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Abstract

The behaviour of the thermal components is commonly described through a set of internal
parameters: isentropic efficiencies, pressure ratios, effectiveness factors, pressure losses,
temperature relations or differences, et cetera. In this paper a new type of internal pa-
rameters, the internal parameters 6 (Royo 1994, Royo and Valero 1995) are defined, that
are specially adequate for the characterisation of thermal systems in an analytical way.

When a component of a thermal plant displays an internal deterioration (intrinsic mal-
function) its performance gets worse. This fact is-reflected in a variation of the internal
parameters describing its behaviour. On the other hand, the remaining components of the
plant may be affected (induced malfunction) because they are working under different
operating conditions from the usual ones.

Knowledge of variations of the internal parameters in each component of a thermal plant
does not suffice to determine their performance state under these new conditions. Addi-
tional information is needed. The dissipation temperature parameter can supply it (Royo
1994, Royo et al. 1997) as is explained in this paper.

Internal 6 parameters and the dissipation temperature parameters are appropriate tools
for the study analysis and evaluation of malfunctions in thermomechanical systems.
Three examples of this are shown, trying to quantify the influence of an intrinsic mal-
function on the whole plant. This paper shows a strickingly new and simple vision of the
analysis of thermal systems.

Keywords: energy systems analysis, malfunctions, second law analysis, internal pa-
rameters.
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1. Introduction

Throughout the life of a thermal plant, sev-
eral variations in the working conditions of their
components frequently come about. These degra-
dations are called malfunctions and may be clas-
sified in two types depending on their origins

(Royo 1994, Royo et al. 1997):

Intrinsic malfunction:

All machines deteriorate gradually with the
passage of time, with the result that they
cannot fulfil their purpose in the same way
as when they were built. Thus, for example
the blades of a turbine or a compressor fre-
quently become eroded or dirty due to the
continuous stream passage of gas or steam

to which they are exposed, which leads to a
decrease in their isentropic performance. It
is also common for solid deposits to accu-
mulate in the tubes of heat exchangers,
leading to increasing loss in the load
and/or poorer heat transfer.

When the working of a component is im-
paired due to internal deterioration, it will
be referred to as suffering from an intrinsic
malfunction. The case of an improvement
of the component, due to an appropriate
internal modification, is similar to this (a
negative intrinsic malfunction.)

Induced malfunction:

When intrinsic malfunction arises in a
component, as well as working under
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poorer conditions than the original ones, its
energy output flows are modified in terms
of quantity (m, W or Q) and/or quality (P,
T, h,s,..)1 2. Since these flows are inputs
of other components, such modifications
lead to the rest of the components of the
plant also working under conditions differ-
ent from usual ones.

When a component in a plant has to work
under off-design operating conditions
caused by the appearance of an intrinsic
malfunction in another component, it will
be referred to as suffering from an induced
malfunction. This type of malfunction is
characterized by a change of the quantity
and/or quality of its input flows.

Obviously, these changes in the behaviour
of the components (due to intrinsic or induced
malfunctions) imply a variation in the global
behaviour of the plant. But how can this influ-
ence be quantified? This question is of utmost
importance when it comes to making an energy
and economic assessment of maintenance, repair
or retrofitting decisions.

In order to answer the question, two differ-
ent procedures may be used: a numeric proce-
dure, by means of a simulator or an analytic pro-
cedure. The analytic procedure has the advan-
tage of providing a deeper knowledge of the
phenomena taking place in the plant. The aim of
this paper is to show an analytic procedure for
the thermodynamic study of malfunctions by
using the internal 8 parameters and the dissipa-
tion temperature par ameter.

2. Internal O Parameters

When a mass flow goes through a compo-
nent, it undergoes a process, throughout which
its thermodynamic properties (P, T, h, s,...) are
modified.

If the following assumptions are made,

— All the processes undergone by mass flows
are considered to be quasi-static

— Mass flows are considered to be one-
dimensional3

— Components work in a stationary state

then it is possible to represent the variation of
mass flow properties through the process in an
h—s diagram, obtaining as a result a specific tra-

In this paper we only treat thermomechanical flows.

Potential and kinetic energy variations are neglected.

The meaning of h and s is (h—hey) and (s—s.) respectively.

That is, the values of the enthalpy and entropy of the flow

with respect to some predetermined reference state.

3 This means that:

+ The flow is normal to the area through which matter flows.

» All intensive properties, including velocity, are
uniform with position over each area through
which matter flows.
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jectory associated with each process which, in
general, can be described by means of a mathe-
matical function of the h = h(s) type.

It was proposed that such mathematical
functions be called process trajectory equations
(Royo 1994, Royo and Valero 1995) of the proc-
ess undergone by the mass flow on going
through a specific component (or part of the
component, depending on the disaggregation
level).

