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UNIT 1

STUDY OF THERMODYNAMICAL PROPERTIES OF WORKING MEDIA AND THEIR ROLE IN POWER ENGINEERING

The history of the development of thermal power stations (the basis of centralized electric power and, in some coun​tries, centralized heat supply) has been based on utilizing steam as a working fluid. Despite the repeated attempts to introduce some other working fluids (such as mercury for high temperatures, or ammonia for low temperatures, etc.) and a number of suggestions being now under consideration, it is clearly seen that in the foreseeable future water steam will be used as the basis for the development for large power indystry. Even the use of combined cycles including direct utilization of the energy of combustion gases in the gas turbines or in MHD channels  at large power stations would not eli​minate the problems associated with steam turbines, since the​se plants are likely to provide for only a small portion of the total power generation, and will almost certainly be of a combined gan-steam turbine type. That is why, not only today but in the foreseeable future steam will serve as the basis of large power plants.

However, the dramatic changes in power generation situa​tion оver the last decade have led to a certain reconsideration of views both on the present status and future prospects for the development of the power industry. The sharp and ap​parently irreversible rise cf oil prices, the development of nuclear power industry, and more stringent pollution regula​tions make us estimate the prospects for the development of the world power industry and, first of all, in the developed countries, in another way.

At large power plants liquid fuel is being rapidly sup​planted and the future development of these plants is being increasingly displaced towards utilization of nuclear energy, coal and natural gas. Now, nuclear power plants characterized by high capital costs and low fuel component, related to the total cost of power produced, occupy naturally the base - load portion of the load curve of electrical energy, and, in some countries, in future, of thermal energy as well.

Coal-fired power plants are operated mainly in the cyc​ling regime, while fulfilling the base-load duty only in so​me regions where local coal is very cheap, or where the op​position to the construction of a nuclear power plants is strong.

Natural gas, which is expensive but economically most pure organic fuel, will be utilized mainly as a fuel at cogenerations thermoelectric plants located in cities. Besides, in the regions where the possibilities of covering the peak loads by thermoelectric stations or by hydroelectric pumped storage power plants are lacking, gas, or sometimes liquid fuel as well, will be utilized to cover the consumption of electrical or thermal energy.

A certain role can also be played in the future by power plants operated on non-traditional energy sources, although for large-scale power production, geothermal power stations solely seem to be promising in some most favorable, from the geological point of view, regions of young volcanism.

All these changes, partially realized in a number of countries, put new problems before power engineers. Firstly, high capital coats and low fuel component of modern nuclear power plants with water-cooled reactors (the ratio will beco​me still greater in future nuclear power plants with breeders) make a longer continuous operation of the components of nuc​lear power plants be a main task. Therefore, a higher relia​bility of all components of nuclear power plants is required, particularly because each outage of the plants lasts usually longer than that of conventional power plants, their repair is more costly, and the expenses related to the compensation for the unproduced energy are very high (especially if it is compensated by oil-gas units). Meanwhile, availability of today’s nuclear power plants is obviously insufficient, the world's average figure being about 60%; in some countries it is over 70%. It is important to note that outages are mainly caused not by the failure of nuclear or electrical components of nuclear power-plants but, as a rule, by malfunctioning of steam power equipment due to electrochemical corrosion of metals.

The operation of power plants using organic fuels, par​ticularly of oil-gas units which are operated under base-load, cycling or peak-load conditions, has become much more com​plicated. All this leads to more frequent outages and start-ups which are to consume little fuel (since even coal units ara started-up by using an expensive liquid or gaseous fuel) and are to be carried out very fast. But it should be taken into account that fast heating of massive parts causes significant thermal stresses leading to a so-called low-cycle fatigue, the danger of which is sharply increased for the metals in contact with corrosive medium. The transition to a cycling operation is most difficult for the units designed to operate under base-load conditions, particularly for the supercritical pressure units of 300-MW output and over, being operated in Russia and a great number of powerful units operating in other countries„

What is the aim of the research into water and steam properties from the viewpoint of needs of power engineering under such conditions?

As is known, over the past several decades, all calcula​tions related to the design, optimization, control and ope​ration of steam power plants have been based on the Inter​national Water and Steam Table compiled under the guidance of the IAPS and corrected from time to time. Presently, both thermodynamic and transport properties of ordinary and heavy water have been studied with an accuracy sufficient to satis​fy the needs of the power industry.

Although the data on the most difficult region, in the near ricinity of the critical point, are not complete, one should remember that the watersteam circuit of all power units being operated both under subcritical and supercritical pressure does not cross the region. Under these conditions, the designing of steam power units for electric power stations requires no higher accuracy of the tabular data on H2 O or D2 O. However, the requirements of modern power industry cannot be met by the tabular representation of data.

Broad automation of the designing, optimization, ope​ration and control of power units is impossible without the utilization of computers which are to be fed with data in the form of equations suitable for setting into programs.

The power industry has always demanded that feed water should be of high purity, particularly for supercritical pressure power units with once-through boilers and for nuclear power plants. Today, the feed water for the majority of large steam generators is, perhaps, a most pure substance produced in large quantities (3000 to 5000 tons/hour per power unit) by any branch of industry. Permissible concentrations of impurities (in ppb) do not affect the thermodynamic or trans​port characteristics of water and steam, and from this point of view such a water can be considered as absolutely pure H2 O or D2 O. However, a number of impurities (corrosion products especially) are so sparingly soluble in feed water that a concentration of the order of few tens of ppb, or even less, can exceed their solubility, and these impurities will be present in the solution partially as a solid phase. As the working fluid proceeds along the circuit, its enthalpy increases, and the solubility changes, usually decreases, that leads to additional precipitation of the solid phase. It should be noted that even in the substances with a positive temperature solubility coefficient, such as NaCl, the solubility will notably decrease with a considerable decrease of water density. For units operated under supercritical pressure conditions this takes place when passing the region of maximum heat ca​pacity, while for the subcritical conditions, this takes pla​ce when transiting into a vapour phase.

The solubility of some impurities in a high-pressure steam exceeds their usual content in feed water, and such impurities even in саsе of continuous evaporation, are brou​ght into steam in a dissolved state, forming no solid phase. However, when steam expands in a turbine and the solubility of any substance decreases with a decreased density, the precipitation of a solid phase occurs almost without exception. It has been shown long ago that the most part of the phase precipitated in the flow passes through the turbine ’’in tran​sit’’, but 10 to 15% of the phase crystallize on the turbine blades, thus forming solid crystalline deposits. But even very small deposits of the kind are able to affect significantly the economical operation of the turbine and even its output. If such depositions occur in the first stages of a high-pressure turbine, where specific volumes of steam, and, as a consequence, the flow sections of the turbine are small, then already several tens of  kgs of the deposits can seriously affect the performance of a several hundred-MW turbine. But such a turbine lets 10 to 15 million tons of steam pass through yearly and, consequently, the deposition of even a fraction of ppb is not permissible. In such condi​tions, it is very important to know the solubility of typical impurities over the entire range of the parameters of state characteristic for the operation of large power plants.

Unfortunately, these data are not yet complete, often odd and contradictory. Therefore, their systematisation and completion carried out during recent years under the guidance of the IAFS are of great importance. The data on the systems NaCI – Н2 O, NaOH – H2 O, and quartz – H2 O mark an important advance in this field. However, this is only the beginning, as, first of all, water contains dozens of various impurities and hundreds of compounds formed by these impurities, and, secondly, the basic studies performed by now embrace only monosolutions while feed water always contains a multitude of various impurities, and the behaviour of such polysolutions with a change of the parameters of state of the solvent has been studied insufficiently.

