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INTRODUCTION 

The 5th Sede Boqer Symposium on Solar Electricity Production was by far the 
most well-attended of the series to date. This was almost certainly due to 
world-wide interest in what is to become of the unfinished solar direct steam 
generation (DSG) test facility that the late lamented Luz Corp had started to 
erect at Sede Boqer. Indeed, anticipating such interest the present symposium 
was designed to last a day longer than its predecessors and to include a half-
day, summing-up, DSG workshop session. 

The layout of the present volume closely follows the order of events during the 
Symposium. First there is an in-depth review of DSG technology provided by 
Dr. Eldad Dagan, lately of Luz; Eng. J u h a Ven of Solel Solar Systems Ltd (the 
company who purchased Luz's assets and who have, independently, developed 
a solar steam system of their own); and Dr. Juergen Rheinlaender (who was, at 
the last moment, unable to attend the symposium but who kindly provided a 
written text, which was presented by Mr. Martin Mueller) of ZSW. This first 
section of the proceedings is summed up by the opening address of Dr. Wilfried 
Grasse (a co-director of Plataforma Solar de Almeria and secretary of the Solar 
PACES program of the IEA) outlining his vision for an international joint effort 
to develop solar thermal electricity technology. 

The second section contains the full texts of the two key-note reviews of the 
"sister" solar technologies that are currently of interest; central receivers, 
specifically the US Solar 2 project, reviewed by Dr. Paul Klimas of Sandia Labs; 
and photovoltaics, specifically an outline of solar cell development within the 
framework of the former Soviet Union's space program. This review was 
presented by Prof. Mark Koltun (currently at the Krzhizhanovsky Power 
Engineering Institute and the Solar Energy Research and Educational Center 
but who was one of the leading solar scientists in the former Soviet space 
program). Transcriptions of the tape-recorded discussions which followed Oiese 
review talks are appended to the texts. 

The third section of these proceedings contains the texts of the six technical 
lectures that were presented on various problems associated with the design of 
solar direct steam generating systems. Among these texts I would like to single 
out those of Profs. Gad Hetsroni, Yehuda Taitel and Dvora Barnea, three of the 
world's leading specialists in the physics of two-phase flow, who graciously 
agreed to present a kind of "mini-course" on this subject so that non-specialists 
would be able to appreciate some of the subtleties of the problems that were 
discussed during these three days. 

The fourth section contains texts supplied by participants who had made 
presentations at the poster session. Among this group I would draw attention 
to Dr. David Kearney's review of the present status of the nine SEGS plants 
that Luz left operating in California at the time of their demise. 

The fifth section contains a transcription of the tape-recorded DSG workshop 
which constituted the final session of the Symposium. Since this session 
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consisted largely of questions and answers In. more or less, the order in which 
the questioner was able to catch the chairman's eye, I have exercised a certain 
amount of editorial license (a) In re-ordering the discussion by grouping related 
topics together, (b) by transferring to the "DSG" transcript some questions and 
answers that were actually discussed during the technical session. I trust that 
the various speakers will forgive me for "quoting them out of context" in this 
somewhat high-handed manner. 

Lastly it is my pleasant duty to acknowledge the beneficence of our sponsors. 
This year they included our traditional supporters: the Ministry of Energy and 
Infrastructure and the Blaustein International Center for Desert Studies; and 
two new friends, the IEA Solar PACES Program and Solel Systems Ltd. The 5th 
Symposium was held under the auspices of Ben-Gurion University of the 
Negev, the Israel section of ISES and the Israel section of the IEEE Power 
Systems Chapter. 

David Faiman, 
Sede Boqer, May 1993 
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Fifth Sede Boqer Symposium 

on Solar Electricity Production 
15-17 February, 1993 

Program 

Monday lBth February, 1993 

Morning: Arrival at Sede Boqer, guided tours of the Jacob Blaustein Institute for 
Desert Research and the Ben-Gurion National Solar Energy Center. 
Noon: Lunch (informal). - Cafeteria and super market available on campus. 

2 pm: Opening session (Chair: David Faiman, Ben-Gurion Univ, Sede Boqer) 

14:00-14:30 Greetings: 
Prof. Dov Bahat, Rector, Ben-Gurion University. 
Prof. Amos Richmond, Director, Jacob Blaustein Institute 
for Desert Research, Sede Boqer. 

14:30-16:00 Solar Power Development within an International 
Framework Dr. Wilfried Grasse, Director, 
IEA Solar PACES Program, Almeria, Spain. 
Israel's Plans for Solar Power Utilization. 
Mr. Amnon Einav, Chief Scientist, 
Ministry of Energy and Infrastructure, Jerusalem, Israel. 
Solar Electric Power and the Israel Electric Corporation 
Dr. Dan Weiner, Israel Electric Corporation, Haifa, Israel. 