Obviously, the form of these process equa-
tions differ in terms of the process considered,
and can be extremely complex, as it is the case
for a turbine or a compressor (i.e. a simple ideal
gas with constant calorific values, isobaric
heating has the equation h=h;+c, T(exp((s—
s1)/cp)-1) as it is well known).

The classical internal parameters of the
components do not usually describe these proc-
esses, but relate the properties of their output
mass flows with those of their input mass flows.

In the same way, it is possible to describe
the processes by means of a fictitious trajectory
defined by a straight line which passes through
both states. Assuming this linear characterisa-
tion, the substituted process equation would take
the following form:

h=9$+|3 (1)

When talking about process equations in
this paper, reference will always be made (o this
linear characterisation. Note that it is possible to
achieve an approach to the real process equation
with as many linear equations as needed.

It should be noted that, since it is only nec-
essary to know the input and output mass flows
states of the component in order to define the
process equation, there is no need for all the
intermediate states of the process to be in equi-
librium (quasi-static process) or for these flows
to be one-dimensional at all times. These two
conditions are only essential for the input and
output mass flows states.

While in the intermediate states of the pro-
cess this relation between h and s will only be
complied with approximately, in the initial and
final states it will be fulfilled exactly, since the
straight line has been defined such that it passes
through these two states. That is:

h; = 6; s; + Bjj h; = 8jj s5; + Bij 2
By eliminating the  parameter from both equa-
tions, one obtains:

Bij 25 (3)

which is the slope of the process equation (see
Figure 1) and can be interpreted as an internal
parameter of the process (Royo 1994, Royo and
Valero 1995). Although 6 has temperature di-
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Figure 1. Characterisation of a real process using a linear trajectory in a n h-s diagram.

mensions, its sign can’ be positive or negative,
since it does not respond to any measurable
property but associated with the process under-
gone by the mass flow.

For the same reason, in the case of a com-
ponent which processes more than one mass
flow, it will be necessary to define one of these
internal parameters for each flow processed.

Ishida and Chuang (1996) use the “energy
quality degradation”, d = Os/Oh, in order to
describe the exergy change in processes. Such
parameter d coincides conceptually with the
internal 6 parameter, d = 1/8. Therefore, all
ideas developed by Ishida and Chuang for “d”
apply directly to “8”, thus enhancing the power
and applications of “@” or “d” parameters.

2.1. Internal © parameters versus con-
ventional ones

Internal © parameters and classical pa-
rameters have the following characteristics
(Royo 1994):

— They are used to describe the behaviour of
the component

— They depend solely on the component

However, it has been shown that internal 0
parameters always have the same formula, re-
gardless of the component they describe, while
conventional internal parameters do not. In
other words, internal parameters 8 are normal-
ised.

Despite this advantage, which may be very

interesting, the main property of internal 6 pa-
rameters is their far greater simplicity when it
comes to describe the analytical behaviour of the
components (Royo 1994, Valero et al. 1995,
Royo and Valero 1995). In order to show this,
an adiabatic compressor will be used (Figure 2).

Assuming that the input flows to the com-
pressor (m, h,, s;, P;, T;, W¢) and the internal
parameter are fully determined, the objective is
to determine the output state 2 analytically, that
is to find out two independent properties of this
state.

The energy balance of the adiabatic com-
pressor (once the material balance has been en-
tered: m; = m, = m) must always be fulfilled:

0=IW¢l+m (h1-h?)

0=Iwel +(h1-h2) “

The problem can be solved in two different
ways:

— By using the internal 6 parameter.

— By using a conventional internal parameter
which, for a compressor, is usually its is-
entropic efficiency, n;c.

It can be observed that, in general, the
second case may not be analytically solved,
unless the working fluid would be characterised
by means of a sufficiently simple behaviour
model. Only in this second case it is assumed
that the working fluid is an ideal gas, with con-
stant calorific values.
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Figure 2. Adiabatic compressor.
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TABLE 1. Solution of adiabatic compressor using 6 or 1 c.

Properties of flow 2
Internal parameter Property 1 Property 2 Available data

9]2 = ]_ hz =h1 +|WC| S?.:Sl+| Cl hlg Sy, ]W(_‘l. 8]2
81 =82 12
h,, —h, lwel nec el v/(r-1)

Nc =T T, =T + P, =P, |1+—C1 %1 T, P, |wel .
h, —-h, 5 9 T & T 1 0 | c! Nsc

* ) *)

*) Considering an ideal gas model with constant calorific values.

The results obtained in both cases are
shown in TABLE 1.

The following statements can be made in
relation to the results obtained:

— In order to determine the state of flow 2, it
was necessary in both cases to establish two
properties which were independent of flow
1, the work per unit of mass processed and
one internal parameter of the compressor.
It is obvious that, the knowledge of the
compression work could be substituted by
any other internal parameter such as the
pressure ratio.