Besides the questions relative to solubility, the study of the electrochemical properties of high-purity water is of great importance.     


It has become evident that impurities even in very small amounts can considerably affect the magnitude of a number of electrochemical potentials accounting for the intensity of various types of corrosion of metals in contact with water.

Since electrochemical corrosion is the point of our interest, we should know that it is usually associated with the contact of constructional materials with a liquid phase. In principle, however, one may also speak about the super​critical fluid and even about subscritical highpressure steam, as such media, unlike gases which are far from the critical region, possesses a certain electrical conductivity.

It should be noted that the electrochemical phenomena which characterize the behaviour of an alloy being in con​tact with H2 O containing in a truly soluted state very small amounts of various impurities, have been studied insuffici​ently. It is clear, however, that all the processes of electrochemical corrosion are determined by a combination at properties of the metal and the medium contacting with it, and the stress under which the metal works.

This refers not only to purely corrosion processes but also to the development of fatigue phenomena in the presence of stresses variable in time.

For this reason, the laboratory studies of long-duration strength of metal designed to operate in electrically con​ductive medium should be carried on with exact simulation of this medium.

All above-said is concerned to a relatively simple case of one-phase state of the working fluid, when at any varia​tions of its раrameters the concentration of impurities in the bulk flow and in the boundary layer being in contact with metal remain practically the same. Much more complicated are the processes occurring at the two-phase state of the working fluid, when even a uniform distribution of any impurities between the two phases (liquid and vapour) can vary in very wide limits.

We know that the distribution coefficients of any impurity are a simple power function of the ratio of the densities of the two phases on the saturation line. They, naturally, are equal to unity at critical pressure, but rapidly diverge as the pressure decreases. For weak and, particularly, for strong electrolytes, the coefficient of distribution between steam and water rapidly decreases, while for gases such as ammonia, and, especially, carbon dioxide, and oxygen it rapidly increases with pressure decreasing. Already at pressures typical for steam generation in a nuclear power plant with water-cooled reactors, the ratio of equilibrium concentrations on the saturation line between water and steam for such aggressive impurities as NaCl or NaOH of the order of 105. This means that at an average concentration in the two-phase flow of the order of 10 mkg/kg the concentration of HaCl in the last droplets of water can attain one or even several g/kg. Practically, this concentration can be significantly higher, as vaporisa​tion of the remaining water in the steam generating channel proceeds very fast, and the salts entering the boundary layer of steam near the wall may not have enough time to mix with the bulk flow of steam. As a result, the concentra​tion in the steam being in contact with the remaining water will be much higher than that in the bulk steam flow, and, as a consequence, the salt concentration in the remaining water will be higher.

Certainly, in the cases when heat is transmitted to the heating surface from the medium in which temperature is but slightly higher than the boiling temperature on the low-pressure side (as, for example, in steam generators of nuclear power plants with water-cooled reactors), an increase in concentration cannot exceed the values at which boiling temperature of the solution will rise up to the temperature of the heating medium.

 Unfortunately, this limitation is not effective for most corrosive impurities, since even at small temperature differences typical for present-day nuclear power plants concentrations can exceed 10-15%, which is not permissible even in the case of highly corrosion-resistant alloys.
At the same time, equilibrium concentrations for certain gases, affecting strongly the corrosion process are by several orders of magnitude higher in the vapour phase than in the liquid phase. For this reason, in the portions of the system with very low water content, their equilibrium concentration in the liquid phase can be by 5-6 orders of magnitude lower than in the vapour phase, which in some cases can affect considerably the rate of corrosion.

On the whole, one can state that maintenance of a cer​tain concentration of one impurity or another in the bulk two-phase flow is obviously not sufficient to decide whether such mode of operation is permissible from the point of view of corrosion. One must know real concentrations in the liquid being in direct contact with metal, but they can dif​fer by several orders of magnitude from the concentration measured in the bulk flow.

It is in the liquid phase that concentration of some or other impurities is very important for electrochemical corrosion, but it can differ greatly from the mean concent​ration in the systems with very low water content. That is why, heat-mass exchange between the liquid being in contact with metal and the bulk flow in the regions of deep, nearly complete vaporization, is of particular importance. Such regions can occur either for the flow as a whole (for example, in once-through boilers or in the starting zone of the super​heater, where vaporization of the remaining moisture occurs) or for nearly stagnant individual zones (crevices, narrow gaps, thick layers of porous deposits) where almost complete vaporization proceeds, while the bulk flow is still having a high water content.

Mass transfer under such conditions has not been suf​ficiently studied, and in most cases does not lend itself to computation, which leads to the necessity of carrying out the experiment as close to real conditions as possible. Howe​ver, as these conditions are very varied, the volume of the required experiment is too large, particularly if we take into consideration the fact that a direct measurement of concentrations in the boiling boundary layer in the vicinity of the heating surface is the problem which has not been completely solved yet.

Recourse has to be made to long-term experiments based either on detecting the onset of precipitation of sparingly soluble salt indicator (the "salt method"), or on estimating the concentration from the corrosion rate.

For this reason, computational methods for determination of the concentration in the layer of the liquid near the wall must be actively developed, but this, first of all, requires knowledge of properties of not only diluted but also concent​rated, multicomponent solutions over the entire range of working parameters of steam power cycles.

Over the past several years many large turbines of 300 -500 to 1000 - 1300 - MVV output have been operated for long periods, and very often in the cycling regime. As a result, the forced outages of large turbines have become more frequent. Most often this happens due to failures resided in the region of the appearance of the first droplets of moisture, close to the so-called Wilson line. It seems that concentrated solutions can occur even in case of high purity steam in the above region, which displaces considerably when the electri​cal (or thermal in co-generation plants) load of the turbine is changed.

It can be easily accounted for thermodynamically, since this transition occurs at low pressures when the coefficient of distribution of salts between water and steam can attain a value of 109 or more. Since the pressure in the turbine decreased very rapidly, many of engineers believed that the transition of the impurities into water droplets lagged behind condensation of the steam itself, and that concentrated solu​tions could not be formed.

However, one should take into consideration the fact that if the bulk flow rate is really very high, the velocities in some regions of the steam circuit, for example, in the labyrinth packing between the stages, are much lower, and residence time is not so short. Moreover, at variable loads, temperatures of the metal surface, particularly of that of massive parts which are not in contact with the bulk flow, can be much lower than the temperature of steam on the design line of the J-S diagram.

As a consequence, a thin film of liquid can appear on the surface of metal, which due to long contact with steam can get saturated with its impurities up to high concentra​tions.

Of course, in reality, the matter stands in a much more complicated way, and a great deal of painstaking studies must be carried out, but the needs of practical life claim for it imperiously.

The outages of turbines are always long, particularly when a turbine is to be opened up and some parts are to be replaced.

A failure due to the breakage of blades, not to mention of the breakage of turbine disks during operation, can have disastrous effects. That is why, this problem, however compli​cated it may be, must be solved as soon as possible. But this will require again the basic foundation, i.e. thermodynamic characteristics of steam solutions, and, what is more, in the insufficiently studied area of low pressures.

Generally speaking, it should be mentioned that even conventional power engineering (which presently includes nuclear power plants also) requires a lot from fundamental sciences in the area which is being developed under the guidance of IAPS. But one should not forget such areas as geothermal power engineering, where one has to deal with complicated, unusual by their composition and often highly concentrated solutions.

