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ABSTRACT 

In our institute a Basic Principle Simulator has been developed for the real time simulation of 
the transients of WWER 440 (PWR) type Nuclear Power Pianis. An important integral part of this is 
the fast and accurate calculation of the thermodynamic properties of water and steam To eliminate 
successive approximation, the model system of the secondary circuit requires even such binary 
forms, which are commonly known as inverse functions (eg Up.h). p(v,h), etc), continuous when 
crossing the saturation line, accurate and coherent for all argument combinations. This report 
describes a solution which reduces the computer memory and execution time demand in our practice. 

Ж. Сэги, А. Гам: Быстрое и точное определение параметров состояния воды и 
•одяного napa. KFKI-1989-69/G 

АННОТАЦИЯ 

В нашем институте был разработан принципиальный симулятор для моделирования 
переходных процессов на АЭС с реактором ВВЭР-МО (с водой под давлением) в режи
ме реального времени. Его основным элементом является быстрое и точное определе
ние термодинамических свойств воды и водяного пара. Для выполнения безитерацион-
ных расчетов система моделей второго контура требует таких функций состояния с 
двумя независимыми, которые имеют свои обратные функции (например, t(p,h), p(v,h) 
и т.д.), которые непрерывно проходят через линию насыщения, и которые можно рас
считать точно я взаимно соответствующим образом друг из друга. В данной работе 
дается описание решения, уменьшающего необходимые память и машинное время в нашей 
практике. 

Szeg) Zs., Gács A.: A víz és a vízgőz állapotjellemzőinek gyors és pontos meghatározása 
szimulációhoz KFKI 1989 69/G 

KIVONAT 
Intézetünkben a WER 440 (nyomottvizes) típusú atomerőmüvek tranzienseinek valós Idejú 

szimulálására Alapelvi Szimulátor készült Ennek fontos alkotóeleme a víz és a vízgőz termodinamikai 
állapoljellemzőtnek gyor* ós pontos meghatározása A szekunderkör modellrendszere az 
iterációmentes számítás érdekében olyan kétváltozós függvényeket ló igényei, melyekel 
közönségesen inverzeknek tartanak (pl t(p,h), p(v,h) stb), folyamatosan haladnak ál a telítési 
vonalon, egymásból pontosan és koherens módon tetszőlegesen átszámíthatók. Ez a riport egy 
olyan megoldást ír le, mely a memória és gépidő igényt a gyakorlatunkban lecsökkenti 
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1 INTRODUCTION 

Whatever type of thermodynamic process is to be modelled, the 
key question is the proper calculation of material property 
data. With regard to power plant modelling, the basic 
problem is the efficient generation of the properties of 
water and steam. 
As for the development of such methods there are, 
traditionally, two basic aspects: one is for process design 
and safety analysis requiring increased accuracy and enlarged 
ranges; the other is for process control (line correction of 
measured signals, calculation of signals for indication on 
panels of control rooms, etc.), which needs to minimize the 
computer time. But we had to elaborate a third aspect as 
well, due to the special requirements of our task. 
Intensive studies of nuclear power plant control rooms and 
operator performance led to the development of ways to help 
plant operators work more effectively, within whatever 
situations they happen to face. The most important training 
aid is the use of simulators. In our institute there were 
and are several projects: Full Scope and Basic Principle 
simulators based on megamini computers have been constructed 
and are in use on the site; Part Task and other simulators 
based on PC's are under development and construction. 
Basic Principle simulators are essential as means of making 
sure that the future trainee understands the general 
relations and the basic principles of the processes to be 
operated, therefore these are applied at the initial phase of 
the training. This report focuses on the software of the 
Basic Principle simulators. 
Their real-time dynamic model systems are based on the fast 
and accurate calculation of thermodynamic properties - the 
aim of the development work was to combine the traditional 
requirements (to maximize the accuracy and ranges and to 
minimize the computer time). The model system (cf. [3]) 
requires binary property functions: besides common forms 
(e.g. h(t,p), s(t,p), etc.) even inverse forms are to be 
solved as well (e.g. p(v,h), h(p,s), t(p,h), s(p,h), x(p,h), 
etc.). These must be even continuous when crossing the 
saturation line (e.g. t(p',h')»t(p",h"), etc.) and 
sufficiently "smooth" for simulation purposes. It is 
absolutely essential to form a coherent system of these 
functions: there is a need to convert them coherently (e.g. 
the parameters of pl(hl,vl) must correspond to the values of 
hl(pl,vl) and those of vl(pl,hl) and v.v.). What is more 
there are special features such as maximum stability and 
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minimum data area to provide trouble-free running and to 
reduce memory. 
The previously used methods are slow (the execution time is 
more than 20 ms per property value on MicroVAX), therefore 
the main objective was to speed up the calculation (the 
maximum time allowed for the generation of one property is 
0.5 ms on MicroVAX). Chapter 2 contains the requirements in 
details. 
It was not the intention to analyse all the existing 
approaches or to develop the best possible new method either. 
Still a number of methods were examined, we report on the 
results which proved to be unacceptable for our specific 
purposes but may be useful for other tasks. In Chapter 3 we 
give an overview of our experience; the approximation 
techniques are discussed according to their types and not in 
a chronologic order of their development. The accurate 
method (TABULA) is discussed and Section 3.4.2 leads on to 
the description of a special method (DARTBOARD) we had to 
develop to satisfy all the requirements, first of all the 
main objective: the data generation which is minimum 40 
times faster than the TABULA code (see Chapter 4). 
In Chapter 5 some results are shown: this special method 
(DARTBOARD) provides a more than 50 times faster solution 
with maximum accuracy and minimum amount of computer memory. 
The units used are those of the International System of Units 
(SI). For practical reasons, two exceptions are allowed. 
First, the unit degree Celsius is used for the thermodynamic 
temperature (but the unit of temperature differences is the 
Kelvin, in accordance with SI). Secondly, the bar was chosen 
as the derived unit for pressure, and the conversion into the 
SI-unit Pascal can easily be done. 
Most of the property functions are curves or surfaces in the 
Mollier h,s-diagram: 

h - specific enthalpy, J/kg 
p - pressure, bar 
r - specific density, kg/m3 
s - specific entropy, J/kg/K 
t - temperature, С 
x - quality (steam content), -

(x=l means steam=100%) 
in state of saturation: 

for water index ' 
for steam index " 
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There are other materials as well (e.g. boron, nitrogen, 
air, etc.) and there are a lot of other properties calculated 
in the simulator (e.g. specific isobaric heat capacity, 
thermal conductivity, etc.). However, this paper focuses on 
water and steam and on the above listed properties. 
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2 REQUIREMENTS 

2.1 Preliminary Issues 

We have become experienced in constructing steady state 
models of conventional power plants and in those of th<» 
primary and secondary circuits of nuclear power plants (cf. 
[1]). These were off-line models for design and construction 
purposes, therefore - in relation to the specified accuracy -
the computer time and memory requirements were of minor 
importance. 
Diverse operational questions emerged later: we have 
developed dynamic models to analyse important transients, to 
offer a survey of "off-normal" conditions and to locate 
trouble spots in an independent way. These were off-line 
models, so no processing time limits were set, but a more 
accurate calculation of the thermodynamic properties was 
needed. 
For the units of the WWER-440 type PWR Nuclear Power Plant at 
Paks (Hungary) we have improved the advanced 
measurement-processing computer system with a high-level 
information system, using real-time models for its on-line 
measurement analysis. This required fast calculation of 
properties, based on simplified functions. 