— If one takes the internal 6 parameter, and if
the aim is solely to characterise the state of
flow 2 by means of h and s (or a combina-
tion of both properties, such as their ex-
ergy, for example) it is not necessary to use
any behaviour model of the working fluid.
This fact can be applied to several other
plant components (Royo 1994).

- Taking the isentropic efficiency of the
compressor as the internal parameter and
even assuming that the working fluid can
be modelled by means of a very simple
model, the analytic expressions of the
properties of the state of flow 2 are much
more complex than those obtained when
the 6 parameter is used. If the working
fluid had been steam, it would have been
practically impossible to obtain these ana-
Iytic expressions.

Note also that, in both cases, the problem is
solved as in a black box theory. This is because
1 as well 0, are defined as the quotient of the
difference of properties, which is independent of
the process trajectory.

An objection to the 6 parameters is made
in relation that it is not an efficiency or, in other
words, it does not take values between zero and
one and they are not dimensionless. In the
author’s opinion this small disadvantage is
largely compensated by the above-mentioned
advantages. Besides that, a 0 value approaching
to zero (throttling expansion) indicates the ease
to practically achieve this process. On the con-
trary, the larger the 6 absolute values are the
more practical difficulties appear during the
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process design (0 = + oo, for isentropic proc-
€sses).

2.2 Some real values of internal 6 pa-
rameters

In order to get some values for the internal
0 parameters of actual components, a Rankine
steam cycle plant of 350 MW has been chosen.

From the energy balance of this installa-
tion? it is possible to obtain TABLE II, which
includes the properties of the mass input and
output flows (only the main ones have been con-
sidered) of certain important components in the
installation.

From the values shown in TABLE II, it is
possible to obtain the internal 6 parameters of
each component, the isentropic efficiencies of
the turbines and the pump, and the pressure
losses in the heaters, as shown in TABLE III.

The following observations can be made
from the obtained values:

— The internal 8 parameter of turbines is al-
ways negative and its absolute value is
high. This is logical, as 6 is the slope of
the process equation which for the turbine
presents a pronounced but negative slope.

— As it would be expected, the greater the
isoentropic efficiency of the turbines the
greater the absolute value of the 6 parame-
ter.

— The value of the internal 6 parameter of
the water pump which feeds the boiler is
also high, and positive. This fact can also
be confirmed by the observation of the tra-
jectory of the process followed by the mass
flow in an h-s diagram.

— The internal 6 parameters of heaters in-
crease as the temperature of the mass flow
increases. The absorption or delivery en-
tropic average temperature, Ty (Alefeld

4 Neither its h-s plane nor a components diagram is
presented due to the fact that it is a totally
conventional plant.



TABLE 1I. Properties of flows in the installation.

Flow No | P (bar) T (K) h (kJ/kg) | s (kJ/kg-K)
High pressure turbine inlet 2 166.2 812.0 3398.8 6.417
High pressure turbine outlet 5 447 626.1 3084.8 6.522
Intermediate pressure turbine — 1 inlet 8 40.4 810.4 3526.3 7.188
Intcrmed?ale pressure turbine — 1 outlet 9 21.8 719.7 3342 8 7225
Intermediate pressure turbine — 2 inlet

Intermediate pressure turbine — 2 outlet 11 8.4 593.9 3092.4 7972
Low pressure turbine inlet

Low pressure turbine outlet 12 0.07 311.0 24574 7.903
Heater — 1 feed water inlet 18 13.8 313.1 168.7 0.572
H -

szg ; ; lf__gzg :2:3 ?:1112? 19 | 129 337.5 270.6 0.885
ggzg - % ﬁzﬁ :‘gg ?1'1112? 20 | 120 362.6 375.8 1.186
Heater — 3 feed water outlet 21 11.1 400.7 536.7 1.608
Pump inlet 23 8.0 441.8 713:1 2.028
Pump outlet _ 24 196.6 4440 743.7 2.049
Heater - 5 feed water inlet

Heater -5 feed water outlet 26 | 1926 486.8 934.6 2.457
Heater — 6 feed water inlet

Heater — 6 feed water outlet 27 191.6 5274 1125.8 2.832

1987) and the 0 parameters of these com-
ponents are partly related (Royo 1994),
which is in accordance with the result ob-
tained here.

3. The Dissipation Temperature Parameter

The appearance of an intrinsic malfunction
in a component is always the consequence of the
deterioration of one of its internal elements,
which leads to a decline in its behaviour. The
internal © parameter describes the behaviour of
the component and it is, therefore, logical that
when an intrinsic malfunction comes about, this
parameter is modified.

