculations. In such an evaluation,
the flue gas flow to the stack is not considered explicitly; the heat discharged with the
flue gases is included in the thermal efficiency of the boiler, in which case the exergy of
the flue gas when leaving the boiler is also unknown.

The purpose of boiler and optional reheater is to supply thermo-mechanical exergy to
the cycle fluid. The change in thermo-mechanical exergy of the cycle fluid can,
therefore, be regarded as the product of the processes in the boiler. The chemical
composition of the cycle fluid in the boiler remains unchanged; the change in thermo-
mechanical exergy is identical to the change in total exergy or:

Ex Ex —Ex Ex. —Fx

product — E A, steam Ko, water — L gteam water (A.22)
Exergy is supplied to the boiler in the form of fuel. The chemical exergy of the fuel
actually functions as the exergy source. In fact, the chemical exergy of the oxidant and
flue gas must be considered as was done for the combustion chamber. Since these flows
are not considered in the model, they are not explicitly available and must therefore be
neglected in the exergy efficiency. The chemical exergy of the oxidant and flue gas,
however, is small compared to the chemical exergy of fuel. Therefore it is assumed that:

Exsource = Exch, fuel (A23)
For the functional efficiency of boiler or reheater can be written then:
Ex - Ex\\fﬁ or
ne.c,f('boiler) = —Stez;—t"“ (A 24)

ch, fuel
Note By using the chemical exergy of the fuel as the fuel exergy, it is implicitly
assumed that fuel is supplied at ambient temperature and pressure.
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A.13 Moisture separator, flue gas condenser

In a moisture separator or flue gas condenser, a flue gas flow is cooled down to below
the water dewpoint, causing part of the vapour present in the gas to condense. The
condensate is separated from the gas flow and discharged separately. In general the gas
flow will be cooled by transferring heat to another fluid flow. Therefore a moisture
separator can be regarded as a heat exchanger. The only difference with a heat
exchanger is that vapour is condensed from the secondary flow and discharged
separately. The exergy change of the primary flow is regarded as the product. The
source for this exergy change is, in principle, the exergy change of the secondary flow.
The heat from the condensate can possibly still be utilized. The condensate flow is,
therefore, regarded as one of the secondary outlet flows. In that case the functional
efficiency becomes:

Ex . —Ex .
PO pin (AzS)

nex flmoisture separator) =
’ P Ex, —» Ex

s,0Ut

A.14 Gasifier

In a gasifier, a solid fuel (usually entering at elevated temperature and elevated
pressure) is converted into a gaseous fuel. Gasification takes place by using an oxidiser
(air or oxygen) and, possibly, steam. Usually, the product gas leaves the gasifier at an
elevated temperature. It may be necessary to cool the gasifier, for example, in the form
of jacket cooling. Ash and slag can also be discharged at elevated temperatures. In
general the thermo-mechanical excrgy of these flows will be used elsewhere in the
Systenl.

Amnalogous to the thermal cold-gas and hot-gas efficiency, the functional exergy
efficiency can be defined in two ways.

a. The gasifier is regarded as a device that supplies only fuel. The thermal energy is
not utilized elsewhere and is considered to be a loss. In this way the plant is also
considered to define the cold-gas efficiency. In this case, the chemical exergy of
the gas produced is regarded as the product of the gasifier. The chemical
exergies of the inlet flows are supposed to be the exergy source; the chemical
exergy of the discharged ash or slag is regarded as a ballast flow and must be
subtracted from the chemical exergy of the fuel. The functional efficiency then

becomes:
Ex
_ ch, producigas
nex,f(gasiﬁer) - E T E E I3 (A26)
chy, solid fizel xch, steam + xch, oxidiser xch, ash
b. The gasifier is part of a system in which also the thermo-mechanical exergy in

the product gas can be utilised. The total exergy of the generated gas, together
with the exergy increase of the cooling fluid, is considered to be the exergy
product of the gasification process. The thermo-mechanical exergy of the
supplied fluid flows: solid fuel, steam, and oxidiser, must be subtracted from this
exergy product. Then have the following equation will be obtained:

Ex

product

:E“ roucoas+Ex A8, +
Fpmtuy e (A27)

(Exout - Exin )Ccoiiug - (Exun,solid fuel + Extm, steam + Extm oxidiser)
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Also in this case, the chemical exergy of the ingoing process flows minus the
chemical exergy of the ash or slag will be the exergy source. The functional
efficiency then becomes:

7;"ex,t’(g_a.siﬁm‘) =

Exproductgas + Extm, ash + (Exout
Ex

ch, salid fiel

- E'xin )cooling - (Extm, sohid fuel + Ex + EY ) (AZS)

tmn, steam ““tm, oxidiser
+ Ex

ch, steam

+ Ex

ch, exidiser

—Exy

A.15 Reformer

A reformer can be seen as a device that should change the chemical composition of a
tluid flow. The product will be a combustible gas. In order to make the conversion into
the desired product gas possible, steam is added to the feed; as the fluid flow in the
reformer will undergo an endothermic reaction heat transfer to this flow is required.
This heat is usually obtained in a furnace where a certain amount of fuel is combusted
and radiant heat as well as convection heat from the flue gases is transferred to the
reformer tubes. In the calculation, the reformer and combustion chamber can be
regarded as individual apparatuses. Then hot flue gas enters the reformer and the heat
required for the reforming process is obtained from this flue gas {flow.
The change in chemical exergy of the product gas is assumed to be the product of the
reforming process, i.e.:

Exproduct = Exch, productgas - Exch, feed (Azg)

And the change in the thermo-mechanical exergy of the flue gas is considered to be the
source. However, not only the chemical exergy of the product gas flow changes, but
also the thermo-mechanical exergy can change. As it is assumed that this thermo-
mechanical exergy can be beneficially utilized, it may be subtracted from the exergy
produced by the flue gas, i.e.:

Exsource = Extr;a, fhue gas,in - Extm, flue gas,out - (Extm, productgas - Extm, steam Extm, feed) (A3O)
It 15 assumed that the chemical composition of the flue gas during cooling in the

reformer does not change. The change in thermo-mechanical exergy is then identical to
the change in total exergy. The functional efficiency then becomes:

- Ex

ch, stemm

_ Exch, producigas - E‘xch, stéam Exch, feed ( A3 1 )
nex,f(reformer) - (E -E ) - (E - F —F )
xtm, fhue gas,in X tm, flue gas,ont X tm, productgas X trn, stearn 'xtm, feed

A.16 Fuel cell

In a fuel cell, electricity is produced by an electrochemical reaction of a fuel with an
oxidiser (usually air). Both flows are separately fed to the anode and the cathode of the
fuel cell, respectively. In practice, fuel and oxidiser also contain components that do not
take part in the reactions in the cell; these components will be discharged again together
with the reaction products. Anode flow and cathode flow leave the cell separately.
The fuel cell produces electricity in the form of a direct current. The electrical energy
produced can be regarded as the product of the fuel cell. The change in chemical exergy
of fuel and oxidant is available as the exergy source. The thermo-mechanical exergy of
the fuel and oxidant flow, however, also changes as a result of the generated heat in the
cell. The thermo-mechanical exergy absorbed by these flows can be utilized elsewhere
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in the system and may therefore be subtracted from the change in chemical exergy of
the flows, 1.e.:
Ex  =(Ex —Ex +(Ex, — o
koure ( in out )Ch, fuel (Exm E‘xom )ch, oxidiser (A32)
- (Exoul - Exin)tm, [ (Exout - Exin)tm, oxidiser
This equation shows that the exergy source equals the change in total exergy of fuel and
oxidiser flows. The functional efficiency then becomes:

Re]ectric,dﬁ'ect current ( AS 3)

Y+ (Ex —Fx

oxidiser,in oxidiser,out )

Tl fifact oelly —
(Exfucl,in —Exg

aut

Note In the fuel cell, the supplied chemical exergy is converted partly into electricity
and partly into thermo-mechanical exergy (heat). In the Eq. (A33), the part
converted into thermo-mechanical exergy is regarded as ballast flow. The larger
the ballast flow, the smaller the quantity of exergy that can be converted into
electricity. The objective of the fuel cell is to convert as much as possible of the
chemical exergy into electricity. Equation (A33) does not directly indicate the
extent to which the fuel cell has succeeded in this.

A.17 Scrubber, separator, saturator

It appears not to be possible to define a product when dealing with scrubbers, separators
and saturators. Therefore, it is impossible to specify a useful functional efficiency.

A.18 Reactor

For reactors, a functional efficiency can be defined only after establishing the function
of the reactor. For specific designs of reactors (for example, a combustion chamber and
a reformer), very different specifications have been given. In these specifications
differences occur depending on how heat is fed to the process and the way the exhaust
flows can be used (for chemical or thermo-mechanical purposes). Therefore, it i not
possible to define a useful general functional efficiency for reaciors.

Note In cases in which a functional efficiency cannot be specified, it is always
possible to indicate the quality of the conversion process by using the universal
efficiency. In drawing conclusions, one must bear in mind that the universal
efficiency always has a value larger than, or identical to, the functional
efficiency.

TU Delft 125