On the whole, one can say that whereas the requirements of the power industry in the area of thermodynamics of pure water are mainly met, the research into thermodynamics of solutions is in its initial stage, and even if the work aimed at the setting up of the foundation, which is so necessary to further development of power engineering, will proceed very actively, it will require many years to achieve this goal.

New vocabluries.

thermal power station - тепловая энергетическая станция
centralized electric power - централизованное электроснабжение
centralized heat supply - централизованное теплоснабжение
combustion - горение
steam turbine - паровая турбина
pollution - загрязнение
fuel - топливо
nuclear energy - ядерная энергия
consumption - потребление, расход

breeder - аппаратура для воспроизводства ядерного топлива

outage - простой, остановка работы

availability - пригодность

research - исследование

property - свойство

accuracy - точность

vicinity - соседство, близость

requirement - требование

to be fed - питаться чем-либо

equation - уравнение

demand - требование, потребность

impurity - примесь

solubility - растворимость

precipitation - осаждение, осадок

deposit - отложение, отстой, осадок

distribution - распространение

water-cooled reactor - ректор, охлаждаемый водой

equilibrium - равновесие
steam - пар
transmition - передача
limitation - ограничение
corrosion-resistant alloy - сплав, устойчивый против коррозии
moisture - влажность, сырость, влага

computation - вычисление, выкладка, расчет

output - производительность, мощность, отдача, ёмкость

velocity - скорость, быстрота

blade - лезвие, лопасть
Unit 2

WHAT POWER INDUSTRY EXPECTS OF STEAM RESEARCH
 INTRODUCTION

Power industry and steam research have had a close relationship since the beginning of this century. In 1900 Callondar published the first thermodynamically consistent set of equations of state which formed the basis for steam tables and diagrams that were to be published later. The main users of these were the manufacturers of steam engines, turbines and boilers. For its part, the power industry initia​ted and supported measurements of properties of state, in line with the trend towards higher live steam temperatures and pressures. A characteristic feature of steam research from the very beginning has been the welldeveloped interna​tional cooperation that has been institutionalized since 1929 when the first Steam Conference was organised. At the last Steam Conference, held in Munich, B.J.White presen​ted a review of international cooperation since those days.

Despite repeated suggestions through the decades that other working media than water should be introduced, for example, liquid metal topping,processes, ammonia-based tailing processes, low-temperature processes involving chlorinated hydr​ocarbons and high-temperature processes with gases, water has held on to its dominant position as the prime medium in power plants.
We would not like to go any deeper into this topic, except to point out that because of the economic difficulties with which the Western manufacturers are confronted their interest in and therefore their willingness to finance the faculties of science such an strain research is limited, especially since there are no real technological breakthrou​ghs to be expected and progress is possible only in relati​vely small steps. But, on the other hand, because of the importance of the power industry and of the generation of electric power in power plants to the national economies, even small steps add up to major benefits. Therefore public sponsorship of this research continues to be justified and necessary.

KNOWLEDGE OF THE BEHAVIOR OF STATE
In general terms, anybody who needs to know the proper​ties of H2 O (or D2 O) to be able to solve his technical problems expects that knowledge of those properties exists and is accessible. Of significance to the work of the IAPS these properties are the parameters of thermodynamic equilib​rium, the transport properties, and the other physical properties such as surface tension, refractive index, and electric conductance. For ten years now, the properties of weak solutions, in particular the feedwater in steam power plants, have also been part of the field of work of the IAPS, it is a question of importance to the IAPS whether, in the light of a certain degree of saturation having been reached in knowledge on the properties of pure water, the field of work of the IAPS should not be selectively extended to cover the media with which thermal processes really work.

The typical calculations problems and those most frequent​ly encountered in the field of power technology and for which the properties of water and steam must be known are listed in the Table. These are the classical problem of the calculation of the power cycle and оf the steam turbine, the thermal and flow-hydraulics design of steam generators, preheaters, condensers and other heat exchangers, as well as the calcula​tion of steady-state and transient flow processes, and, as a feature peculiar to hydraulic flow machines, the determination of their efficiency by temperature measurements with the aid of the thermodynamic method.

INTERNATIONAL AGREEMENT AND STANDARDIZATION OF TABLES AND EQUATIONS

A planning engineer who requires properties of state or equations of state for his work would be overwhelmed by an unmanageable volume of literature, if he were to undertake a detailed literature search. In recent years and decades, the engineer has been relieved of the need to search for the latest status of knowledge on the important properties by national engineers associations which updated the national editions of their steam tables at regular intervals. A major degree of internationalization has been achieved by the international agreement of equations of state, starting with the “1967 IPC Formulation for Industrial Use”, and with the international steam table “Properties of Water and Steam in SI Units”.

For those who are not familiar with the work of the IAPS it might be difficult to get to know the latest status of the IAPS agreements as the state of the art. It would therefore be helpful to keep a continuously updated compila​tion of the latest valid equations, skeleton tables and steam tables at hand in the IAPS Secretariat and to take each chan​ge as an opportunity to publicise the existence of this col​lection in the pertinent journals.

The international agreements on equations and tables not only relieve the users of having to search for the state of the art, they also prescribe the latest valid values for the properties of water and steam in a manner which makes them binding for commercial and legal purposes. This is of importance to all calculations:

-
that form the basis of proof of fulfillment of warranties (in particular of efficiency and outputs), and

-
that serve аs proof of safety for the purposes of licensing procedures.

The international agreements concluded within the IAPS and which have the status of international standards are a very important outcome of the activities of the IAPS.

It is all the more unfortunate when other international organizations, too, attempt to standardize properties of state of H2 O, as the International Electrotechnical Commission (IEC) has done in its standard on «Thermodynamic method for measuring the efficiency of hydraulic machines».
MORE ACCURATE KNOWLEDGE OF THE PROPERTIES OF STATE IN SPECIFIC REGIONS OF STATE
The properties of state in those regions in which the cycles of steam power plants operate are known relatively accurately. Comprehensive measurements are available in these regions. The equations of state fitted to these measu​rements are correspondingly accurate, so that it it true to say today that the accuracy of the 1967 IFC Formulation used for these purposes is still adequate for the design of the thermal cycle of steam power plants of all kinds.

This cannot be said of the situation in the pressurized water region at low temperatures (up to about 30°C), which is of importance especially in the thermodynamic method of determining the efficiency of hydraulic machines like water turbines and pumps. This method is based on direct determinations of the enthalpy of the water as obtained from temperature measurement made upstream and downstream of the flow machine. The property of state known as the ”isothermal factor” can be used in the evalua​tion of the measurements.

Accordingly, discrepancies are also obtained in the derived property isothermal factor. Since the isothermal factor goes into the calculation of the efficiency as a linear term, use of the values from the 1967 IFC Formu​lation would yield errors that lie in the order of magnitude of the overall accuracy of measurement. The values establis​hed by the International Electrotechnical Commission (IEC) are matched to the equations of Herbst and Rogener.

Relatively high temperatures of 1000 to 2000°C at pressu​res of up to 50 bar are attained in coal gasification proces​ses and when water is injected into firing systems and com​bustion chambers to reduce the formation of NOx. On the other hand, the properties of state of the water vapor are required only in approximate terms for the calculation of these processes, since major inaccuracies in calculation are involved anyway, because of inadequate knowledge of reaction kinetics, the resulting reaction products, and of diffusion and heat exchange processes.