16:00-16:30 Coffee 

16:30 pm: Session 2 (Chair: H. Abraham Arbib, Ministry of Energy, Jerusalem) 

16:30-17:30 Luz's Direct Steam Generation program: Pioneering ideas. 
Dr. Eldad Dagan,Weizmann Institute, Rehovot, Israel. 
(Invited Review & discussion) 

17:30-18:30 BII's Direct Steam Generation program. 
Ing. Juha Ven, Belgo Instruments International, 
Antwerp, Belgium. (Invited Review & discussion). 

18:30-19:00 Break 

19:00-19:45 Dinner 

20:00-21:00 Conception of a joint IEA programme on Direct Steam 
Generation. Dr. Jurgen Rheinlander, ZSW, 
Baden-Wurttemberg, Germany. (Invited Review & discussion). 



Tuesday 16th February, 1993 

07:30-08:30 Breakfast 

8:30 am: Session 3 (Chair: Ezra Elias, Technion Inst, of Technology, Haifa) 

08:30-10:00 Oral presentations I (20-min. plus 10-min. discussion) 

10:00-10:30 Coffee 

10:30 am: Session 4 (Chair: Harry Z. Tabor, Scientific Res. Found., Jerusalem) 

10:30-12:00 The United States Solar-Two Project Dr. Paul Klimas, 
Sandia National Laboratories, Albuquerque, USA 
(Central Receiver Key-Note Review & discussion). 

12:15-13:15 Lunch 

1:30 pm: Session 5 (Chair: Dvora Barnea, Univ. of Tel Aviv, Ramat Aviv) 

13:30-15:00 Oral presentations II (20-min. plus 10-min. discussion) 

15:00-15:30 Coffee 

3:30 pm: Session 6 (Chair: Jeff Gordon, Ben-Gurion Univ., Sede Boqer)) 

15:30-17:00 History of Solar Cell Development in the Soviet Space 
Program and the Terrestrial Potential for this Technology. 
Prof. Mark M. Koltun, INT, Moscow, Russia. 
(Photovoltaics Key-Note Review & discussion). 

5:00 pm: Session 7 (Chair: Amnon Yogev, Weizmann Institute, Rehovot) 

17:00-18:30 Poster session 

19:30-22:00 Dinner party and entertainment 

Wednesday 17th February, 1993 

07:30-08:30 Breakfast 

8:30 am: Session 8 (Chair: Irving Spiewak, Ministry of Energy, Jerusalem) 

08:30-10:00 DSG workshop session 1 

10:00-10:30 Coffee 

10:30-12:00 DSG workshop session 2 

12:00-13:00 Concluding remarks 

13:00 End of Symposium 
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Luz's Direct Steam Generation Program: Pioneering Ideas 

Dr. Eldad Dagan 
Weizmann Institute of Science, 

Rehovot, Israel 

1. Introduction: Genesis of the DSG Concept 

Luz's nine operating Solar Electricity Generating Stations (SEGS) erected in 
southern California have proven the viability of large scale parabolic trough solar 
fields. The main lessons to be learned from these fields may be summarized as 
follows: 

a. That concentrating troughs are a viable technology for electricity production over 
several years of operation. 

b. That it is possible to establish a professional O&M team with expertise in solar 
plants. 

c. That the number of employees needed to operate these plants may be as small as 
0.5 employee per 1 MW of electricity (in the 80 MW plants). 

d. That a washing procedure could be developed which would maintain reflectivity 
values of 90-91% for the mirrors. 

e. That O&M costs may achieve the value of 2 cent/kWh (for hybrid operation in 
which a limited usage of natural gas is allowed). 

f. That it would be possible to create long term O&M experience as regards both 
solar field features and the power block concomitant to a solar field. 

A typical flow chart of the SEGS VIII plant (80 MW capacity) is given in Fig.l . In 
Table 1 the characteristics of the various SEGS plants are listed. Data on the 
various stages of Luz trough evolution are given in Table 2. Before the collapse of 
Luz further research was taking place to improve the SEGS plant performance and 
to apply the knowledge gained to future solar projects. In the absence of Luz, an 
independent analysis of their performance and O&M features is presently being 
carried out within a contract between the Kramer Junction solar field owners and 
Sandia National Laboratories. 