Thus, for example, if the blades of a com-
pressor deteriorate, its isentropic efficiency will
decrease, resulting, as it is well known, in a cor-
responding decrease in the trajectory slope fol-
lowed by the mass flow on the h-s plane, that is,
its internal © parameter. Nonetheless, even if
the new internal © parameter of the component
is known when the intrinsic malfunction occurs,
the new process has not yet been fully deter-
mined. For this purpose it is necessary to impose
an additional condition on the output mass flow
state (Royo 1994, Royo et al. 1997).

On the other hand, the appearance of an
induced malfunction in a component is due to
the variation in the quantities and/or qualities of
its input flows, as a result of the appearance of
an intrinsic malfunction in another component

in the plant. This variation in the properties of
the input flows will obviously affect the behav-
iour of the component in question, but as an
initial approach, it is very reasonable to assume
that, if the variation in the properties is differ-
ential, its internal 6 parameters will remain con-
stant, which is what will be assumed in this pa-
per5. Nonetheless, when an induced malfunc-
tion takes place, assuming that the input mass
flow state, i", is known, and that the internal 0
parameter will not be modified, the output flow
state is not fully determined either. As in the
case of intrinsic malfunctions, additional infor-
mation is necessary to determine the state fully.

Definition of the dissipation temperature
parameter

The additional information mentioned
above could be the knowledge of the trajectory
followed by the state of the outlet mass flow

5 Nevertheless, in the case in which either a certain
unit cannot fulfil the hypothesis referred to, or
where greater precision is required in the
calculations, it must be known how 6 varies in
terms of the quantity and the energy and entropy
quality of the input flows. However, the
methodology used here will be absolutely valid,
although the expressions obtained, in the latter
case may be a little more complex.
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TABLE III. Internal parameters of the components.

Component Parameter O Conventional parameter
High pressure turbine Oy = 22705 _ 9983 3K
HPT - - Ne,gpr = 83.0 %
Intermediate pressure turbine — 1 B ol -49348 K
p MPT1 = PRy = : Neppry = 874 %
Intermediate pressure turbine — 2 Oumprs = Ry - -5532.1 K n =90.1%
Sg _SI] S5 MPT 2 '
; - hu _h12 e
Low pressure turbine O pr =——==-10054 K n =763 %
11812 HED
h,s —h
Heater - 1 feed water side By =——2=3253 K APy, = 0.9 bar
818 — S19
h,g —h
Heater — 2 feed water side By, =—2—2=3496 K APy, = 0.9 bar
S19 ~ Sa0
h,, —h
Heater — 3 feed water side Oys =% =3809 K APy; = 0.9 bar
20 — 221
. hys —hy
Heater - 5 feed water side Oys = o =467.7 K APys = 4.0bar
824 — 8
h, —h
Heater — 6 feed water side O =—2—2L=5105K APye = 1.0bar
826 =827
Pump 0p B b _ims0k Np = 685 %
S23 =S4
when a malfunction occurs in the component. the intersection of the malfunction trajectory and
This malfunction trajectory can be expressed, in the straight line defined by the new internal 6
the h—s plane, using a general equation like h; = parameter (or by the new hj and s;, in the case

h; (sj)

Thus, the new state j” is fully determined as

of an induced mulfunction.)

However, if it is pretended to work only

a) b)

Figure 3 (a,b). Trajectory followed by the state of the outlet mass flow when a malfunction occurs
in the component.
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with  differential malfunctions (differential
variations of the parameters 6 in the components
which display an intrinsic malfunction), it will
be enough to know the direction followed in the
h-s plane by the state of the mass flow (point j),
which is tangent to the above mentioned trajec-
tory in the point j.

The slope of this tangent (see Figure 3),
which has temperature dimensions, was intro-
duced by Valero (Valero 1991, Valero and Lo-
zano 1992) denoted as Ty, and subsequently has
been proposed to call it dissipation temperature
parameter of the mass flow j and denoted as Tj;
(Sciubba and Valero 1994, Royo 1994, Royo et
al., 1997):

oh,
Ty = oL s)
d i Malfunction

Some values of the dissipation temperature pa-
rameter.

The values of the dissipation temperature
parameter depend on circumstances. Thus, for
instance, a gas turbine that discharges into the
atmosphere will always have a T, equal to the
discharge temperature, because

A similar situation arises in a low pressure
steam turbine whose discharge pressure is the
condenser vacuum pressure. Therefore, in that
case Tyg = Tiaeuum. Another example is the case
of a compressor whose objective is to keep an
output target pressure regardless of the mal-
functions occurring inside of the machine and
subsequently the amount of work input required
to achieve it. Also in this case T, = Tj‘

On the other and, a badly insulated com-
bustor that losses heat through its walls has a 0
K dissipation temperature parameter because it
does not increase the output gas enthalpy even at
the cost of an additional fuel consumption.