2.2 Ranges For Dynamic Modelling Of The Secondary Circuit 

For operational safety, a demand has emerged to build 
simulators to be used in the training of control room 
personnel in nuclear power plants. The Chernobyl disaster 
was a warning to the world of the importance of the training 
and the elimination of human error in plant operation. But 
well before Chernobyl, in the early eighties, research was 
started in our institute to develop simulators for nuclear 
power plants. 
This needed dynamic models of the technology. First, during 
the study of the dynamic behaviour of the primary ^oops, 
well-known algorithms could be applied to calculate the 
properties of pressurized water and those of saturated water 
and steam. 
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Fig.l Theoretical enthalpy-entropy diagram 



The development of the dynamic model of the secondary circuit 
called for the accurate calculation of superheated steam as 
veil. In addition, the traditional approach could no longer 
be followed due to the special range of simulation: the 
secondary circuit of a nuclear power plant is fundamentally 
different from a conventional one (the turbine operates with 
steam at a much lower temperature and greater water content). 
Another problem is that: process variables may change 
considerably during transients, malfunctions and accidents, 
compared with the small ranges covered by measuring devices 
designed for steady operation. The theoretical 
enthalpy-entropy plane is shown in Fig.l, while the discussed 
area of steam is enlarged in Fig.2. 
The plane of Fig.l is divided by the saturation line into 
regions: a mixture of saturated water and steam (the 
undercooled steam area) is represented by the region below 
this line which has a maximum (hn[max.]=2802.3 kJ/kg at ca. 
t=238 C, p=32.3 bar, v»'=0.062 m3/kg, s"=6.16 kJ/kg/K). The 
practically important region of superheated steam (in other 
words: the overheated steam airea), is above the saturated 
steam line up to 350 С (a further superheated steam region is 
defined above 350 С and towards higher pressures by the 
so-called L-function). 
The saturation line itself is divided by the critical point 
(t=374.15 C, p=221.2 bar, v=0.00317 m3/kg, h=2107.4 kJ/kg, 
s*4.4429 kJ/kg/K) into saturated water and steam sections 
(h'<2107.4 kJ/kg, h">2107.4 kJ/kg resp.). 
The undercooled water area is above the saturated water line 
up to 350 С (there are even further regions but these are not 
important). This water region can be found in the lower left 
part of Fig.l: due to the scale it is graphically compressed 
and hence reduced to a virtual line but, in fact, it is a 
wide zone converging on the triple point: the zero 
definition of the specific enthalpy and specific entropy 
(h'es'=0.O) is set at this point (t=0.01 C, p«0.006112 bar). 
A detailed description of the enthalpy-entropy plane is 
beyond the scope of this report, but the division of this 
plane into such sub-regions, the proper definitions of the 
boundaries (K- and L-functions), the existence of пи[мах], 
etc. makes the accurate calculation of superheated steam 
even more difficult. 
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6 7 8 9 10 kJ/kg« 

Fig.2 Overheated and undercooled steam regions 

2.3 Stability For Expansion Line Calculations 

Turbines are extremely important: here the heat energy of 
steam from the steam generators is converted into mechanical 
kinetic energy (which is then converted into electric energy 
by the electric generators). Turbines has sets of elements: 
the stages. Here the steam is caused to fall in pressure and 
its velocity is increased: it is an expansion. The stages 
are arranged in series: the process of expansion occur a 
number of times in succession. 
This expansion is represented by an "expansion line" in the 
enthalpy-entropy diagram. This line is continuous in the 
steady state but it is (or may be) discontinuous during 
transients (cf.[2J). The proper modelling of the turbines is 
based on the accurate calculation of the expansion line. As 
an example, Fig.3 shows two typical expansion lines in steady 
state - one before and one after a transient: line "a" is in 
full load (here it is 212.7 MW power) and "b" is after a 
load-down (172.5 MW). 
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KFKI report 1987-44/6 gives details on the model system of 
the secondary circuit (see [3]). To eliminate successive 
approximation, the basic steam properties (p,t,s,x) are 
defined by so-called "calculated" parameters (h,v,r), so 
besides common forms (e.g. h(t,p), s(t,p), etc.) even 
inverse forms are to be solved as well (e.g. p(v,h), h(p,s), 
t(p,h), s(p,h), x(p,h), etc.). 
The models are described by coupled sets of ordinary 
differential equations, and partial differential equations in 
one and two spatial dimensions. The models are solved in 
every time step and the parameters are then integrated. The 
result is used in the next time step to get new derivatives 
again. 
There are numerical stability requirements, e.g. "smooth" 
surfaces to enable the stepwise use of integrated parameters; 
the generating curves of these surfaces must be continuous 
even (or first of all) when the crossing of the saturation 
line (e.g. t(p',h')=t(p",h"), etc.) for the proper expansion 
line calculation. ,r 