While demonstrating the viability of thermal oil as a heat transfer fluid in its nine 
operating SEGS plants, Luz was always intrigued by the idea of replacing oil 
circulation by a process of direct steam generation (DSG) in the collectors. The DSG 
process has the following benefits compared to oil circulation: 



12 

a. It replaces the use of expensive and environmentally problematic (when leaks 
occur) heat transfer fluid with treated water circulating in the system. The fluid 
U3ed in the SEGS plants is VP1. This oil must be replaced periodically since it 
undergoes degradation after a number of years of use. It is, moreover, flammable. 
Furthermore, due to its relatively high freezing temperature (13°C) there is? a need 
to circulate the oil during cold nights. 

b. It reduces the number of heat exchangers needed, since the boiling already takes 
place in the pipe line, at the collector focus. The heat transfer characteristics of 
water/steam also result in an improvement in the overall thermodynamic efficiency. 

c. By raising the quality of steam at the outlet of a row, the circulation energy 
requirements of the solar field are significantly reduced. 

On the other hand, one may encounter difficulties involving the high pressure 
piping system and the need to control the complications and instabilities typical of 
boiling fluids tinder conditions of two-phase flow. Water treatment and quality 
control have, moreover, now to be applied to the entire solar field rather than to a 
single boiler. 

The SERI R&D activities in the early eighties [1] provided an encouraging 
background for the reliability and controllability of a DSG process within parabolic 
troughs (theoretically as well as experimentally). It was only in 1988, however, that 
Luz made a policy decision to adopt the DSG process for future applications - i.e. 
with what was intended to be its LS-4 generation of collectors. Analysis showed that 
a once-through solar boiler consisting of many parallel rows (each about 1 km in 
length) could be economically competitive with the oil circulating process. 

At the time of Luz's collapse intensive R&D activities for introducing the new 
generation of LS-4 collectors were taking place. These activities aimed at two main 
goals: a. Introducing DSG as a new thermodynamic process; b. Developing an 
advanced trough which, together with DSG, would yield improved performance of 
the solar field. 

The aim of the present paper is to summarize the main features of the DSG process, 
among which, the LS-4 advanced trough is a non-negligible ingredient. Further 
details may be found in [2]. 

2. Basic Elements of the Luz DSG Concept 

The design of a DSG solar field is a delicate and a complicated task. The primary 
constraints are dictated by the choice of the collector to be used. The lateral 
concentration ratio (about 1:90 for LS-4) together with the choice of a specific rim 
angle (110° for the prototype LS-4C) fix the insolation distribution on the receiver 
tube. This determines the heat flux into the tube. Discussing first the collector 
aspect of the DSG technology, the LS-4 advanced trough aimed at improvirg on the 
LS-3 design in three ways: 
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I. By enlarging the aperture and the rim angle (10.5 m and 110°, respectively, in the 
prototype LS-4C). This change reduces the amount of heat conducting elements 
(HOE's) needed and makes the insolation distribution on the pipes more uniform. 

II. By changing from a horizontal collector to a tilted one. The chosen 8° tilt angle 
yields about 6% improvement in collected energy irrespective of the fluid flowing 
inside the pipes. The flow regime inside the pipe should, of course, yield an 
appropriate heat transfer coefficient to avoid maximal temperature on the pipe as 
well as dangerous extreme temperature gradients. For a superheating section a 
minimal steam flow rate must be ensured to provide a sufficiently high heat 
transfer coefficient. For the two-phase flow regimes certain flow patterns should be 
avoided (stratified flow, for example). 

III. By introducing a new mirror technology. The move to front-surface mirrors, 
laminated on sandwich panels, was expected to result in better reflectivity and 
improved structure (due to the small weight and higher rigidity relative to glass). 

It should be emphasized that the choice of this particular type of advanced trough 
was intimately related to the DSG characteristics (e.g. heat transfer and 
temperature distribution around the pipe, the liature of the flow pattern within the 
pipe, etc.). 

The design of a DSG solar field would be impossible without the use of an 
appropriate model which provides a reliable estimate of the physical parameters at 
steady state. The model is used for estimating the heat transfer coefficient, pressure 
drops along the pipes, etc. 

For the steady-state physical description LUZ adopted the one-dimensional, flow 
pattern dependent, two-phase flow phenomenological approach, as developed by Y. 
Taitel and D. Barnea of Tel Aviv University [3,4,5,6]. 

The model based on this approach retains the simplicity of a one-dimensional 
treatment (i.e. all physical quantities depend only on one coordinate along the pipe). 
The model includes the physics contained in the equations of continuity, momentum 
and energy for both phases (steam and water). It introduces the specific 
characteristics of the flow typical for every flow pattern in each pipe segment. 
Auxiliary empirical correlations are used for determining the pressure drop, heat 
transfer, and the friction terms (for wall and interfacial friction). The different flow 
patterns for vertical and horizontal two-phase flow are shown in Fig. 2. 