The dissipation temperature parameter of
an exiting mass flow should generally be calcu-
lated through equation (5) by means of the ob-

servation of the malfunction taking place in the
component.

4. Applications of 8 and Ty

In this section, three examples of the use of
0 and Ty in relation with the analysis and
evaluation of malfunctions in thermomechanical
systems will be shown.

4.1 Description of thermomechanical
systems when a malfunction occurs

The knowledge of the internal 6 parame-
ters and the dissipation temperature parameters
of the mass flows of a thermal plant fully deter-
mine the new states of such flows when an in-
trinsic malfunction occurs in one of its compo-
nents (characterised by a modification in its in-
ternal 6 parameter).

A gas turbine such as that shown in Figure
4 has been choosen as an example:

The internal 6 parameters of the compo-
nents of this plant are as follows:

-h h, -h
elzzhl - ’ 923: - :
h; —h
B3y =——2 ©)
S3 —84

It is possible to define the dissipation tem-
perature parameter for each of the remaining
mass flow states:

dh, =Ty, ds,, dhy =Ty; ds;, dhy =Ty, ds, (7)

Supposing that the common operation of
the plant keeps constant:

e The output mass flow pressure of the com-
pressor, i.e. Tq = Tz.
¢ The temperature (and, assuming a model
of ideal gas, the enthalpy) of the output
mass
flow of the heat consumer component, i.e.
Td3 = 0

2

Q15
©

©

£ 8\

14
Y

Figure 4. Components and interactions of a simple gas turbine.
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TABLE IV. Variations of output enthalpies and entropies of the gas turbine flows of Figure 4

when an intrinsic malfunction takes place in different components

Intrinsic malfunction in
Compressor Heat consumer Expander
8; —$
d.hg Bi_l
T,
(s =55 )
ds, =740 0 0
6,-T,)
dhs 0 0 0
8, —§
dss 0 % d6,; 0
23
O34 (55 —55) (s5—5s4)
dh, 0 AL 3 82 : d6, —93 25d0s,
0,5, (5, —s3) (s3—s4)
dss 0 Bl oo S AR 203 s dn
(T (I e

e The output mass flow pressure of the tur-
bine, i.e. Tqq = T

Assuming that an intrinsic malfunction
alternately takes place in the compressor (isen-
tropic efficiency decrease) the heat consumer
(AP,3 increase), and the expander (isentropic
efficiency decrease).

From these hypotheses it is very easy (Royo
et al, 1997) to obtain the values of the dhj and
dsj of all the mass flow states of the plant in
terms of 6, initial mass flow properties (s, and
T)), and the knowledge of the variation of the
internal 0 parameter in the intrinsically mal-
functioning componentﬁ‘

The analytical results are shown in TABLE
IV. Note that mass flow 1 is air from the envi-
ronment, then its specific properties will remain
constant: dh, = 0 and ds, = 0.

The new values of the heat and work flows
of the plant for each case can be calculated by
means of TABLE IV and the relevant mass and
energy balances.

Royo (1994) proved that under the condi-
tions stated above, it is possible to assess any
differential variation of the output enthalpies
and entropies in any thermal plant as a function
of the sets {8}, {T, }, {s} and d@. That is to say

6 It has been assumed that the internal parameters 6
of the remaining components will not be modified.
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{an}=1({p} {r, } {s})d0,
and (8)
{as}=t({o} {ra } fs}) ae,.
where dOy is the given variation of the internal
0, parameter of the malfunctioning component,
k. In other words, it is possible to simulate the
behaviour of a plant from the knowledge of a
plant's given state (plant’s thermodynamic
photograph) and the slopes in the (h, s) plane of
the output flow (i.e. Ty) when different mal-
functions occur. This could help to rethink
simulators in a simpler and normalised way.

4.2 Assessment of the importance of an
intrinsic malfunction in component

Let us take the adiabatic compressor of
Figure 4. The appearance of an intrinsic mal-
function here will lead to a decrease in 8,,. In

this case, the discharge pressure of the mass
flow is determined, even if the compressor mal-
functions, point 2 will always be situated on the
isobar P,. Thus:

dh
Ty, = [*é“g‘] =T, )
52 P2=const.
The energy balance of the compressor is:
0=-Wc+m(h; —h,) (10)
And its internal © parameter:
h,-h
912 = . 2 (1])
81 —8,




By differentiating equation (11) under the im-
posed conditions:

0 0
do., =|1- 12 12
12 [ T, ]—hz i dh, (12)