2.4 Uniform Accuracy For Modelling The Technology 

The reliability of simulation models depends much on the 
accuracy of the properties. The ranges of property data to 
be calculated are limited (compare Fig.2 with Fig.l), so 
relative scalrs of parameters can be used to improve 
accuracy. But these ranges are still much larger than those 
in common use and accuracy must be kept throughout the whole 
range. For such large ranges r ive accuracy is usually 
given; however, when small .,olute values are included, 
email absolute accuracy is also necessary. 
Commonly 0.1...0.5% relative errors and 0.01...0.05% absolute 
errors (of the total range) are allowed, the nearer the 
saturation line the better the accuracy advised. In 
simulation the required tolerances depend mainly on the use 
of the specific model (see the end of this Section). 
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To increase the accuracy of modelling, more property data 
have to be calculated for many different argument 
combinations. But there is a new, important requirement: 
the uniform accuracy in all regions for coherency in 
converting functions, e.g. the parameters of pl(hl,vl) have 
to correspond to the values of hl(pl,vl) and vl(pl,hl). 
This is an essential condition for the solution of the 
turbine model: as an example, we outline a part of the 
calculation (cf. Pigs. 4 and 5). In every time step all 
the stages are modelled. As for one stage in one time step, 
more than 20 parameters have to be calulated, 6 of them are 
illustrated in the following. Indices refer to stages: 
(i-1) is the previous, .i+1) is the next one. 
At the beginning of the time step there are integrated 
parameters (cf. Fig.4): the specific volume v(i), the 
specific enthalpy h(i), etc. In the chamber of the given 
stage the pressure p(i) is given by v(i) and h(i). 
The steam flow from the previous stage m(i-l) is a function 
of the pressures of stage p(i-l) and p(i). These and the 
steam flow to the next one m(i+l) give mass-difference and 
hence the derivative of specific volume of the stage chamber: 
dv(i). 
The derivative of the specific enthalpy dh(i) is function of 
v(i), h(i), the inlet mass flow m(i-l), the specific enthalpy 
of the previous stage h(i-l) and several other parameters. 
The derivatives dv(i), dh(i), etc. are integrated at the end 
of the time step to get v(i), h(i), etc. for the next time 
step and so on. These parameters have an effect on the 
previous and the next stage and on a lot of factors not 
mentioned (chamber wall temperature, flows in bleed lines, 
pressures of heaters, etc.). 
This chain of effects for one stage is simplified in Fig.5: 
it can readily Le understood that the accuracy of modelling 
requires coherency for argument combinations in all regions. 
Any error in the repeated calculation of the parameters has 
an effect as some other parameter would be changed: it means 
a disturbance, like opening or closing a control valve - this 
makes even the steady state calculation impossible. 
This means that there are two kinds of errors: one is the 
error in converting functions (e.g. 
p(hl,vl)-p[h(vl,pl),v(hl,pl)] etc.), the other is the error 
in the approximation of the properties (e.g. 
p(hl,vl)-p[accurate) etc.). If the coherency in converting 
functions is provided with an error of the order 0.01%, the 
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approximation of the properties is acceptable even with an 
error of the order 1% - in other terms, accuracy must be kept 
in the reproduction of the values on the calculated 
enthalpy-entropy plane, but it is not essential to reproduce 
the accurate plane by this calculated plane. However, it is 
advised to have errors not worse than 0.05% for coherency; in 
this case the error for the approximation can be as high as 
2%. 

FCR ONE STAGE 

p(v,h> —о m -<! 
^ d v - ^ 

-£>Cth 
4> 

J 

Fig.5 The chain of effects 

2.5 Cross-requirements For Simulation 

Finally, there are strict requirements originating in the 
simulator itself. Up to now the calculation of the property 
functions has taken 50...70% (!) of the total execution time 
due to the slow lookup techniques using large tables or due 
to the extremely great computational load induced by 
complicated formulas. In a real-time simulator this must 
consume minimum computer time as the execution time of the 
dynamic models is limited. The main objective of this 
development work is to generate data within 0.5 ms per 
property (on MicroVAX). 
On the other hand, the data areas needed to generate the 
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properties have to be minimized to reduce memory demand. 
Computer memory is now cheaper than speed though special 
techniques are needed to evenly distribute the use of memory 
(overlay definitions, global/shared data structures, 
swapping, vectorization, etc.) and this increases the 
overhead which is again a factor in speed. 
Minimum memory and maximum speed are cross-requirements, and 
the solution has to be an optimum. 

As the properties of steam and water are highly nonlinear and 
determined by empirical data, error is unavoidable in any 
data generation technique. Each approximation may choose any 
level of error as acceptable (up to the error limits of the 
original data) and may define any range over which it is 
valid (within the region of available measurements). The 
execution time and the size of the computer code varies with 
tho product of the accuracy times the range. Several 
approaches were examined. 
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3 GENERAL METHODS 

3.1 Steam Tables For Interpolation 

Both liquid water and the three forms of steam (the 
superheated [dry], the saturated [equilibrated], and the 
undercooled [wet] vapour) are complex substances, and their 
thermal properties are not related in any simple way. They 
can be determined only by experiment. 
There are studies dating back many decades, even the first 
modern and concise work dates back to the middle of the last 
century (Regnault, cf.[4]). Much painstaking experiment and 
research by investigators in many countries has been done 
since 1900 (Callendar, cf.[5]). The results of this work are 
usually embodied in carefully laid-out tables, known as Steam 
Tables, and/or in h,s-diagrams, named after Mollier (see 
[6]). 
Several such tables have been published from time to time 
(e.g. the revised edition of the lart one [6], five years 
later, see [7]). In the early decades, the data given for 
higher pressures have been obtained by a fairly extensive 
extrapolation of existing experimental data at normal steam 
pressures. In consequence, the tables differed from one 
another at the higher pressure regions, hence it became 
necessary to specify the tables which had been used in making 
the calculations. 
Many of the tables were not thermodynamically consistent; a 
calculation made by using the tables in one way would not 
agree with another calculation having the same end in view, 
but utilizing the tables in a different way. Callendar was 
the first to introduce a thermodynamically consistent table 
of properties, based on his own experimental work (see [8]). 
The need for international cooperation to formulate and 
standardize the properties of water substance was first felt 
by engineers involved in the design and operation of steam 
turbines. 
Investigators working in Europe, the USA and in Japan have 
met at several International Steam Table Conferences for the 
purpose of extending international agreement on the 
properties of steam. The first conference was held in 
London, 1929, and the sixth in New York, 1963. By this time, 
specific isobaric heat capacity, thermal conductivity, 
dynamic viscosity, Prandtl number, isentropic exponent, 
surface tension and Laplace coefficient were also included. 
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Soon after the first international edition (see [9]), others 
were published in several countries (e.g.[10]). 
The values of the 1963 skeleton tables have served as an 
international standard until the present. 
As for accuracy, steam tables define tolerances occasioned by 
the limited precision inherent in all measurements of these 
properties. The magnitudes of tolerances have been so chosen 
that all experimental results regarded as trustworthy lie 
within them. Thus the tolerances in skeleton tables are at 
the same time an indication of the uncertainty of their 
values. These tolerances could not be defined sore precisely 
(e.g. by the use of statistical theory of errors) because of 
the small number of experimental data points scattered over 
large regions. 
It is very easy to implement a table lookup program. For a 
given task it is simple to define changing and suitable error 
tolerances and validity ranges without changing the code 
itself. But this requires exhausting input of mass data (and 
its verification can be doubtful), a great deal of memory and 
much execution time. 
So far as our subject is concerned, these steam tables can be 
used only for the explicit calculations cf v(p,t), h(p,t), 
s(p,t), and only by interpolation techniques, for the simple 
reason, that these are skeleton tables in which the 
properties v, h and s are tabulated for a range of pressures 
and temperatures. Inverse calculations (e.g. p v(p,h), 
h(p,s), s(p,h), etc.) need successive approximation 
techniques, which are more time-consuming. This approach 
proved to be impractical for our purposes. 