By utilizing correlations (mainly for pressure drop and void fraction) based on 
specific flow patterns, the treatment becomes much more sophisticated than that of 
homogeneous or separated flow models. 

Taitel developed a numerical code suitable for the DSG process. The model 
predictions, which agree quite well with Luz's experimental results, are supposed to 
yield unambiguously, the flow pattern in each section of the pipes constituting the 
system. Six different flow patterns are identified in the model: 



1. Single phase liquid; 2. Single phase gas; 3. Bubble flow; 4. Stratified flow; 5. 
Intermittent flow - i.e., slug elongated bubble or churn flow; 6. Annular flow. 

One of the major insights achieved by the model is the clarification of the role of 
pipe tilt angle in changing the flow pattern map. This tilt causes a dramatic change 
in the flow pattern boundary map (as can be seen in Fig.3) relative to the horizontal 
case. The stratified region shrinks into a limited zone or the flow pattern map. Luz 
realized, thereby, that it becomes possible to avoid the problematic heat transfer 
region of the stratified flow pattern, by forcing the DSG path along a line located at 
the intermittent and annular two-phase flow regions only (see bottom of Fig.3). 

The value of the tilt was chosen to be 8°. As a bonus, the tilt also causes an increase 
in the amount of energy impinging on the trough aperture. The generic 
improvement in the cost factor for a typical day in March together with its annual 
characteristics are given in Fig.4 and Fig.5. 

After a certain design is worked out the controllability of the process under steady 
conditions must be checked, as well as during the start-up and shut-down stages. 
The system behavior under transient conditions must be analyzed to avoid 
initiation of instabilities and evolution of critical scenarios (e.g. pipe dryout). 
Finally, the designers of the field components must provide reliable parts which can 
cope with the process within the pipes (e.g. avoidance of pipe vibrations). 

The second major design parameter is dictated by the Fteam demands at the power 
block. Various applications of a DSG process may result in different field designs. 

3. Generic Solar Field Configurations 

The calculational methods developed by Luz enabled them to design, conceptually, a 
steady-state configuration for the solar field. Four classes of configuration are 
possible options: 1. Once-through boiler; 2. Separation between boiling and 
superheating; 3. Partial role of the parabolic trough solar field (evaporation only); 4. 
Avoiding two-phase flow configurations. 

In the first configuration (Fig.6) one introduces water at the inlet of a loop which is 
boiled and superheated within the same loop (The water goes once through the 
system). In once-through boilers one enters with water and comes out with 
superheated steam. Since the heat transfer coefficient takes its lowest value at the 
superheated zone there is a minimal flow rate for each radiation level. For normal 
operational conditions (which will be defined below) it is found that an inlet mass 
velocity of 4.5 kg/sec is suitable for the advanced trough collector (for the Luz choice 
of steam parameters at the turbine inlet). On the other hand there is an upper limit 
for the flow rate since higher inlet flow necessitates longer loops. 

In the second configuration (Fig.7) the boiling process is separated from the 
superheating part. There is much more flexibility in managing the water 
recirculation through the parallel loop constituting the field. On the other hand one 
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must have additional control on superheating and there is a need for more piping 
and system components. 

In the third class (Fig.8) we find a power plant configuration in which the parabolic 
trough solar field contributes only a part of the total energy supply. It is possible to 
design a plant in which superheating takes place outside the parabolic trough field. 
The superheating may be done either in a solar tower (in which high temperatures 
are achieved more easily) or in combination with some fossil fired plant. 

The fourth class refers to methods which avoid the complexity of two-phase flow 
within the troughs by recirculating either only water or steam. This class was an 
option not chosen by Luz. 

The once-through boiler is the most attractive configuration for steady-state 
operational conditions as it is the cheapest to construct but its control flexibility is 
restrictive. A schematic layout of such a field is given in Fig.6. 

For a generic once-though plant of 100 MWe with a steam inlet into turbine 
conditions of 110 bar pressure and temperature of 388°C, there is a need for an 
average 286 M W T h capacity of the solar field. 1,036 collectors of type LS-4C would 
be erected in an area which is 1,540 m long and 1,165 m wide to form 37 parallel 
rows. The collector aperture area of 504 m 2 is formed by a trough which is 48 m long 
and 10.5 m large tilted at 8°. The length including the connections of each collector 
is 55 m. In each row one finds 28 collectors in series whose functioning is divided 
roughly into three categories: 3 collectors are used for preheating; 9 collectors are 
used for boiling; 6 collectors are used for superheating. 