Extreme steam conditions arise during the hypothetical core meltdown of light water reactors. In the event of serious loss of coolant accidents, the reactor core can melt. The melt falls into the residual water in the reactor pressure vessel, causing film boiling on the surface of the melt particles. The steam film may completely break down abruptly increasing the heat input into the water and causing a cor​responding pressure build-up. The pressure build-up in turn causes a further, breakdown of steam films, resulting in a so-called “steam explosion”. This may involve local tempera​tures of up to 2400°C and pressures of up to 2000 bar or even higher.

Knowledge of the properties of state of water in this region is essential to the calculation of the steam explosion. Since the calculation must be performed in very small time steps and volume elements, it is necessary to determine the parameters of state with extremely short computing times. No great requirements are made as regards the accuracy of the equation, as the surface area, of the melt particles, which is the main factor influencing the heat flux, is itself known only inaccurately.

In the course of rapid changes of state beyond the satu​ration line, a medium enters into the metastable state for a certain period of time. For many processes that have to be taken into consideration in power plant engineering the beha​viour of the water substance in the metastable condition is of importance, in particular the time delay up to the establis​hment of stable thermodynamic equilibrium or the degrees of superheating of the liquid or subcooling of the steam. Problems of this nature occur, for instance, in the case of:

- flashing processes caused by the rupture of pressure -retaining boundaries or as a result of water flowing out into vessels in which the pressure is lower than the saturation рressurе,

- condensation processes аs a result of pressure waves in steamfilled spaces or as a result of steam flowing out into pipes or vessels the surface temperature of which is lower than the saturation temperature (condensation shock),

- wet-steam flows in turbine blading stages, and

- cavitation processes.

In order to be able to calculate the pressure peaks occurring in the event of non-steady-state processes of this nature involving change of phase or to be able to deter​mine the point at which condensate droplets are formed or liquid droplets are completely vaporized, it is essential to know how long the medium remains in the metastable condition.

Unfortunately, this time delay depends not only on the nature of the change of state but also on a number of other conditions. These include:

- the flow conditions, and

- the presence of boiling or condensation nuclei in the form of surface influences or of solid or gaseous dispersities in the medium undergoing the change of phase.

In real-life situations, these conditions are sо manifold, that, exact definition is almost impossible, which makes it very difficult to compare measurements of this kind. Probably the only way to obtain serviceable bases for calculation is to determine regions in which, under real-life conditions, the time delay, or the attainable degrees of superheating or subcooling, can be expected to lie. At any rate, it is not sufficient to investigate merely the pure water substance under defined thermodynamic conditions, but rather consideration must be given to real media under real conditions, which, up to now, has not been part of the declared field of work of the IAPS. Because of the major practical importance of the phenomena occurring in the metastable regime, however, serious consideration should be given to extending the field of work to cover that regime. 

A further extension of the field of work of the IAPS as defined at present would be to deal with aqueous media with higher proportions of dissolved substances than the weak solutions  that have been the subject matter of Working Group 4 so far. Working Group 4 is concerned with the feed-water of steam power plants in which it is, above all, the dissolved fractions of NaCl, NaOH, NaSO4, SiO2 and iron oxides and other metal oxides that are of great interest because of the problems they can cause with respect to 

- deposits,

- corrosion, and

- the radioactivation of corrosion products.

Concentrated solutions, too, play an important part in power plant engineering, for instance, in flue gas cleaning systems, seawater desalination plants, which are operated in large units as a rule in combination with power plants, and in geothermal power plants, in which the aqueous medium normally exhibits high proportions of dissolved minerals and gases.

In the case of seawater, the dissolved “sea salt” can be regarded as one component and thus the seawater as a binary solution. A procedure for calculating the enthalpy and entropy of seawater has recently been published by Slesarenko and Stym.

The calculation of the properties of geothermal media is more complicated because of the wide variety of dissolved constituents present and because of the normally high dis​solved gas content. The gases are predominantly CO2 H2 S, N2, NH3 and CH4, the minerals are mainly chlorides, fluorides, sulfates, bicarbonates and SiO2. As geothermal power will in the future probably be the only regenerative source of energy besides hydropower to be of any major significance, the sys​tematic investigation of the properties of geothermal aqueous solutions by an international organization such as IAPS would be a very useful venture.

FURTHER INTERNATIONAL AGREEMENTS

The existing international agreements within the framework of the IAPS on skeleton tables and equations for equilibrium and transport properties already represent a very high status.

Nevertheless, new agreements are necessary for the skeleton tables and equations of state for heavy water, since it can be assumed that use of heavy water in natural uranium reactors will continue in the future.

Further new agreements would be useful for the conditions at high temperatures and pressures, and also for cold water, for which the existing IEC recommendations should be checked by the IAPS and either adopted or revised.

As regards the existing agreements, the 1968 IFC Formu​lation should be replaced as, а formula for scientific use. The existing skeleton tables should be revised where there are never measurements to justify this and should be extended to cover higher temperatures and pressures.

The 1967 IFC formulation for Industrial Use still stands up to the demands of the power industry. Of course, a coresponding formulation today could, thanks to the tremendous progress that has been made in calculation and approximation techniques since the sixties, be presented in a simpler form with shorter computing time and avoiding a number of minor blemishes, for instance differences at the boundaries between the regions, inaccuracies in the density peak in the water region, and waviness in the case of derived properties. It is doubtful, however, whether the costs that would be entailed by having to convert all the computer programs at present in use at large number of companies could be justified by the improvements to be anticipated, especially since the cost factor of «computer time» is becoming more and more insigni​ficant by comparison with the personnel costs involved in software changes. Should the IAPS nevertheless decide to take upon itself the long-term task of replacing the 1967 IFC Formulation, it would have to dovelop not only a new Formula​tion, but also the iteration and starting value procedures necessary for the calculation of cycles, if it is to make  a changeover acceptable to the power industry at all.

IMPROVEMENT OF MANAGEABILITY OF EQUATIONS OF STATE DENSITY

Until the computer makes its breakhrough, the equations of state were used above all to calculate the steam tables and the associated diagrams.

Nowadays, practically every engineer has access to elec​tronic computing facilities, with the result that tables and diagrams has largely receded into the background on work aids. Depending on the task in hand and the computer hardware available, a wide variety of computer codes may be used.

For many calculations it is not necessary to know the properties of state with the ultimate of accuracy, so attention is focused on the manageability of the equations of state on small computers, too. Manageability is governed not only by the complexity of the equation and by the computer storage capacity required but also by the form of the equation with respect to the independent variables. In most cases, these are pressure and temperature, since these parameters are the easiest to measure. But frequently other variables are given in the calculation problems, for instance pressure and entha​lpy for the calculational design of steam generators or den​sity and internal energy in continuum mechanics programs such as are used to calculate outflow and rupture vrents. In these programs, which calculate with very short time intervals and very small volume elements and which therefore may in many cases call up the equation of state millions of times in the course of one single computer run, the decisive factor is to be able to calculate the properties of state in an extre​mely short computer time. In the interests of speedy calcula​tion, the user is often willing to accept some loss of accura​cy, although this loss should not be too serious.

Of course, the IAPS cannot bе expected to develop sui​table equations of state for all practical applications, but it would be a very useful task to systematically collect the multitude of “minor” equations and approximation equa​tions that have been published, in order to arrive at an IAPS-recommended selection of equations that would be suitable for all applications for which an international standard such as the Formulation of Industrial Use or for which the high accuracy of the Formulation for Scientific Use is not required.

A wide field of employment for “minor” equations of this kind in the future will be “intelligent” control systems which use microprocessors and programmed mathematical models to predict technological sequences and to adapt the control actions to the anticipated sequences.