3.2 Fitting Polynomial And Transcendental Functions 

3.2.1 Examination Of Different Fitting Techniques 

With steam tables as input data, less computer memory demand 
and higher speed are obtainable by fitting polynomial or 
transcendental functions of one or two independent variables. 
There is no need for interpolation, and inverse functions can 
be fitted as well. 
Regarding polynomial fits, these can have tight tolerances 
but a small rancje or vice versa. For a relatively usable 
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range, it is often required to make multiple curve fits over 
several smaller sub-regions. Another disadvantage is that 
when an argument goes even slightly out of range, the fit may 
produce nonsensical results. 
Transcendental function curve fits result in functions which 
are more compact (have fewer terms and less constants) and 
are valid over a wider range (requiring fewer sub-ranges), 
therefore these usually take less space in the computer. 
Polynomial curve fits are good for several approximations in 
the simulator code (e.g. for efficiency characters) but not 
for most of the steam properties which can hardly be 
approximated by non-transcendental functions. However, the 
polynomial approach can be faster than the computation of a 
transcendental function because the latter is programmed as a 
polynomial curve fit on most computers. 
With a view to minimum error, memory, and execution time, we 
have tested several customary forms and algorithms (cf. 
[11], [12|, [13], etc.). 
The Lagrange form is elegant but it is far from the most 
efficient (its computational cost, compared to that of the 
Newton form, is great). The best compromise between ease of 
construction and ease of evaluation is the Newton form, it 
leads to a pimple analysis»of interpolation error and to the 
easy use of osculatory polynomial interpolation (repeated 
interpolation at a point) and that of nested multiplication 
algorithm (for the efficient calculation of derivatives). 
The Power form is a special case of the Newton form; it is 
simple, if it is not necessary to deal with polynomials v,f 
high order, or else some better conditioned form is needed, 
e.g. the Lagrange form based on the Chebyshev points ([14]). 

There are several other forms in common use, chiefly 
expansions in orthogonal polynomials, but their advantageous 
features are afforded by the Newton form as well (although 
this is not based on orthogonal polynomials). 
There are computer subroutines libraries in mathematics and 
statistics (minimization, fitting, numerical methods, etc.) 
available from several laboratories, research centers, 
periodicals (JMSL, CPC, etc.). These serve for the better-
understand ing of the problems and also for testing different 
approaches (cf. [15]...[19], etc.). However, some of these 
programs are not production software: the features an.: 
somewhat limited and the necessary comments are p.ut)y 
missing, which render more difficult to comprehend the 
solution or even to define the proper input data set. t;r.\ it 
effort i:; needed to bring some of them to a stage which 
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enables the library program to be included in the user's 
program. With regard to minimum error, memory, and, first of 
all, execution time, there was no reasonably efficient code 
found. 

3.2.2 Fits Of Saturated And Superheated Steam 

So far as our subject is concerned, our problem is divided 
into two parts: fits of single functions for the primary 
loops, and those of binary functions for the secondary 
circuits. 

(a) 
For the modelling of the technology of the primary loops of 
nuclear power plants it is enough to calculate the properties 
of pressurized (undercooled) water and that of saturated 
water and steam. Assuming incompressibility, the properties 
of the undercooled water are functions of the temperature 
only. The properties of the saturated phase can be 
calculated as a combination of saturated water and saturated 
steam which are single functions again. 
Apart from the memory-need and speed characters, accuracy 
proved critical. The number, and the choice of interpolation 
points are very important factors. For the saturation line, 
polynomial fits of some properties are reliably correct, 
others show rather poor approximations. Simple polynomial 
fits were used in our simulation practice ([20]), as an 
example, some of these results can be seen in Table 1. (Note 
that there was a need for the non-conventional p"(v) and 
h"(v) functions as well.) 
There are simple equations for v'(p), s"(p), h"(v) yet others 
(like t'(p), h'(p), v n(p), etc.) still require polynomials of 
higher degree to get acceptable accuracy - but high degree 
means large sets of constants and slow execution. 

19 



Table 1 
Polynomial fit of the thermodynamic properties 
of water and steam for the saturation line 
(absolute and relative mean errors vs. the 
degree of the fitted polynomial equation) 

D 
E m e a n e r r o r s 
6 
R 
В t'(P) h'(p) h"(p) s'(P) s"(p) v'<P) v"(p) p"(v) h«(v) 
E 

2 4 . 1 
2 .5 

17.0 
2 .2 

6 .5 
1.6 

0.04 
2 .8 

0.04 
0 .6 

3 .3 
0 .3 

0 . 1 
9 .6 

1.7 
6 .6 

1.3 
0.05 

3 2.5 
1.6 

10 .6 
1.4 

4 .2 
1.1 

0.03 
2 . 1 

0.03 
0 .5 

1.9 
0 .2 

0 .09 
8 .6 

0 .6 
2 .4 

0 .5 
0.02 

4 1.6 
1.1 

6 .9 
0 .9 

2 .8 
0.7 

0.02 
1.4 

0.02 
0 .3 

1.2 
0 .1 

0 .08 
7 .7 

0 .2 
0 .8 

0.2 
0.007 

5 1.1 
0.7 

4 .4 
0 .6 

1.8 
0 .5 

0 .01 
0.7 

0 .01 
0.2 

0.7 
0 .06 

0 .06 
5 .7 

0 .05 
0 .2 

0.09 
0.003 

Notes: - the validity range is 1 ... 50 bar 
- the upper values refer to the absolute, 

the lower ones to the relative ([%]) 
mean errors 
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(b) 
The modelling of the technology of the secondary circuit 
needs both binary functions to get the properties of 
superheated steam and also continuous results to ensure 
stability when crossing the saturation line. 
The fitting of the two-dimensional surface functions as 
two-variable polynomials have proved mostly inaccurate and 
discontinuous. Accuracy can only be improved by using 
equations of very high degrees, and fitted to appropriate 
data. Discontinuities (dual results) are found at the 
boundaries between the ranges: here the results of the tvo 
different approximations are greatly different while these 
ought to be of the same values. 
As an example, the mean and maximum relative errors of 
polynomial fits ([20]) are shown in Table 2. Function h(p,s) 
can be calculated by simultaneous equations of degree 5, 
which <s slow and needs large data fields. Fits for s(p,h) 
or t(p,n) are acceptable, but others (like v(p,h), p(v,h), 
etc.) have no reasonable solution at all. 
In Table 2, the lower values are the absolute values of the 
maximum relative errors: these are not mean values but the 
maximum within the range (on the surface defined by the 
boundaries). The maximum amplitude is sometimes extremely 
great. 
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Table 2 
Two-variaole polynomial fits of some of the 
thermodynamic properties of superheated steam 
(mean errors and maximum relative errors vs. 
the degree of the fitted polynomial equation) 

degree v(p,h) P(v,h) h(p,s) s(P,h) t(p,h) 

2 0.085 
25.1 

0.15 
19.3 

12.9 
3.2 

0.05 
4.9 

0.06 
0.3 

3 0.063 
17.0 

0.11 
1.2 

5.7 
1.4 

0.03 
3.8 

0.01 
0.04 

4 0.053 
4.9 

0.09 
3.4 

2.5 
0.6 

0.01 
1.9 

0.008 
0.03 

5 0.042 
2.3 

0.07 
2.8 

1.5 
0.3 

0.005 
0.6 

0.006 
0.02 

Note: the upper values refer to the mean errors, 
the lower ones to the absolute values of the 
maximum relative ([%]) errors 