There is another class of configurations in which the solar field is incorporated into 
a combined cycle plant to save fuel, as well as for increasing the peak capacity 
during the day. Section 6 will present the main characteristics of these 
configurations. 

4. The Luz nSO R&D Prom-am 

The basic scheme for Luz's R&D program for DSG is shown in Fig.9. The 
experimental challenge of the DSG was to be met gradually via a multi-stage test 
program. 

a. The structural and optical properties of an advanced trough system prototype 
(ATS-4) were under analysis in Jerusalem without introducing the DSG process into 
the pipe. 

b Investigation of the characteristics of the DSG process within a saw-toothlike 
geometry. Tilted collectors were tested, in Jerusalem, with a reduced diameter (1") 
pipe in which the elements were heated electrically in order to achieve maximum 
control of the process. 



c. The effects of the DSG at the level of a single solar collector were tested within a 
reduced row composed of two LS-3 8°-tilted collectors integrated into the electrical 
DSG loop in Jerusalem. 

d. The intermediate scale test facility at Sede Boqer (approx. aperture area = 2800 
m 2 ) was started in order to determine the feasibility of the DSG process when high 
quality steam is produced in parallel rows under conditions of possible asymmetry. 
(Construction was stopped, owing to the collapse of Luz, in summer 1991.) 

e. Development of an HCE compatible with water treatment demands, which would 
maintain the desired vacuum, was planned for testing in a laboratory-scale loop. 

f. At a later stage a full scale prototype, combined with the DSG process, was to be 
tested. 

g. Only at the final development stage were full-scale rows to be tested. 

The Jerusalem test loops 

The first two stages of experiments (executed in Jerusalem) were completed. 
(Schematic outline of the test loop is given in Fig.10). The calibrated Taitel and 
Barnea model provided fair agreement between the electrical test results and its 
pressure drop predictions for more than 100 steady-state experiments (see Fig.ll) . 

The solar experiments proved the feasibility of high pressure solar steam production 
within a tilted collector (see Fig.12). 

The outcome of the Jerusalem test loop results may be summarized as follows: 

1. Stability during start-up and shut-down 
2. Stable steady-state 
3. In-depth study of steady-state characteristics 
4. Smooth reaction to variations of the operationa" conditions 
5. Study if unique scenarios 
6. Study of system components 

One of the major advantages of the LUZ SEGS plants with thermal oil is their 
control simplicity. The strategy of this process control is simply global flow 
adaptation to insolation level without the need for individual valve control at the 
entrance to each loop. In addition, each collector enjoys the benefits of individual 
local control to take care of its tracking and to effect defocusing if too high a 
temperature is indicated within its HCE's (by Pt-100 temperature gauges). The 
same simplicity should be the guide for designing the control of the DSG process. 
According to the plateau property of the pressure drop within a collector along a 
loop (as calculated from the Taitel and Barnea model for the once-through 
configuration with the advance trough) the flow is not much affected in each loop 
even if the heating rate is not homogeneous over the field. This is true as long as 
some amount of steam is already produced. An appropriate orifice may be added to 



produce additional stabilization of flow redistribution into parallel rows at the loop 
inlet. 

The Taitel and Barnea model always yields a monotonic increasing pressure drop 
along a row as a function of the mass flow (for the chosen operational conditions of 
LS-4). This result encourages the hope that a simple control strategy is possible 
together with the avoidance of most two-phase flow instabilities (with the possible 
exception of density wave oscillations). 

If the mass flow and appropriate orifices are properly chosen it is believed that the 
simple control strategy of the SEGS plants can be adapted for the DSG process too. 
This simple control strategy was already anticipated in the pioneering work at SERI 
[I]. The minor effect of insolation asymmetries on flow are observed in Fig.13. 

The Rede Roaer Test Plan 

The Sede Boqer project was planned to provide a demonstration for an intermediate 
size solar field operating with the DSG technologies. Fig. 14 gives the schematic 
description of the loop, while the control overview screen is shown in fig. 15. 

The construction of two parallel steam generating rows was designed to enable Luz 
to investigate the features of parallel-row flow under conditions of asymmetry (e.g., 
different insolation across the rows). It was believed that the high steam qualities to 
be achieved (more than 90%) together with the large diameter of the pipes (outer 
diameter is 70 mm while the inner one is 59 mm) would provide a reliable 
experimental background for the proper design of the final LS-4 DSG solar field. 

The main goals and highlights that were anticipated for the Sede Boqer tests are: 

1. Data acquisition at steady-state operational conditions and comparison of results 
with the Taitel and Barnea model. 

2. Daily and yearly performance data. Developing a thermal model to describe the 
performance of the DSG system at the sections of preheating, steam generation and 
superheating. 