By differentiating equation (10), and assuming
that:

a) one wishes to maintain the mass flow proc-
essed by the compressor constant, and by
introducing equation (12) into the result,

one obtains:
3 In|W¢| _ 1 .
dlndy, h s ,m ]_sﬁ
1" T

The importance of these results should be
noted: since both the initial working con-
ditions of the compressor (Wc and 6,,) and
the dissipation temperature parameter of
flow 2 are known, it is possible to find out
the increase of work supplied to the com-
pressor in order to keep the mass flow and
the outlet pressure (T » = T,) constant
when an intrinsic malfunction character-
ized by a variation in the internal parame-
ter 0,, occurs. In addition, it is possible to
obtain the next information:

e As the internal 6 parameter value of the
compressor increases, it will be necessary
to introduce a smaller additional amount
of driving work (expressed as a percent-
age) in order to continue to produce the
same amount of product, since a specific
variation takes place in the internal 6 pa-
rameter (expressed as a percentage).

e Ags the dissipation temperature parameter
value of the output mass flow of the com-
pressor, T,, = T,, decreases, it will be
necessary to introduce a smaller addi-
tional amount of driving work (expressed
as a percentage) in order to continue to
produce the same amount of product,
since a specific variation takes place in
the internal 6 parameter (expressed as a
percentage).

b) One wishes to maintain the work supplied
to the compressor constant, and by intro-
ducing equation (12) into the result, one
obtains:

dJdIlnm -1 14)
a6y f o w [1-9£]
11 C Tg

From this equation it is possible to obtain
information of a similar kind as was from equa-
tion (13).

That is, for a compressor, the greater the
internal parameter 6 and the lower the dissipa-
tion temperature parameter of its output mass
flow, T,,, the smaller will the influence of a
specific intrinsic malfunction be.

These results can be applied to other com-
ponents (Royo 1994); that is, it is possible from
the knowledge of only 6 and T gp 1O assess the
importance of the appearance of a specific in-
trinsic malfunction (characterised by a variation
in the internal © parameter, as a percentage) in
the components (percentage of fuel consumption
increase or product decrease, if the amount of
product or fuel are each maintained constant).

On reporting the amount of additional re-
sources which a component needs to consume in
order to produce a given amount of product, or
the decrease in the amount of product when the
amount of fuel is maintained constant, we are
reporting the real cost increase that arises when
a malfunction takes place. Nonetheless, due to
the close relation between the different compo-
nents of a plant, the problem becomes substan-
tially more complicated when it comes to ana-
lysing a whole plant.

With the aim of showing the usefulness of
6 and T, to analyse plants, in the following sub-
section we present the example of a power plant
in which malfunctions will take place in some of
the main components.

4.3 Assessment of the importance of an
intrinsic malfunction in a complex
system

For this example, a power plant based on a
Rankine cycle with reheating, like that shown in
Figure 5 is considered (Royo et al. 1997). The
inlet and outlet mass flow states of the compo-
nents are shown in TABLE V.

The question posed is how the appearance
of a certain intrinsic malfunction in one of the
components (mainly the turbine and the pump)
affects the overall performance of the plant:

. i h;-h; +h;-h,

15)

An analytic procedure based on the con-
cepts of 6 and T, will be used. This method, as
has been seen above, is only strictly valid to
analyse differential malfunctions; for this reason
only small malfunctions will be considered (is-
entropic performance variations of 1%). How-
ever, it should be noted that it is uncommon in
reality to find malfunctions of higher value than
these, and for this reason the methodology pre-
sented does not involve a significant limitation.
Before any analysis of malfunctions, whether it
be numeric or analytic, it is necessary to know
some basic aspects of the operation system and
the behaviour of the plant: :
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Figure 5. Power plant with reheating: components and interactions.

TABLE V. Power plant with reheating. Mass flows thermodynamic properties.

State P (bar) T(K) X h (kJ/kg) s (kJ/kg K) m (kg/s)
1 166.00 812.5 ---- 3403.62 6.424 250.0
2 44.93 625.4 ---- 3087.71 6.525 250.0
3 40.44 813.8 ---- 3535.39 7.198 250.0
4 8.44 595.8 - 3102.79 7.288 250.0
5 0.069 311.9 0.939 2430.06 7.821 250.0
6 0.069 311.9 0 162.37 0.556 250.0
7 195.67 312.8 - 185.58 0.567 250.0

The Let us suppose that even if an intrinsic
malfunction takes place in one of the plant's
components, the mass flow circulating through
the plant remains constant (with the subsequent
variation of the net power produced by the
plant).

— The operation set point of the plant means
that T, and T, remain constant.

— As regards P, it will be assumed that the
plant is functioning in sliding pressure
mode (high pressure turbine control valves
widely open, i. e. A, constant7), and that it
is, therefore, variable.

— The vacuum pressure of the condenser (Ps
= P,) will be maintained at a fixed value,

7 For the sake of simplicity, it has not been
considered malfunctions affecting the nozzle
effective area of any of the turbines.
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even if the cooling system has to evacuate a

greater amount of heat in some cases. Of

course in state 6, there is always saturated
liquid.