The main field of application for equations of state for water and steam in the power industry continues to be the thermodynamic design of the power cycle and of the steam turbine, for which at present the 1967 IFC Formulation is used. This formulation has been in use for about 15 years in the related computer codes to calculate density, enthalpy and entropy. Use of the formulation presents hardly any problems; the only possible improvement in which industry can be strongly interested in is the shortening of the computer time required. In the codes used for optimization of the power cycle, up to 80% of the computer time required is accounted for by computation of the properties of state.

Potential for shortening the time required for computa​tion lies in avoiding iteration by:

- use of reversed functions, matched to the IFC Formula​tion, or by

- storage of table values as a function of the corres​ponding independent variables and interpolation.

Both methods are used in practice. The reversed functions entail the disadvantage that a significant error by comparison with the original formulation must be accepted.

A systematic study for the rapid calculation of the pro​perties of state as required for power cycle calculations would be useful.

PROSPECTS

The power plant technology is a relatively old and thus relatively established technology. In connection with the present economical difficulties and the problems of finan​cing long-term development projects certain pessimism tends to arise concerning research and development. Let's not get contaminated. Technologies of windmills or steam engines, too, were well established once. New generations of power pla​nts are to come provided with HTR, breeder reactors, integ​rated coal gasification plants and gas turbines as well as with much further developed systems of combustion and flue gas cleaning. Nuclear reactors will be used not only for generating electricity, but also for generating heat for a great variety of processes ranging from coal gasification and liquefaction to steam injection for enhanced oil recovery. Water and aqueous solutions will play an important role in all the new processes, too, so that the work of the IAPS will still be needed in the future, but naturally under changing conditions.

New vocabluries

power industry - энергетическая промышленность
steam research - иссследования пара
equation of state - уравнение состояния

engine - двигатель, мотор

pressure - давление

liquid metal - жидкий метал

chlorinated hydrocarbon - хлорированный углеводород

tension - упругость, давление (пара)

refractive index - индекс преломления

conductance - проводимость

feedwater - питающая вода

saturation - насыщенность

preheater - нагреватель

steady-state - стационарный

outcome - результат

International Electrotechnical Commission (IEC) - международная электротехническая коммисия
pump - насос
enthalpy - теплосодержание
isothermal factor - изотермический фактор
gasification - газификация, превращение в газ

firing system - система отопления

coolant - смазочно-охлаждающая эмульсия

breakdown - поломка

flux - поток

cavitation - кавитация

manifold - трубопровод, коллектор

flue gas cleaning system - система очистки газового дымохода

desalination - опреснение

entropy – энтропия
UNIT 3

PROPOSAL OF THE NEW SKELETON TABLES FOR THE THERMODYNAMIC PROPERTIES OF WATER AND STEAM

INTRODUCTION

We all know that the skeleton tables have traditionally played an essential role for impoving our knowledge on the thermodynamic properties of water throughout a long history of international cooperation within the steam properties research community currently being active as the IAPS. Even though considering the modern world with fast and large-scale computers, we can still stress the importance of the skeleton tables from various aspects. The necessity for establishing the skeleton tables may be summarized with the following reasons: (i) they would be very useful for many scientists and engineers to understand the current state-of-arts in a condensed compilation of the experimental data, (ii) they would become a get of criteria for examining easily the proposed equations of state and correlations, (iii) they would be a good basis to develop any representations on the thermophysical properties of fluids of interest for most of the correlators. In addition, especially in case of water, there exists a set of skeleton tables on the thermodynamic properties which, are being used widely. This current Inter​national Skeleton Tables established in 1963 (IST-63). More precisely, the increase of the reliab​le experimental PVT property data since 1963 is recognised specifically in the compresses liquid states, in a single phase region with higher pressures above 100 MPa and also in the region near the critical point. As discusses in our previous paper, more than eighty percent of the experi​mental data used in the present study have been published after the establishment of the currently-existing IST-63.

 On the other hand, it is also noteworthy that the IAPS has recently revised the critical constants of water substan​ces which are significantly different from those given in the IST-63. The fact that the old IPTS-48 temperature scale was used in the IST-63 is another demand to revise the existing International Skeleton Tables.

These are the principal backgrounds of the present paper and we report here a set of skeleton tables of the fundamental thermodynamic properties of water not only for a single phase region but also for the saturated states. Those for a single phase region are соmposed of tables for specific volume and specific enthalpy for the range of temperatures up to 1073 К and рessures up to 1 GPa, whereas those for the saturated states include the similar tables including vapor pressures, specific volume and specific enthalpy. It is needless to mention that all of the proposed skeleton tables are accompanied by the tolerances which have been determined based upon the evaluation of the available information.

DATA PROCESSIHG

Detailed data surveys on the equilibrium properties of water substance were prepared by Straub and Rosner in 1976 and by one of the present authors in 1974. About 12,000 PVT data and 5,000 caloric data have been reported from 1890 up to the present. The Working Group I (WG-I) of IAPS- has classified them with the ratings “A” to “D” in 1976. 

A preliminarity-screened set of data given with the ratings “A” to “С” is composed of 10,673 measured PVT pro​perty data points reported in 43 literatures. They were com​piled by Straub and Rosner in 1977 as an “International Input” for establishing the new International Skeleton Tables of specific volume as a result of agreement of the WG-1. Among them, 4,665 measured data (reported in 23 literatures) with the ratirg “A” and additional 2,120 data (reported in 6 literatures) for higher pressures with the rating “B” are selected as a data source in the present study. These data have also been examined carefully with respect to their relia​bilities and then a draft skeleton table of specific volume has been proposed by the present authors after processing them with an aid of the statistical numerical analysis proposed previously.

Simultaneously Straub and Rosner processed the same data source, as we used and got another draft skeleton table which was also automatically derived from the measured data by a different method. Both skeleton tables have some slight discrepancies among the proposed property values reflecting the existing scatter of the measured data.

The present skeleton tables are compiled by the careful headling to smooth the values of two alternative draft skeleton tables. Associated tolerances for the table values are determined so as to include most of the data points with the ratings “A”.

Very limited 618 measured data with the rating “A” are available in 9 literatures for the specific enthalpy in the range of temperatures up to 983 К and pressures up to 100 MPa. In order to establish a skeleton table of the specific enthalpy, the existing equations of state have been examined with the skeleton table values of specific volume obtained in this work. The equation of state developed by Pollak in 1974 (Pollak-74), two different equations (EQL, EQH) developed by the present authors in 1981, and the Provisional IAPS Formulation 1982 for Thermodynamic Properties of Ordinary Water Substance for Scientific and General Use (IAPS-82) are selected. These four equations reproduce the specific volume surface within the tolerances obtained in this work for their effective range of the state parameters. Careful comparison of these four equations with isobaric and isochoric specific heat data and speed of sound data has been also performed to test the reliabilities of them. As a result, it was confirmed that these four equations represent thermodynamic property values with good agreement except in the high pressure region near the 273 К isotherm. The discre​pancies along the 273 К isotherm among four equations are 0.012% at 100 MPa, 0,27% at 200 MPa, 1,0% at 300 MPa, and 1,5% at 500 MPa for specific volume, 0,7% at 100 MPa, 9% at 200 MPa, 20% at 300 MPa for speed of sound, and 2,8% at 100 MPa, 7% at 200 MPa, 15% at 300 MPa for isobaric specific heat, which (discrepancies) affect the enthalpy values by 0,7% at 100 MPa, 0,3% at 200 MPa, and 2,2% at 300 MPa, respectively. So the values for pressures above 100 MPa along the 273 К iso​therm are eliminated from the present skeleton tables.