The calculation of the properties at the two sides of the 
saturation line is based on two different two-variable fits 
and hence their results at the saturation line (which is 
their common boundary) are also different, and both values 
differ even from any one-variable approximation valid for 
this boundary line itself. But continuous results when 
crossing the saturation line would be of vital importance to 
provide the stable calculation of the expansion line. 
Accuracy can be increased only by decreasing the ranges yet 
still more errors are produced by the increasing number of 
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ranges (due to the discontinuities between the ranges). The 
slowest acceptable method ([20]) - with the supportably 
maximum data area - produced such dual results at the 
saturation line, which induced oscillation in the 
calculation. 
The process illustrated in Fig.5 also requires coherency. 
Coherency can by no means be provided: the parameters of, 
for example, pl(hl,vl) can never correspond to both values 
hl(pl,vl) and vl(pl,hl), as there are separate approximations 
for all three functions. Even far from the saturation line, 
the calculated values are so oscillating that a steady state 
of the models cannot be established. 

3.2.3 Experience Using Fits In Different Simulators 

We have constructed Full Scope and Basic Principles 
simulators, and we have examined the use of fits for these 
developments. The documents of the Full Scope Simulator are 
subjects to various contracts and consequently are not 
available. However, the reports and some descriptions of the 
Basic Principles Simulator are open (e.g. [21]). 
Our possibility of using fits depends on the two, 
fundamentally different concepts our simulation codes are 
based on: only a set of the measured data or a coherent 
system of all kinds of data is to ba calculated. 
Our full scope simulators enable requalification training for 
experienced operators, and the periodic relicensing 
examinations which are required of all operators. This full 
scope simulator is an exact replica of the control room of 
the power plant (and part-task trainers mimic only some parts 
of it). Hence their code has to evaluate all information 
shown on control panels, desks and consoles. The analogue 
values originate in measurements: pressures, temperatures, 
flows, levels, etc. These parameters are only outputs of the 
code, i.e. the shown "measurements" are not used anywhere 
else in the programme (but, certainly, most of their source 
data are used for subsequent calculations), therefore they 
can be based even on empirical formulas and/or can be 
filtered according to choice. 

Our basic principles simulators are used for the training of 
new operators, technicians and engineers learning first the 
general concept of a power plant. The major elements of 
these simulators include the trainee's console which 
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resembles a higrly-condensed control panel, an instructor's 
station which sets up and monitors the simulated operations, 
a high-speed scientific computer, and extensive computer 
programming to simulate plant operations and to control the 
trainee's console. This console contains the most important 
measurable data of the plant (a strictly selected subset of 
the measurements), and - to serve better the understanding of 
the basic principles - it is well advised to include a lot of 
data which cannot be measured: specific enthalpy and entropy 
data at significant points of the thermal cycle; relative 
levels of tanks, mechanical powers of engines; efficiency 
parameters of the main equipments, etc. The calculated 
parameters of this scheme are coupled to one another, the 
interdependence of these values calls for the proper 
evaluation of these data: the use of empirical formulas is 
not allowed, but to minimize execution time and memory-need, 
it is required to form a coherent system of parameters, 
including those data which cannot be measured. 

comparing these two fundamental concepts, the area of using 
iitting techniques can be defined. 
Our full scope code include simulation models of the 
technology (or those of its subsystems) which are solved 
several times in one time step to provide a successive 
approximation of internal parameters. Here the execution 
time is by far the most critical and the memory requirements 
of the steam functions can be minimized by choosing 
non-critical accuracy requirements and more or less 
acceptable validity ranges for the measured data which are 
outputs only. (Accuracy and range are determined by the 
scales of the analogue meters used in the control room.) This 
rough calculation is convenient in some cases but may have 
errors of 0.7...1.0% (corrected and filtered stepwise by 
special extra functions), and additional features are needed 
to lessen the severity of out-of-range cases in the real time 
simulator application. 

For our basic principle simulators, the straightforward 
solutions are practical (e.g. there is no successive 
approximation), hence coherent methods are needed with strict 
accuracy and continuity requirements over wide ranges (e.g. 
the saturation line may not be separated), therefore fitting 
techniques should be avoided. 
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3.3 Formulations For Industrial Use 

3.3.0. Simple Analytic Functions 

The design of power plants and the optimization of their 
thermal cycles called for the increasing use of digital 
computers in the early sixties. The complicated calculations 
necessitated the accurate and computerized calculation of the 
thermodynamic properties in the form of formulas convenient 
for industrial use (cf.[22]). 
Various functions were elaborated with different complexity 
and accuracy, based on previous results. First the 
saturation line was described in many ways: p'(t) was given 
by Osborne and Myers; h'(t) by Tratz, h"(t) by Traupel, etc. 
Binary forms were used to describe water and overheated 
steam: h(p,t) functions were defined for water by Tratz and 
Koch, and for steam by Mayinger, Koch, Traupel and others. 
Such forms for the specific entropy and specific heat were 
obtained by Mayinger, Koch and Schmidt (cf. e.g. [23]). 
Other simple, non-linear functions have been developed to 
provide an alternative to the use of linrar interpolation 
algorithms and complex transcendental equations, and some of 
them are well suited to be made into computer subprograms 
(cf. [24], [25], etc.). Since any given property could not 
be accurately defined ovor the entire pressure range with a 
single simple expression, the pressure range was partitioned 
into subranges. There are severe problems at low pressures 
(below 0.9 bar), and at low temperatures (below 90 C, or 
below saturation), applying different adjustment factors 
which help remedy these problems to some extent. In some 
cases the polynomials are expressed in a nested form, or the 
equations are oscillatory. But these approximation formulas 
are functions of the pressure and temperature, and any 
inverse calculation needs successive approximation. The 
errors are between 0.3 % and 5.8 % which is not accurate to 
reproduce inverse property values. 

Equations are considered to be consistent if the deviations 
of the values calculated by them do not exceed 0.2 kJ/kg for 
enthalpy. Convenient functions could not produce this 
accuracy. Methods of calculation with guaranteed agreement 
of all the properties involved fairly awkward calculations, 
especially for steam (some even had to be solved by 
successive approximation) . 
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3.3.2 Canonical Functions 

There was a need to choose one ready formulation or to 
elaborate a new one to be recognized internationally. For 
this purpose the sixth conference .New York, 1963) formed the 
International Formulation Committee (IFC). The result of its 
work (see [26]) is a set of equations and corresponds to the 
state of the knowledge in 1967. Notwithstanding that there 
are newer editions with slightly better equations and 
permitting even more correct calculation in the neighbourhood 
of the critical state, and these subsequent editions 
(e.g.[27]) take the place of the former versions, - even so 
this и1967 IFC Formulation" is the first completely r-liable 
system of functions: it comprises the whole area of the 
skeleton tables (valid in all regions), the results are 
within the tolerances (accurate for industrial use) and 
satisfy the known relationships among several parameters of 
state (thermodynamically consistent). 