In order to simplify the problem and obtain
expressions that are not too complex, it will be
necessary to make a series of hypotheses on the
behaviour of the plant:

— The internal 6 parameters of the remaining
components will not be modified.
— Since m is constant, it will be assumed that

P, is only a function of P,.

— Assuming that the behaviour of the three
turbines satisfy Stodola's Ellipse Law
(Cooke 1985), the following relations must

be fulfilled8:

8 It is assumed that the pressure relation in the low
pressure turbine is greater than the critical one.
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The correctness of these hypotheses will be
confirmed by comparing the analytic results
with those obtained from a numeric simulation
carried out using the GATE-Cycle (1995).

It is supposed first, that a modification in
the low pressure turbine appears. This malfunc-
tion will be characterised by a variation in the
internal parameter of the component, 0.

According to the above, it is possible to
state that:

¢ Since T1, T3 and m are constants and

since they work in sliding pressure mode
(A, constant), it can easily be proven from
expressions (16) to (18) that P, P, (and
therefore P,), P, and T, will not vary.

e Since P,, T, and 8, are constants, P, P,
and x, will also remain constant.

e Since P,, P, Bp and m are constants, P,
and T, will not be affected either.

* As P, remains constant, according to equa-
tion (5), T, =T,.
By differentiating equation (15) according
to these hypotheses,

1oind

dn=| ——— dh 19

n (Q W]" 2 (19)
and

Oupr [ Ompr

de = —— |dh 20

HPT h] _hg{ Tz 2z ( )
are obtained.
That is

| O |
- _[E-W](nl—nz)

dIn BHPT - BHPT -1
T,

21)

This equation enables the variation of the
performance of the plant to be quantified
analytically when an intrinsic malfunction
occurs in the high pressure turbine.

TABLE VI. Variation of the overall efficiency of plant in Figure 5 when a components malfunction takes

place. Parameter (9 In7/d1n6)

Intrinsic malf. Analytic procedure GATE-Cycle Discrepancy
(& o)
HPT - 0.0232 0.02316 0.02 %
Ower _,
TdZ
e e )
IPT w Tas - 0.0182 0.0176 3.4 %
1-8wer | _Sier
TdS TdS
1
(0, -hs)
LPT e 000 0.0963 13 %
1- 0 pr
TdS
[é—%](lh he)
Pump =0.00193 0.00192 0.52 %
_8
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From the values shown in TABLE IV and
equation (21), it can be obtained that, for the
case being analysed:

dlnn

=0.0232
d1n Oppy
In other words, an increase in Oppr of 5.6%
(1% decrease of the mgpr) affects the whole
plant with a performance decrease of 0.13%.

The behaviour was simulated by means of
a commercial simulator (GATE-Cycle 1995).
The analysis of the steam turbines in this simu-
lator is based on the research work (obtained
from experimental data and field measures) de-
veloped by Spencer, Cotton and Cannon (1974).
The result obtained is:

dInn
dlnerT

=0.02316

That is, there is a discrepancy
between the values obtained by the two
procedures (analytic and numeric) of
only 0.02%. This fact indicates that the
simplifying hypotheses are accurate.This
methodology can be applied to other plant com-
ponents (Royo et al. 1997), obtaining the results

shown in TABLE V9.

It should be noted that, in order to perform
this analysis it was only necessary to know the
situation of the plant prior to the malfunction,
and some basic details of its behaviour. It has
been observed that the analytic results of this
analysis coincide to a large extent with those
obtained from simulation with GATE-Cycle. In
all cases, the discrepancy between the two pro-
cedures is lower than 4%. However, the analytic
procedure here shown would provide a better
understanding of the phenomena that takes
place in the plant.

5. Conclusions

From the observation of the trajectories
followed in an h-s diagram by mass flows going
through a specific component, the process tra-
jectory equations have been formulated, which
has enabled to define the new internal 6 pa-
rameters of the components. These internal
parameters are capable of describing the ther-
modynamic processes which take place in these
components in the same way as any of the con-
ventional internal parameters which are nor-
mally used but having important additional ad-
vantages.

In relation with © and the malfunctions.

9 Td4 =662.2 K, de = T5 and TdT = Tj,r (ROyO et al.
1997b)
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another parameter, the dissipation temperature
parameter of each mass flow of a thermal plant,
has been defined and characterised. From this
parameter, together with the internal © parame-
ter, it is possible to make an analytic analysis of
the influence of the appearance of an intrinsic
malfunction on the overall performance of the
plant of which it is a part.

It should be noted that, in order to perform
this analysis it was only necessary in all cases to
know the state thermodynamic of the plant prior
to the malfunction, and some basic details of its
behaviour.

Although, the variations of the internal 0
parameters of the components from the point of
view of malfunctions have been dealt with here,
the results obtained may also be used (with the
necessary modifications) for analytical optimi-
sation studies in the design of thermal plants, in
which such internal 6 parameters are decision
variables of the problem.