The skeleton table values of specific enthalpy are obtained as the arithmetic mean of derivatives from four equations with minor subbjective processing to smoothen adjacent values. The tolerances for pressures below 100 MPa have been determined taking into consideration the agreement of the table values with the measured data of enthalpy and isobaric specific heat, whereas those for pressures above 100 MPa are determined so as to include the calculated enthalpy values due to four equations.

As for the thermodynamic properties along the saturation line, the data sets are available for the vapor pressure, density and enthalpy of the saturated water, and the latent heat of vaporization which cover the whole range from the triple point to the critical point. Most of these experimental data have been published after the establishment of the IST-63 except those obtained by Osborne et al. in 1937 and 1939.

Three correlations for vapor pressure, density of saturated water, abd latent heat are developed in this study. The skeleton table of the thermodynamic properties for the saturated water and steam is calculated from these three correlations and the EQL.

New vocabluries

proposal – предположение, план
skeleton table – основная таблица 

current – текущий, ток, поток 

condensed compilation – конденсированная компиляция

correlation – взаимосвязь

critical point – критическая точка

survey – обзор

PVT-properties – свойства: давление, обьём, температура

input – подводимая мощность

rating – отнесенный к какому-либо классу 

tolerance – допуск
surface – поверхность
isobaric - изобара 

discrepancy - расхождение 

eatent - скрытый
triple point – тройная точка
Unit 4

EXPERIMENTAL STUDY OF THE PVT RELATIONSHIP OF WATER IN RANGE OF TEMPERATURES UP TO 400 K

ABSTRACT

The measurements of the PVT relationship for water have been preliminary conducted in the range of temperatures up to 400 К and pressures up to 17 MPa, with the use of a con​stant volume PVТ apparatus of approximately 270 cm3 as its inner volume. The uncertainty of the measured density is possibly estimated to be less than 50 ppm including all kinds of errors unit. And also, equations of state for water, such as the IFC Formulation for Industrial Use (IFC- 67) and the Provisional IAPS Formulation 1982 for Scienti​fic and General Use (HGK), were compared with respect to the derivative values near the 1осus of density maxima.

INTRODUCTION

The anomalous properties of water are responsible for several curious phenomena in such regions as the vicinity of the critical point, the locus of density maxima and the fusion line. In these regions, in order to investigate the PVT relationships for water experimentally, a constant volume PVT apparatus have been set up, and the preliminary experimental results were represented at the 9 the ICPS. Since that time, this apparatus have been further improved for extending the applicable region to the higher temperature one. In this paper, therefore, the new preliminary experimental results of PVT relationships for water were presented for the range of temperatures up to 400 К and pressures up to 17 MPa within the estimated uncertainty of 50 ppm.

Moreover, along the locus ot density maxima, the isobaric specific heat capacity is theoretically equal to the isochoric specific heat capacity, and then the velocity of sound is also equal to 
[image: image1.wmf]g

 (3p/3p)t.  Therefore, with respect to these relations, the equations of state for water, the IFC Formulation for Industrial Use (IFC-67) and the Provisio​nal IAPS Formulation 1982 for Scientific and General Use (HGK), were compared with the experimental data near the locus of density maxima.

NEW FORMULATION OF THE FLUID STATE PROPERTIES APPLIED TO PVT-DATA OF H2 O

The thermal behavior of a pure substance is characterized by curved surfaces in the 3-dimensional space due to f(pT)=0. Thermodynamic considerations yielded the result that - if two suitable coordinates were available – a complete description of the PVT – behavior could be given by a single “curve of state”.Looking for suitable coordinates the entropy becomes an extremely important property as it is a measure of the disorder of a fluid. From this we derive quasi-entropy which does not describe completely the disorder of fluid. But the quasi-entropy can be used satisfactorily as one of the desired coordinates for the curve of state.

A SURVEY OF HIGH ACCURACY ABSOLUTE DENSITY MEASUREMENTS
abstract

Absolute density measurements made at about 1 ppm level in the past are reviewed briefly, and problems with those measurements are pointed out. A short description of some of the recent efforts to improve the present situation is also given.

INTRODUCTION

Measurements of density or volume at ppm accuracy level are generally made by comparison with some standard substances such as water, mercury, etc. The densities of such standard substances are determined by a few elaborate absolute measurements. Such measurements made in the past are rather few in number, and include;

1 density of water at BIPM (1910), 

2 density of mercury at NPL (1957),

3 density of mercury at BSMTP (1973), and

4 density of silicon  single crystal at NBS (1974).

In this paper, we describe, a brief review of the above measurements. This paper is intended to present the background to the absolute determination of density of water made at National Research Laboratory of Metrology, which in described in the companion paper in this issue.

DENSITY OF WATER

Various tables concerning density of pure water, free of dissolved gases under 1 atmospheric pressure carry two kinds of information determined separately, i. e. thermal expansion of water (relative density d=p>/pmax аs a function of temperature) and absolute density in terms  of kg/m3 (pmax, for instance). There are problems with both of these currently in uses.

ABSOLUTE DENSITY

 The absolute value now in use was determined at the International Bureau of Weight and Measures by C.E.Guillaume, P.Chappuis, and J.Mace de Lepinay, J.H.Buisson, J.R.Benoit over a period of 1895-1905. The measu​rements were made by hydrostatic weighing. 

Guillaume used metal cylinders as sinkers and determined the volume by contact method (mechanical measurement). The measurement by Chappuis and by Mace de Lepinay et al. emplo​yed glass cubes and the volumetric measurement was made by optical interferometry. The results were reviewed by C.E. Guillaume in 1927 and the value 999.972 kg/m3 was adopted as the density of water at 4°C under 1 atmospheric pressure. This value has been widely used as one of the most accurate standards for density and volume since then. 

It was unfortunate, however, that the measurements turned out to be insufficient because they were made before the discovery of isotopes. Isotopic composition was found to affect the density of water at ppm level. Chemically pure water samples prepared from fresh water and sea water, for instance, show a density difference of about 1,5 to 2,0 ppm, typically, if the purification process does not affect the isotopic composition. The uncertainty thus introduced to the current value, together with the measurement errors, has been estimated to be +/- 4 ppm which in not small enough to meet today’s most critical demands.

In order to describe the density of water with an accuracy of ppm level, the absolute isotopic composition has to be specified with sufficient accuracy. However, an absolute measurement of isotopic abundance is not an easy task, while a comparison can be made very sensitively. This situation made geologists and oceanographers interested in isotopic analysis of natural water to define Standard Mean Ocean Water (SM0W) and describe the isotopic composition of an arbitrary sample in terms of deviation from SMOW.

The SMOW used to be defined by NBS’s standard reference sample NBS-1, and distributed among mass spectroscopists to calibrate their instruments. A synthesized SMOW is now being distributed by IAEA.

G.Girard and M.Menache used SMOW as an isotopic standard for specifying density of water, and measured the isotopic composition of BIPM's water distilled twice in a hope that they can convert the current value to that of SMOW. 

THERMAL EXPANSION

The thermal expansion tables currently in use below 40°C are all based on the two basic measurements carried out by P.Chappuis and Thiesen et al. at the beginning of this century. The problems with these measurements are two folds:

- the disagreement between the two measurements, both of which claim about 1 ppm accuracy, amounts to more than 6 ppm at 25°C, and 8 ppm at 40°C; 

- the temperature scale used for these measurements is Echelle Normale which is based on hydrogen scale; there is a disagreement among authors as to whether it is equivalent to IPTS-48 or IPTS-68.