3. Operating the system in two main modes: a. By using a separator at the end of 
the steam generator; b. By direct connection of steam generating rows to 
superheater. The effect of the initial pressure drop at fluid inlet on the parallel flow 
instabilities was to be studied. 

4. Temperatures of HCE's at high steam qualities - conditions for avoiding dryout. 

5. Learning of start-up procedures: cold start-up, hot start-up and partial liquid 
hold-up at start-up. 

6. System operation under various weather conditions. 
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7. System stability due to control changes (SCA's out of tracking or initiation of 
tracking, reaction to flow changes). 

8. Transient characteristics - time response to various changes. 

9. General system inspections: system oscillations and vibrations, hydraulic and 
tracking functioning, control valves. 

10. Follow-up of vacuum and metallurgical parameters such as corrosion (8 types of 
HCE pipes) as a function of operational conditions and water quality. 

11. Future optional tests: a. Variation of tilt angle in some collectors; b. Checking 
the swivel joint concept; c. Checking full scale prototype of LS-4 in conjunction with 
the DSG process; d. Internal pipe surface treatment; e. Thermal and chemical 
storage (installing small-scale mock-ups for concept demonstrations). 

For future commercial application the achievement of viable parallel row flow 
control is crucial. In principle, seven degrees of freedom are available for controlling 
a once-through system if the use of inlet control valves at each row is to be avoided: 
1.Global flow control to adapt for insolation variations; 2. Manipulating the outlet 
pressure; 3. Control of the inlet water subcooling level; 4. Adding orifices at the row 
inlet; 5. Eliminating water content at the row outlet (By usage of separators); 6. 
Selective water injection (for outlet temperature control); 7. Defocusing of certain 
collectors (to be used only in case of emergency). The viability of control by 
manipulating these degrees of freedom needed to be thoroughly studied. 

The possible completion of the Sede Boqer test loop under the umbrella of the IEA is 
now under consideration. The SOLEL company (which has acquired the Luz 
technology) aims at validating the water injection concept simultaneously with 
executing the original Luz test program. The joint test of both concepts will 
necessitate some modifications in the superheating section and in the design of the 
balance of plant components. The current physical status of the Sede Boqer plant is 
shown in Fig. 16 and Fig. 17. 

5. The improvements predicted for LS-4 

The estimated potential for cost reduction by introducing the DSG (including the 
advanced trough design) was 15% in capital investment per 1 kw output of 
electricity. This value represents a considerable improvement for the already quite 
mature technology of Luz. The benefit is composed of three components: 

I. 4% saving in parasitics (Reduction of parasitics from 11% to 7%). 

II. 5% saving due to the replacement of oil by the DSG process. 

III. 6% improvement achieved by the advanced trough system. 
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The efficiency for conversion of solar insolation into heat by the advanced trough 
was estimated to take the value 57% (annual average). This 8% improvement 
relative to a figure of only 49% for the LS-3 trough is due to the introduction of the 
8° tilt, DSG, and other advanced trough system components. 

6. The incorporation of the DSG into combined cycle plants 

Combined Cycle Power Plants (CC) have gained an increasing market share among 
the fossil-fired power plants during the past 10 years. This is mainly due to their 
high efficiency (> 50%, LHV), the short construction period and the relative low 
investment cost. Today they have also proved their ability for reliable operation 
even at base load conditions and for high availability. 

In a CC plant the power output of the gas turbine is about twice that of the 
bottoming steam turbine. The small steam turbine capacity can be increased by 
input of additional steam from another source than the gas turbine's waste heat. 
Solar generated steam as an environmentally benign source is an interesting option 
for combination with a gas and steam turbine plant. Basically, a CC plant with 
solar steam input can be designed and operated in two ways: 

• As fuel saver: The power plant is run day and night on constant output. This 
means that fuel supply to the gas turbine can be reduced when solar steam is 
available. 

• As booster: The fuel supply is kept constant. This means, as soon as solar steam is 
available, the steam turbine generates additional power. 

Whereas the fuel saver design is most suitable for a more or less steady load curve 
during the day, the booster design is especially suitable for an electric grid with a 
distinct peak during noon, e.g. due to higher consumption for air conditioning in hot 
countries. Some specific CC system designs are discussed in [2], [7], [8]. 

Leon Apremov of Luz showed that by employing steam, which is produced in a solar 
field and then fed into a CC waste heat boiler for superheating and reheating, one 
increases the overall efficiency of the system. The waste heat is used much more 
efficiently to warm up the gas phase of steam than when it serves to boil water at a 
constant evaporation temperature. 