Most of the practical functions are derived from the two 
so-called canonical (or characteristic) functions: the Gibbs 
and the Helmholtz functions. When the pressure (p) and 
temperature (t) are the independent variables, then the 
derived functions for specific volume, entropy, enthalpy, 
etc. may be derived directly by partial differentation of 
the Gibbs function: g=g(p,t), where g is the spcific free 
enthalpy. Choosing the specific volume (v) and temperature 
(t) as the independent variables, the functions for pressure, 
specific entropy, enthalpy, etc. may be derived directly by 
the partial differentation of the Helmholtz function: 
f=f(v,t), where f is the specific free energy. 

The 1967 IFC Formulation for Industrial Use serves as the 
common basis for the specification of steam plants in many 
countries. 
As for the validity and accuracy, the formulation describes 
the properties throughout the whole region (0.0 ... 1000.0 
bar and 0.01 ... 800.0 C), but the whole region is divided 
into six sub-regions (the derived functions and their primary 
constants are also defined according to this division). 
Practically perfect accuracy is maintained within the 
sub-regions, but there are small discontinuities at some 
boundaries between sub-regions and this draws attention to 
the need for caution when making certain calculations. 
It thus became desirable to develop a single algebraic 
equation in the entire region covered by the 1967 IFC 
Formulation. A new international working group was set up 
(International Association for the Properties of Steam, 
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IAPS). The result of their work is the "1984 IAPS 
Formulations" for the thermodynamic properties of ordinary 
and heavy water substances for scientific and general use 
(see [28] and [29]). However, this 1984 IAPS Formulation 
will not replace the 1967 IFC Formulation, and the 
international status of the 1967 IFC Formulation remains in 
effect and is unchanged (cf. [30]). 
The 1984 IAPS Formulation is based on a fundamental equation 
for the specific Helmholtz free energy only, it is defined in 
dimensionless form and as a function of temperature and 
density. This is valid for temperatures between 0 and 1000 С 
and pressures ranging from zero up to a maximum of 5000 bar 
at О С and up to 15000 bar at 150 С and above. A small 
region around the critical point is excepted. 

3.3.3 Thermodynamic Consistency, Complexity, Execution Time 

We can make a comparison between the methods described in 
Sections 3.3.1, and 3.3.2. 
With regard to our particular topic, the simple analytic 
functions are not accurate enough, and these are not 
consistent either. 
Both the 1967 IFC and the 1984 IAPS Formulations maintain the 
thermodynamic consistency by presenting the formulations in 
terms of the canonical functions. By means of thermodynamic 
relatione, the expressions for the derived functions can be 
obtained from the canonical functions. Derived functions are 
written in terms of the so-called reduced dimensionless 
quantities: p/p[cr], v/v[cr], h/(p[cr]*v[cr]), etc., where 
symbols p[cr], v[cr], etc. refer to constant quantities 
defined at the critical point. 
This formulation is complicated but the time-consuming table 
lookup techniques by linear interpolation with fixed 
breakpoint intervale of the stored data becomes unnecessary. 
In spite of the fact that there are sets of primary 
constants, the use of memory-occupying enormous skeleton 
tables is also superseded. 
Yet the 1967 IFC Formulations can be used only for the 
explicit calculations of v(p,t), h(p,t), s(p,t), because the 
expressions have the reduced pressure and temperature as 
independent variables. Hence, the inverse properties are 
generated slowly. 
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The 1984 IAPS Formulations are defined as functions of the 
reduced density and temperature, but there are explicit 
thermodynamic relations for all properties of interest. In 
our case, we have no need for the wide range of the 1984 IAPS 
Formulation, but the explicit methods and the unification of 
the sub-regions speed up the calculation. The number of the 
coefficients is reduced but the complexity of the equations 
is increased. As a result, the use of the 1984 IAPS 
Formulation leads to an apparently good solution: a 10 to 60 
% cut in the execution time - which is still too slow (this 
means a ca. 2 times faster solution, but the data generation 
should be 40 times faster). 

3.4 Hybrid Approaches 

3.4.1 Material Data Libraries 

To provide all combinations of the properties over the entire 
known range, a full set of water and steam properties is 
usually designed with error limits which are larger than both 
the limits of the source data and those of the floating point 
processor of the computer. These - so-called hybrid -
approaches are often built up from combinations of the 
polynomial and/or transcendental fitting methods and also 
employ internal iterations in order to meet minimum 
requirements. 
Computer codes have been developed and even improved to form 
material data libraries (e.g. [31] and [32] resp.). Others 
are based on the IFC formulas, and practical programmes have 
been elaborated by simplifying the original equations for 
limited range, which are useful for special tasks. However, 
most of these approaches produce divergences between the 
values which far exceed the permitted limit, and these 
convenient equations are not coherent either (cf. [33]). As 
for our problem, consistent data on a contiguous wet-dry 
steam range are not available in this way. 
There are hybrid routines for limited ranges which are based 
on the IAPS formulas, but these rely heavily on numerical 
techniques and contain a large number of constants. The 
result is complicated algorithms and slow computation time. 
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3.4.2 The "TABULA" Code And Two-dimensional Splines 

Because of the above-mentioned drawbacks, an appropriate 
solution cannot be based on material libraries or on simple 
fitting techniques. 
We have examined different hybrid approaches, and some 
results of this development are in use as a basis of some 
other methods as well. This succession of developments have 
steps based on the previous ones, and the applied "old" 
methods are used in a "new" way. 
(a) 
First, for off-line simulation tasks, there was a need to get 
coherent, reliable, accurate, continuous and 
range-independent property data (speed requirements were of 
minor importance, but memory-occupation was limited). 
Based on the IFC formulation, a thermodynamically consistent 
data generator computer code has been elaborated, which is 
valid in all regions and accurate for simulation purposes, 
using reduced dimensionless quantities (TABULA, see [34]). 
This provides even inverse calculations but internal 
successive approximation is also needed due to the fact that 
the independent variables are still the reduced pressure and 
temperature. The primary constants and the other data fields 
of this program require limited memory area. However, this 
compact code is somewhat computer-dependent: the necessary 
accuracy is achieved by defining variables and constants to 
be of double precision and the calculations need software 
emulation of the floating point processor on some computers. 
A data generator computer code based on the IAPS formulation 
was examined, as this approach is somewhat simpler and more 
direct, although this is not more accurate, and the faster 
solution is not a real advantage as this is used only 
off-line. 
(b) 
Next, for on-line simulation tasks, a fast approximation 
technique was required. Accuracy and validity had to be 
kept, therefore the next development was based on the data 
generated by the TABULA code. The properties are 
approximated by a two-dimensional spline technique, leading 
three times continuously differentiable surfaces. They are, 
thus, sufficiently "smooth" for simulation purposes. 
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The method is described in [3]. In brief it consists of two 
steps: an off-line and an on-line phase. In the off-line 
phase the input variables (the basic points) are generated by 
TABUIA, forming trapezoidal nets of triplets: (p,s,h), 
(h.p,v), etc., and using linear transformation, their 
solution determines the output variables (the supporting 
points) in forms of the same triplets. (As splines are 
evaluated from polynomial interpolation, the input data can 
be defined carefully: the values at the saturation line are 
always included as inputs to provide the best possible 
approximation.) The computational load of this phase is 
great, but the supporting net is to be calculated only once 
and off-line, prior to the first use of the on-line code. 
Then, the value of any function at any arbitrarily chosen 
point is located on this supporting net easily by the on-line 
code. 