These situations make the density of water near room temperature still more unreliable.

There have been afforts to give more reliable values from the two basic tables by taking into account various considerations. Various versions of such tables have been published. Excellent reviews of such efforts are given in references.  But the very fact that there is no unanimous agreement on which are the best shows that what are really needed now is new observations.

DENSITY OF OTHER SUBSTANCES

MERCURY

A.H.Cook et al. at National Physical Laboratory (England) measured density of mercury for use in their standard barometer. The measurement are made by two independent methods, hydrostatic weighing and pycnometry. The results agreed to within 1 ppm.

M.Furtig of the Buraeu of Standardization, Metrolo​gy and Products Testing (GDR) redetermined the density of mercury by hydrostatic weighing in 1973. His value was lower than the NPL value by 3 ppm.

The problem with mercury, if it is intended to be used as density standard, would be that the isotopic composition is hard to measure with an accuracy needed to define the density within 1 ppm due to lack of such facilities. Another problem would be that it is rather sensitive to impurities because of its higher density compared to those of most other substances.

The purpose of the above two measurements was not to establish a universal density standard, but to solve a well defined problem, calibration of standard barometers, in which a knowledge of density with an аccuracy of 1 ppm is required for a particular sample of mercury instead of mercury in general.

SILICON SINGLE CRYSTALS

H.A.Bowman, R.M.Schoonover and C.L.Carroll of NBS measured density of silicon single crystals for use as density standards. Another purpose of the measurement was the determination of Avogadro number. They transferred volumetric information of four steel balls to four silicon single crystals by comparative hydrostatic weighings in fluorocapbon liquid. The determination was made within an accuracy of 1 ppm.

Since the density of silicon crystal differs from sample to sample, probably due to the difference in isotopic composition, the density value was assigned to each particular crystal.

The authors of Ref. are of the opinion that the most accurate density standards should be supplied by solid objects which, unlike liquids, are free from instabi​lities due to contamination. No attempts seem to have been made to transfer the volumetric information of the crystals to any liquid standards.

THE RECENT EFFORTS TO IMPROVE THE SITUATIONS 0F DENSITY STANDARDS

 In view of the fact that the basic measurements on density of water have become old and ambiguous in many ways, and thee are no other reliable liquid density standards available at an accuracy level of 1 ppm while density comparisons саn be made today with an accuracy better than that, new observations are needed to improve this situation. The following are some of the recent efforts which have come to the autor’s attention.

National Measurement Laboratory (Australia) is making an absolute measurement of density of water and thermal expansion measurement over a temperature range of 00 to 4000 C. The provisional data have been reported. They also measured the density change due to dissolution of air by magnetic densometry. 

 Istituto di Metrologia G.Colonnetti (Italy) is making an absolute measurement of density of water. The used methods have been reported.

G.Girard of International Bureau of Weights and Measu​res is making a measurement of density change due to dis​solution of air to check the stability of density of water.

National Research Laboratory of Metrology (Japan) is making an absolute measurement of density of water near room temperature and two series of thermal expansion measurements, one over a temperature range 00-450 C and the other over 00-850 C. A provisional data on one of the expan​sion measurements were published. The effect of dis​solved air has also been measured and reported.

New vocabluries

Formulation for Industrial Use (IFC) – формула для производственного использования
Provisional IAPS Formulation for Scientific and General Use (HGK) – временная формула для научного и общего пользования
locus of density maxima – местоположение мах. плотности

fusion line – линия плавки
curve of state – кривая состояния
evaluation of coordinates – определение координат
quasi-entropy – квази-энтропия
 mapping function – функция, нанесенная на карту
 approximation – приблеженное значение
curved surfaces – искривленные поверхности

Natonal Research Laboratory of Metrology – национальная исследовательская лаборатория метрологии

dissolved gases – растворенные газы

atmospheric pressure – атмосферное давление

relative density – относительная плотность

sinker – грузило

contact method – контактный метод
volumetric measurements – обьёмные измерения
optical interfermetry – оптическая интерометрия
isotope – изотоп

purification – очищение
isotopic abundance – распространненость изотопа
thermal expansion – термическое расширение
hydrostatic weighting – гидростатическое взвешивание
Buro of Standartization, Metrology and Products Testing – бюро стандартизации, метрологии и производственного тестирования
lack – недостаток

calibration – градуировка

volumetric information – обьемная информация

dissolution – растворение

magnetic densimetry – магнитная дензиметрия

The International Assosiation for the Properties of Steam = IAPS 

UNIT 5

THERMODYNAMIC VALUES NEAR THE CRITICAL POINT OF WATER

In the immediate neighborhood of the critical point the thermodynamic consistency between very accurate measurements for the heat capacities, the speed of sound, and pressure-temperature-volume values is examined. For this purpose we several thermodynamic formulations, including the Haar, Galagher, and Kell formulation and the Pollak formulation, which overwhere are analytic, and the scaled equation for the critical region reported by Levelt-Sengers, and co-workers, which is an expansion about a non-analytic critical point. It is shown that HGK and the scaled equation are in accord with the measurements for the different thermodynatoic properties; also, that the recent PVT measu​rements by Hanafusa and co-workers are the most accurate yet made close to the critical point. A description is pro​vided of the HGK formulation and specification of the liquid-vapor co-existence curve.

INTRODUCTION

The thermodynamic formulation for Water and Steam deve​loped by Haar, Gallagher, and Kell (HGK) is an analytic equation for the Helmholtz function. Over its range this formulation is consistent to within their aocuracy with vir​tually all thermodynamic measurements.

The International Association for the Properties of Steam (IAPS) has given the formulation provisional acceptance. 

The several sections herein contain a brief description of the HGK formulation and a specification of the coexisting liquid-vapor states close to the critical point. This is followed with detailed comparison of the formulation with PVT, calorimetric and speed of sound measurements which are available in copious amounts near the critioal point. Special attention is given to the recently reported very accurate PVT measurements by Hanafusa et al. Some conclusions are drawn relating to the thermodynamic consistency between the different kinds of measurements and HGK and several other formulations.

THE HGK FORMULATION

The HGK formulation consists of three parts:(1) a simple theoretical equation called the base function, which is at least qualitatively correct everywhere and is in good accord with experiment at very high values of pres​sure and/or temperature and which extrapolates beyond that range in accord with modern theory; (2) the Helmholtz func​tion for the ideal-gas state; (3) a collection of resi​dual terms which yield negligible contributions beyond the range of data. The residual terms each have the functi​onal form of a growth curve. Their coefficients were deter​mined by global fit (linear regression) of the residual terms to differences between the data and the theoretical equation (the base function).

The three parts are combined to obtain the expression for the Helmholtz function for fluid water:

A(p,T)=Abase (p,T)+Aresidual (p,T)+Aideal gas (T)     

Where the independent variables are density p (g/cm3) and temperature T(K), IPTS-1968. The value for the specific gas constant is R=0.46152 J/(gK). The three functions that define Eq.(2) are specified in the Appendix. Because Eq.(2) is everywhere a single-valued analytic function of p and T, the appropriate derivatives needed to obtain re​lations for all thermodynamic property values can be directly evaluated.

EXPERIMENTAL STUDY OF THE PVT-PROPERTIES OF WATER IN THE CRITICAL REGION

ABSTRACT

The measurements of РVТ properties and vapor pressures for water in the critical region have been conducted by using a constant-volume apparatus immersed in a thermostated bath. We have measured one hundred and fifteen densities and eight vapor pressures along sixteen different isotherms between 6430 К and 6530 К which cover the range of pressures 19.7 to 39.5 Mpa and of densities 136 to 618 kg/m3 . The experimental uncertainties of temperature, pressure and density are estimated 4 mK, 3 kPa and 0.04%, respectively.