If one uses a simple heat transfer model, such as that depicted in Fig.18 and Fig. 19, 
for calculating the heat losses from the HCEs, one arrives at the following 
conclusion: Elimination of superheating within the parabolic troughs causes 
reduction in the heat losses due to avoidance of the high temperatures needed for 
superheating. (At least 50°C superheating is recommended to prevent the entrance 
of water droplets into the turbine). It also overcomes the danger that the waste heat 
boiler may raise the superheated steam temperatures above 400°C which is a 
representative limit for the trough technology. 
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Luz had also looked into the option of transforming its technology into solar tower 
thermal plants. However, the solar tower benefits were considered to be only 
marginal due to the following considerations: 

1. The coverage ratio of the troughs is better than that for the solar tower (1:3 in 
comparison with 1:4 - 1:6 for the heliostats). 

2. The atmospheric absorption fraction of a reflected beam from a distant heliostat 
was estimated to be as great as 10%. 

3. There was not yet any breakthrough in the cost of heliostats (The hope for a 
cheap stretched-membrane heliostat has not yet been realized). 

4. The trough aperture area of more than 500 m 2 is much greater than that of a 
heliostat (resulting in saving in pylons, drive units and control). 

5. The experience gained from the US Solar I project was not very encouraging. 

These considerations led the Luz management to conclude that mature solar 
thermal technologies might differ by only 10% - 15%. This being the case it was 
decided to articulate the trough technologies instead of transforming into 
technologies of solar tower. It should be noted that the Luz considerations were 
restricted to solar thermal plants which use steam cycles only. If the challenge of 
achieving high temperatures within a volumetric receiver on a central tower will be 
met successfully then the thermodynamic benefit of the tower technology can be 
considerably higher [9]. 

The financial collapse of Luz was a tragic event for solar energy. However, the fact 
that Luz was able to succeed for more than ten years should encourage its 
successors to continue the task of developing trough technology to its maximum 
potential. 
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Plant First full 
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type 

Turbine 
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(MWe net) 
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(°F) 
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CO 

Solar 
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(m=) 

Turbine 

cycle 

efficiency 

I 1985 Operational LSI 13.8 585 307 82960 31.5* 

II 1986 Operational LS2 30 600 316 188987 29.4 

III 1987 Operational LS2 30 660 350 230300 30.6 

IV 1987 Operational LS2 30 660 350 230300 30.6 

V 1988 Operational LS2 30 660 350 233120 30.6 

VI 1989 Operational LS2 30 735 390 188000 37.5 

VII 1989 Operational LS2 + LS3 30 735 390 194280 37.5 

VIII 1990 Operational LS3 80 735 390 425100 38.3 

1 ix 1991 Operational LS3 1 80 735 390 440000 38.3 

Table 1 Characteristics of SEGS I - IX 

Includes natural gas superheating 

LSI LS2 LS3 LS4 

Prototype 

LS4C 

Area (m2) 128 235 545 504 

Aperture Width(m) 2.50 5.00 5.76 10.50 

Receiver Diameter (m) 0.42 0.070 0.070 0.114 

Trough Length (m) 6.3 8 12.0 24.0 

Overall Length (m) 50.4 9.7 95.2 49.0 

Row Spacing (m) 7.3 12.5 17.3 31.5 

Focal Length 0.68 1.40 1.71 1.91 

Inclination Angle o 0 0 8° (14%) 

Table 2 Characteristics of solar collector assemblies 
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Two - Phase Flow Pattern Map for a Horizontal SCA 
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SIEMENS 

Steam Turbine 

/Concept Combined CC / Solar * CC / Solar * " \ 
cycle Fuel Saver Solarbooster 

Maximum Solar Steam Generation kg/s 0 40 40 
GT - Capacity (based on KWU/V64.3) MW 58,4 58,4 58,4 
Steam Turbine • Capacity MW 28,6 50,6 56,6 
Maximum Gross Power Output MW 87 87 114,4 
Max. Capacity based on Solar gen. Steam MW 0 32 32 
Annual Electricity Generation at 6000 h/a GWh/a 522 522 577,2 
Part of Solar Electricity Generation % 0 12,4 10,5 
Rated Fossil Elliciency ( I Pgcn/Qiuei) % 51,1 72,2 67,2 
Annual Fuel Gas Savings GJ/a 0 369 000 369 000 
Annual CO2 -Reduction (resp. Avoidance ) Va 0 20 800 20 800 
Relative Plant Cost % 100 149 150 

" mat solar utilization (2200 kWhW * a| Fig. 8 

Combined Cycle Power Plant with Solarthermal 
Direct Steam Generation 
Data for Different Concepts 

KWU/E 3 NT 
Rtf/Met.14 2 92 
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DIRECT STEAM GENERATION USING A WATER INJECTION SYSTEM 

Ing. Juha Ven 
Solel Solar Systems Ltd, 

Jerusalem, Israel 

The existing technology. 