Coherency is ensured by using the same "surface" of the 
Mollier diagram: the parameters of any binary property 
function correspond to those of its inverse forms: e.g. 
p(h,v), h(p,v) and v(p,h) are defined by the same (h,p,v) 
supporting net. Hence inverse calculation makes no 
difference either in accuracy or in tine. This needs a 
larger data area, but the speed is increased and the accuracy 
is maintained. With regard to any group of three properties, 
there is no discontinuity when crossing the saturation line 
as there is no such line - and there is no sub-region, no 
boundary, the whole large range is covered by one single 
surface. This on-line method is 10 times faster than the 
off-line code (TABULA). 

(c) 
Finally, for on-line simulation in real-time, the execution 
time necessary for property calculation had to be reduced 
very much. In order to keep the results obtained, there was 
a need for a further improvement of the same technique. 
We took part in the international research programme 
"Development of Common Modelling Approaches for Training 
Simulators for Nuclear Power Plants" of the International 
Atomic Energy Agency (cf. e.g. [21]). In this frame an 
important research work was carried out to minimize the time 
needed for the search and calculation of property data with 
minimized data area (see [35]). 
Based on these results, without using the parallel and 
vectorized calculation features of modern computers, we 
improved our previous spline technique to meet even the new, 
very strict speed requirements and hence provide a radical 
cut in the execution time ([36]). This special method is 
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described in the folloving chapter. We have to stress that 
here the spline technique is used in the off-line phase of 
the aethod, hence its speed is no aore iaportant. 
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4 SPECIAL METHOD 

4.1 The Concept 

The main concept is to utilize the speed advantages of linear 
interpolation by constant interval storage, but to retain the 
accuracy provided by our spline technique. 
The basic idea of such an approximation was derived from the 
Lilja-Juslin method ([35]), which was first modified by 
excluding ranges: there is no definition or search of actual 
inner regions or subregions, and the saturation lines mean no 
boundary zones, hence there is no need to check these 
boundary values either. It was then adapted to our unified 
data area and in the end it was coupled to our spline data 
generator, thus improved to form a fast and accurate system 
for calculating the properties of water and steam (DARTBOARD, 
[36]). 
The principle of this method is a modification of linear 
interpolation using varying step lengths with pointer tables 
for the breakpoint indices. These tables and their use are 
described in the following sections. 

4.2 Breakpoint Tables 

4.2.1 Generation Of Basic Data For Breakpoints 

The basis of linear interpolation is a set of data tables 
containing the accurate values of the relevant properties. 
The practical approach is to create a system of data tables 
defined by the same values, i.e. the table of h(p,s) should 
contain the same points as that of s(p,h). These points are 
the breakpoints used to form the breakpoint tables. 
The main problem lies in defining an optimum step length, to 
reduce the amount of stored data and to ensure the effective 
search during interpolation. 
The easiest way might be to choose a constant step length, 
which requires unnecessarily huge memory due to the 
nonlinearities. This should be avoided. 
We use short step lengths for nonlinear regions and longer 
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ones in the linear case, hence we get a compromise solution 
between the time and memory consuming methods. It is useful 
to define a common step length for the different data tables 
(e.g. for h(p,s) and s(p,h), etc.). 
The generation of breakpoints is an off-line process, so the 
method calculating the function values can be time consuming 
but it should be of good accuracy. The optimum distribution 
of the breakpoints is determined by the needed accuracy, the 
nonlinearity of the properties and the size of the defined 
two-dimensional data area. 
To provide the greatest possible accuracy, the breakpoint 
values are generated either by the TABULA code (for functions 
with arguments p and t) or by the two-dimensional spline 
approximation (for their inverse functions) with a step 
length as short as necessary. 
The task is to form breakpoint tables for oar unified data 
area without any indication of the saturation lines. These 
lines aj.e, however, boundaries within the TABULA code, when 
the basic data are generated for the breakpoints because the 
algorithms calculating the accurate function values change 
when the property values go through the saturation line. The 
saturated and the superheated regions are then concatenated. 

4.2.2 Acceptance Of Breakpoints 

The task is to build up a breakpoint table with optimum 
distribution of varying step lengths in both dimensions. 
One way to provide breakpoint tables can be to generate basic 
data with very short step length for the whole, unified data 
area; then the number of these values has to be minimized 
still keeping the specified accuracy and the unrequired 
points are to he discarded. This would call for superfluous 
data generation. 
A more convenient way is to calculate values while building 
up the breakpoint tables, using acceptance algorithms. 
Besides a maximum allowed error (defined by the specified 
accuracy), there is a minimum error as well to reduce the 
size of the breakpoint table. Acceptance algorithms (cf. 
[35], [36]) are used for checking each new value, ihether 
their error is less than the minimum needed error (and 
therefore this value is to be discarded and the step length 
is to be increased), or greater then the maximum allowed 
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error (and therefore this value is also to be discarded and 
the step length is to be decreased), or within these limits 
(and therefore this value is accepted as a new point of the 
breakpoint table). 
The ranges of the arguments should be given by the values of 
the property functions at the boundaries in the initial 
phase. Considering the less nonlinear argument to be 
constant at the boundaries of the data area, the other 
argument can be calculated by a separate function. 
For the first argument the given boundary values mean the 
first and the last curve on which the linear interpolation 
takes place. For practical reasons, to provide the actual 
parameter (z), the first argument (y) is the more linear 
parameter and the second (x) is the more nonlinear one. 
Starting from the lower boundary of the y-argument the 
one-dimensional interpolation proceeds along the first 
y-curve until the x-argument reaches its upper limit. After 
this the next y-argument is taken and the interpolation 
continues on the reference curve of these two y-curves, 
defining the new y-curve. The upper boundary is given in the 
initial phase. 
The acceptance of a certain breakpoint is taken for the 
arguments separately. First the y-value is kept constant and 
the x-values are generated and accepted. In the case of the 
second argument (x) the step length modification can be done 
in every step. However, a new first argument (y) can be 
chosen when the x-boundary is reached on the current y-line, 

' because the maximum error can be calculated this time. The 
possible reach of the boundary is checked in every x-step in 
the x-direction, and in every y-step in the y-direction. 
The acceptance of the breakpoints at the only, outside 
boundaries of the unified data area is done in a special way. 
Instead of sophisticated methods used for this purpose 
([35]), a relatively simple technique has proved useful 
([36]): when the boundary is reached or overstepped, then 
the exact function value is calculated on the boundary by the 
TABULA code and/or by the defined boundary values; - then 
this point is to be checked whether it is acceptable, or near 
the boundary a new point is to be found instead. 
The length of steps should be the multiplication of the 
shortest step length in order to use the index pointer 
tables. 
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4.2.3 Definition Of Unified Data Area 

For the simulator models the pressure was chosen to be the 
first argument (y) and the range p = 0.01...50.0 bar was 
used. 
The second argument depend« on the actual table. The lower 
x-boundary was given by the constant s « 5.85 kű/kg/K and the 
upper one by the constant h = 3400.0 kJ/kg. 
The required lower boundary value on a given y-curve (the 
first x) is determined by TABULA at the crossing of the 
y-curve and the boundary curve. 