The comparison of the present measured results with the available experimental data and the calculated values from the equations of state proposed recently is also discussed. 

INTRODUCTION

We all know that many thermophysical properties of fluids exhibit a singular behavior in the vicinity of the vapor-liquid critical point. For instance, the thermodynamic properties such as the isothermal compressibility, the thermal expansion coefficient and the specific heat diverge at the critical point, whereas the transport properties such as the thermal conductivity and the viscosity show the critical enhancement in the region near the critical point. For the purpose of analuzing and correlating these critical behaviors of fluids, it seems essential to obtain a reliable set of information about the density of fluids in the critical region.
Such demand is not an exception even for water, one of most important fluids in various engineering applications.

Although the thermophysical properties of water have been well investigated in an extensive range of the state para​meters in the past among the enormous variety of technically important fluids, a very limited amount of information, especially the reliable one, about the volumetric properties of water, is scantily available in the region near the cri​tical point. This fact promotes the present study so as to produce some additional but precise PVT property and vapor pressure data for our better understanding of the thermodynamic state surface of water in the critical region. The present set of experimental data would become helpful not on​ly to many correlators aiming at the classical formulation of the equations of state but also to those who are intere​sting in formulating the non-analytical representations with an aid of the scaling laws.

In the present study, one hundred and fifteen PVT measurements and eight vapor pressure measurements were ma​de along sizteen isotherms with a constant-volume apparatus. They cover the range of conditions: 643.15< T/K<653.15, 19.7<P/MPa<39.5 and corresponding 136<p/kgm-3  <618, with experimental uncertainties less than 0.04% with respect to the density. It should be noted that the present paper partially contains the measured data already published by Hanafusa et al. so as to discuss the thermodynamic be​havior of water thoroughly in the whole region of the present interest. These results partially cover the region where any measurements have not previously been made. In addition, it becomes clear that they suggest some new trends in the volumetric properties of water at higher densities by comparing the present results with the available PVT pro​perty data.

CONCLUSION

A majorty of our current knowledge on the volumetric properties of water in the critical region haa been almost indebted to the extensive measurements made by Rivkin and co-workers. Their experimental data have considered as a sort of land-mark body of the measurements for the last two decades. On the other hand, it may be also true to emphasize that we do need at least two different sets of data measured independently by different investigators so as to clarify the complicated thermodynamic behavior of the water in the critical region more in detail. This was one of the motivations of the present experimental study.

The reliability of the present 115 PVT property and 8 vapor pressure date is supported by an excellent reproducibility in respective experimental runs. Although a reasonable agreement with the data of Rivkin and co-workers has been confirmed for the densities up to about 500 kg/m3 , our data suggest that their data were found less reliable for higher densities in the critical region.

New vocabluries

calorimetric - калориметрический
residual term – остаточный элемент

contribution - вклад
isothermal compessibility – изотермическая сжимаемость
thermal expansion coefficient – коэффициэнт термического расширения
specific heat diverge – отклонение специфического нагревания
thermal conductivity – термическая проводимость
viscosity- вязкость
critical enhancement – критическое увеличение
UNIT 6

CORRELATION EQUATIONS FOR THE VAPOR PRESSURE AND FOR THE ORTHOBARIC DENSITIES OF WATER SUBSTANCE

ABSTRACT

Very effective correlation equations for the vapor pressure and the densities of saturated liquid and vapor of ordinary water have been developed using a special optimization method. From the triple point up to the critical point the recent experimental data on these three properties are represented within their experimental uncertainty. Comparisons with the corresponding 1963 Skeleton Table values are also given.

INTRODUCTION

The state variables on the coexistence line vapour-li​quid are some of the most characteristic properties of a fluid.

Surprisingly, for the technically most important substance - water, there do not exist in any accurate and simple correlation equations representing the orthobaric densities.

Of course, these properties can be calculated from equ​ations of state fulfilling the condition of the vapour-liquid equilibrium, e.g, from the HGK equation and the Pollak equation. However, if only the thermal state variables on the coexistence line vapour-liquid are to bе calculated, it is much easier to use special correlation equations for these properties.

Therefore, it is the purpose of this paper to develop correlation equations for the vapour pressure and the densi​ties of the saturated liquid and vapour, respectively. Based on the latest experimental data and the recently evaluated and internationally agreed critical parameters

Tc=647.14K, pc=22.064MPa, pc =322kg/m

the equations shall cover the whole temperature range from the triple point up to the critical point. A special optimi​zation method is used to obtain a very effective structure of these equations with respect to the number of terms and their combination.

VAPOUR PRESSURE

In 1974 Wagner reviewed the well-known vapour-pressure equations for water containing seven (Osborne et al.) to twelve (Ambrose and Lawrenson) adjusted coefficients. Having reviewed the existing experimental va​pour pressures, a data set was selected representing the “true” vapour-pressure curve of water from the triple point up to the critical point at that time. Based on this knowledge, a very accurate vapour-pressure equation with only five adjusted coefficients was given in. Because of the following reasons this internationally used vapour-pressure equation is to be revised:

-The equation is not consistent with the extremely accurate triple point measurement published by Guildner et al. in 1976.

- There are systematic deviations from Stimson's superprecise data (2980 to 3730 K) and from the data at 5000 К of Osborne et al.

-New measurements were published and there are new inter​nationally agreed critical parameters.

In Table 1 the selected vapour-pressure data are listed.

In comparison with the “old” data set (Douslin, Osborne, et al., Stimson), the exchange of Douslin's data for Guildner’s triple point result is the most important change; the other added data confirm essen​tially Osborne's measurements. From the latest data, Scheffler’s results (6210 K-6470 K) were not selected because they show small, but systematic, negative deviations from all the other data of this region.

The first step in establishing the new vapor-pressure equation was to formulate a comprehensive expression functioning as “banks of terms”
1n(Ps/Pc)=Tc/T

This general from of a vapor-pressure equation used at first for nitrogen and argon has been successfully applied to form vapour-pressure equations for a large number of substances.

Table 1. Summary of the selected vapour-pressure data. The temperatures correspond to the IPTS-68

	Authors
	Year
	Temp. range:
	No.  of
	Refs.

	
	
	T/K
	data
	

	Osborne  et al.
	19ЗЗ
	373-647
	382
	(14)

	Rivkin et al.
	1964
	646-647
	13
	(16)

	Stimson
	1969
	298-373
	7
	(13)

	Guildner et al.
	1976 
	273.16
	1
	(12)

	Hanafusa et al.
	1983
	643-646
	4
	(17)

	Kawai et al.
	1983
	647
	1
	(18)

	Kell et al.
	1984
	423-623
	12
	(19)


The second step was the determination of the most ef​fective combination of terms out of the 21 terms of Eq. (2) using tha evolutionary optimisation method “E0M" developed by Ewers and Wagner. The most effective combination is that one which yields the smallest weighted least square sum (WLS) for a given number of terms after fitting to the data. This WLS value and the responding coefficients a result simultaneously from the WLS fit formulated by
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According to the Gaussian error propagation formula, the variance 
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 from statements of the individual experimentor in connection with our own judgement, the derivative dps/dT was calculated from the vapour – pressure equation of water given down.
As a result of having used the optimization procedure, the final vapour – pressure equation for water has the form
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 This is also valid for the region just below the critical point.
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