Besides these important applications of 0
and T, the dissipation temperature parameter is
the starting point for the definition of a new
thermodynamic function (the free relative en-
ergy), which is very important for the study of
malfunctions. (Valero 1991, Valero and Lozano
1992, Valero and Royo 1992, Royo 1994).

Nomenclature
A Nozzle effective area
h Specific enthalpy of a flow
k Generic constant
m Flow rate
P Pressure
Q, Q Heat transfer rate, same per unit mass
p Pressure ratio
S Specific entropy of a flow
T Temperature
Ta Dissipation temperature parameter

W, w Power, same per unit mass
X Quality
Specific heat ratio (cp/cy)

n Efficiency

Ns Isentropic efficiency

3] Internal parameter
Subscripts

C Concerning the compressor

H Concerning the heater

HPT Concerning the high pressure turbine

i Concerning an entry flow of a compo-



nent

j Concerning an outlet flow of a compo-
nent

LPT Concerning the low pressure turbine

MPT Concerning the intermediate pressure
turbine

P Concerning the pump

Concerning the turbine

References

Alefeld, G., 1987, “Efficiency of Compresors,
Heat Pumps and Refrigerators Derived from the
Second Law of Thermodynamics,” Interna-
tional Journal of Refrigeration, Vol. 10, pp.
331-341.

Cooke, D.H., 1985, “On Prediction of Off-
Design Multistage Turbine Pressures by Sto-
dola's Ellipse,” Journal of Engineering for Gas
Turbines and Power, Transactions of the
ASME. Vol. 107, pp 596-606.

GATE Cycle 1995. Version 4.1, ENTER Soft-
ware Inc. Menlo Park, CA.

Ishida, M. and Chuang, C., 1996, “New ap-
proach to Thermodynamics,” Proceedings of
ECOS'96, P. Alvfors et al., eds., pp. 9-16,
Stockholm.

Royo, J., 1994, “Las Ecuaciones Caracteristicas
de los Sistemas Térmicos. La Energia Libre Re-
lativa,” Ph. D. Thesis, University of Zaragoza,
Zaragoza.

Royo, J. and Valero, A., 1995, “Towards a Uni-
fied Description of the Energy Behavior of
Thermomechanical Systems,” AES. Vol. 35,
Thermodynamics and the Design, Analysis and
Improvement of Energy Systems, R. J. Krane,
ed., ASME Book N° H01045, pp. 127-134, San
Francisco, California.

Royo, I.; Valero, A. and Zaleta, A., 1997, “The
Dissipation Temperature: A Tool for the Analy-

sis of Malfunctions in Thermomechanical Sys-
tems,” Energy Conversion, Vol. 38, No 15-17,
pp 1557-1566, Elsevier Science Ltd. Pergamon.

Royo, J.; Zaleta, A. and Valero, A., 1997,
“Analysis and Evaluation of Malfunctions in
Thermomechanical Systems,” AES. Vol 37,
Thermodynamics and the Design, Analysis and
Improvement of Energy Systems, M. L., Ram-
lingan et al., eds., ASME Book N° H01126, pp.
103-108, Dallas, Texas.

Sciubba, E. and Valero, A., 1994, Private com-
munication,

Spencer, R.C.; Cotton, K.C. and Cannon C.N.,
1974, “A Method for Predicting the Perform-
ance of Steam Turbines-Generators... 16500 kW
and Larger,”. ASME Paper No. 62-WA-209.
WAM 1962.

Valero, A., 1991, “Qu’est ce que c’est Utilité en
Thermodynamique?,” Ilémes Journées -Eu-
ropéennes de la Thermodynamique Contempo-
raine, Revue Entropie, L. Borel, ed., Lausanne,
Suisse.

Valero, A. and Lozano, M.A., 1992, "General
Theory of Thermoeconomics II. The Relative
Free Energy Function,” Proceedings of
ECOS92, A. Valero et al., eds., ASME Book
N° 100331, pp. 147-154, Zaragoza.

Valero, A. and Royo, J., 1992, “Second Law
Efficiency and the Relative Free Energy Func-
tion,” AES. Vol. 27, Thermodynamics and the
Design, Analysis and Improvement of Energy
Systems, R.F. Boehm, ed., ASME Book No
G00717, pp. 271-278. Anaheim, California.

Valero, A.; Royo, J. and Lozano, M.A.., 1995,
“The Characteristic Equation and Second Law
Efficiency of Thermal Energy Systems,” Second
Law Analysis of Energy Systems: Towards the
21st Century,. E. Sciubba and M. J. Moran,.
Eds., pp 99-112, Rome.

Int.J. Applied Thermodynamics, Vol.1 43