4.3 Pointer Tables 

4.3.1 Index Pointers 
In the phase of on-line calculation the most time-critical 
activity is to find the proper breakpoints determining that 
part of the surface where the actual arguments are. 
Every breakpoint may have its own index and this is of help 
in facilitating the search: the manipulation of indices (and 
the values of the breakpoints at the corner points only) is 
faster than comparing and checking the values of all 
breakpoints. This is why index pointers are defined forming 
pointer tables. 

4.3.2 Fast Reaching Of Breakpoint Values 

If the breakpoints are stored with variable step lengths, 
index pointers have less benefit: only a very rough estimate 
may be done to start a binary search finding actual values by 
a continuous increase of indices with repeated comparison of 
breakpoint values. 
If the breakpoints are stored with a fixed step length, the 
tables are extremely large but the search is fast. 
The compromise is to store the breakpoints as multiples of 
their shortest necessary step length. The pointer tables are 
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also defined according to this step length. In the pointer 
table the indices of the breakpoints are stored as a function 
of an integer variable, which is the multiplication factor of 
the shortest step length in the given interval. This ensures 
the fastest search with acceptably minimized breakpoint- and 
pointer tables. 

4.4 Practical Aspects Of The Solution 

The method consists of two steps: an on-line and an off-line 
phase. 
In the off-line phase first the breakpoints to the desired 
property functions have to be defined separately. This 
process can require repeated generation to improve the 
breakpoint-distribution by modifying the accuracy demand or 
the initial step lengths. 
At the end a common step length should be defined for all 
property functions and the final breakpoint table with the 
defined step length is to be generated. 
The breakpoint- and the pointer tables are generated by the 
same program, and the tables are saved in the proper form. 
In the on-line phase the identification of the actual part of 
the suriaco is done by the solution of two simple equations, 
and the interpolation needs the solution of only some other 
equations. 
There is no need for the pretransformation or transformation 
of functions to get inverse values by inverse 
transformations. 
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5 CONCLUSIONS 

A special method (DARTBOARD) was elaborated in two steps: 
first the property data were accurately generated by the 
TABULA code, or a two-dimensional spline technique was used 
on a unified data area as a basis of breakpoint tables 
without any inside boundaries (e.g. saturation line); then 
index pointer tables are built up in a special arrangement 
(using the multiples of the shortest step length). This 
proved to be the best solution with minimized data storage 
needs. 

As for the accuracy and execution time, we present results as 
examples: the values of s(p,h) for p = 0.01, 0.1, 1.0, 10.0 
and 40.0 bar; and for h = 2000.0 — 3000.0 kJ/kg (by 200.0 
kJ/kg steps) are calculated in different ways. The results 
of the described special method of modified linear 
interpolation ГDARTBOARD) and those of the accurate method 
(TABULA) are compared, the differences (these are absolute 
errors) are given in Table 3. 

Table 3 
The differences (the absolute errors) between 
the accurate and the approximated calculation 
of s(p,h) for saturated and superheated steam 

h \ p 0.01 0.1 1.0 10.0 40.0 

2000 0.001 0.003 0.009 0.0001 0.0001 

2200 0.001 0.003 0.001 0.0001 0.0001 

2400 0.0002 0.006 0.001 0.0001 0.0001 

2600 0.002 0.003 0.001 0.0001 0.0001 

2800 0.001 0.005 0.003 0.0004 0.0005 

3000 0.003 0.004 0.0001 0.0025 0.0021 
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The interpolated values were calculated by means of a 
breakpoint table with 100 elements in p-direction, and with 5 
elements in average (14 elements maximum, 3 elements minimum) 
in h-direction. 
The absolute errors are less than 0.009 and their mean value 
is about 0.001 for the total range; the average is less than 
0.00025 for the important part of the enthalpy-entropy 
diagram (defined by expansion lines, e.g. cf. Fig.3). This 
accuracy is by far the best of all other approximations 
examined. 
Compare those results to those of Tables 1 and 2, where 
polynomial fits of s"(p) have absolute mean errors of 
0.03...0.04 (or a polynomial of degree 5 has 0.01), and 
two-variable fits of s(p,h) have wean errors of 0.03...0.05 
(or a polynomial of degree 5 has 0.005), so the errors cf the 
polynomial fits are five to fifty ciraes greater than those of 
the modified linear interpolatior. These and all other fits 
«;e slow and/or unacceptable/ oscillating and inconsistent. 
Of all other approaches examined, the requirements shown in 
Chapter 2 could be satisfied only by this special method: 
the large enthalpy-entropy range is covered as one, unified 
region (0.01 < p < 50.0 b/т, s > 5.05 kJ/kg/K and h < 3400.0 
kJ/kg, cf. Section 2.2); the solution assures "smooth", 
three times continuously differentiable surfaces (cf. 
Section 2.3); the errors fur coherency are less than 0.03% 
which is far below the advised limit of 0.05%, for this 
reason the allowed error for the Approximation would be 2% 
(cf. Section 2.4), but this method provides a maximum error 
of 0.9%, a mean value of ca. 0.1% for the total range, and 
an average of ca. o.o:;5% for the important range. 

These errors can be decreased further by larger breakpoint 
tables, but there is no need for better accuracy. Hence this 
table with 500 elements js satisfactory which means minimum 
number of constants (cf. Section 2.5). 
The most important condition of applicability is the rapid 
computation. The calculation time of one property value is 
about 0.4 ms on a MicroVAX, while to calculate the same value 
with spline technique takes 2 ms. The accurate value can be 
calculated by TABULA in 21.5 ms. This means a 50 times 
faster data generation, and we could not find any better 
method - but in cur practice there is no need for procedures 
with shorter calculation time. 
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To sum up the results for the special method (DARTBOARD) 
described in Chapter 4, the stability and proper accuracy are 
proved, the execution time is shorter than the minimum 
required, the computer memory demand is very low, this 
approach provides coherent and continuous data even when 
crossing the saturation line, and also enables the use of 
binary functions with their inverse forms. 
This special method provides fast and accurate calculation of 
the properties of water and steam, and vre use it with good 
results in different simulation codes. 
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