Nine SEGS plants, situated in the Mojave desert, with a total capacity of 354 MW 
were constructed by Luz. These plants were built and are operated under the 
PURPA legislation, according to which no more then 25% of their energy output 
may be generated from fossil fuel. Another limitation at the time these plants were 
constructed was their size. These are merely two among many legal limitations that 
were the basis of the Luz power plant design. As a consequence of such constraints 
the possibility of designing combined cycle plants, with a lower solar fraction in the 
energy output, was simply not an option. 

Regarding control strategy, in order to stabilize the flow in the various parallel 
loops, the loops were made relatively long so that most of the pressure drop occurred 
over these loops. This meant that the variation in fluid velocity would be stabilized 
by a change in pressure drop. This is the natural flow stability of the system. Hand 
valves were used to compensate for the pressure drop in the headers. 

Among other items, Luz developed an evacuated tube which allowed the fluid to be 
utilized at higher temperatures thus increasing the cycle efficiency. Such problems 
as hydrogen diffusion at these temperatures were also successfully solved. 

Finally, Luz used each successive SEGS plant to demonstrate new techniques, as 
the latter evolved, on the scale of several MW. This was an important part of 
convincing new customers that a 300 million dollar project could be successfully 
implemented. 

In the existing plants the costs for each of the groups: power block, construction and 
solar field were of comparable magnitude. 
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Direct steam generation 

One way to reduce the plant price is by an increase in efficiency. About 3/4 of the 
energy in a rankine cycle is used to evaporate water. By allowing the evaporation to 
take place directly in the collector tube, most of the tube temperature would be 
around the saturation temperature. Another advantage is the high amount of 
energy that can be stored in the water-to-steam phase change. This reduces the 
required mass flow (tubing cost, parasitica) in the solar field. 

In a system with a certain oil as a heat transfer fluid the energy delivered to the 
steam boiler is a function of the hot oil temperature and mass flow, since the cold oil 
temperature is around the saturation temperature. To keep the pumping energy 
down, which is about 10% of the gross electricity production, the hot oil temperature 
should be raised. Solar field heat losses are therefore significantly higher in a 
system using oil as a heat transfer fluid. One can decrease these extra heat losses to 
some extent at the cost of an increase in the pumping energy or piping. 

At the moment there are two DSG systems which show promise. Luz developed the 
once-through boiler, BII developed the injection system. 
In the once-through boiler, water is pumped into the solar field at one side and 
superheated steam exits at the other side, 

The VSSG (injection system) 

An initial steam flow, about 2% of the solar field output, is generated somewhere 
(boiler, combined cycle) and is fed into the solar field. This also allows preheating 
for start up and, by feeding a fraction of this flow into the collector lines during non-
operating hours, it can keep the collector lines above the atmospheric pressure. This 
prevents air from entering in the collector lines. It also reduces corrosion and 
hydrogen problems. 

Water is injected into the steam flow line at several places. The water evaporates 
and increases the flow. The water steam mixture behaves as a single phase thus 
avoiding two-phase flow problems. 
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At the entrance of the collector line, where the steam velocities are around 1.5 m/s, 
cooling of the tube wall becomes the main concern. Uneven radiation distribution on 
the tube as well as uneven cooling can only worsen the problem. In these sections 
the heat transfer coefficient of the steam will be around 400 to 800 W/m2 
(depending on the fluid pressure). Therefore good wetting of the inner wall as well 
as devices for increase in heat transfer coefficient are necessary in these sections. 

In most of the collector line, all energy is used for evaporation. Since the solar field 
should operate at its highest efficiency the only way to control the system is by 
varying the feed water flow to compensate for changes in the radiation level. Since 
wall temperatures and steam temperatures are a limiting factor in any boiler, they 
are measured at various places in the collector line. The basic regulation can, 
therefore, be very simple: if temperatures rise, one merely increases the amount of 
feed water. Since the system will be working at a fraction above the saturation 
temperature there is some risk of filling the collector line with water. This would 
cause multi-phase flow - something we want to avoid. We therefore adopted a classic 
boiler regulation strategy for the injection system. This regulation balances water 
flow and steam flow. Water separators give an indication of water accumulation in 
the lines. This signal is used as a quantitative level by the control system. Figure 1 
presents the schematics of a one-loop VSSG. 

Combined cycle 

Both DSG systems are very attractive in combination with combined cycles. Most of 
the combined cycles have in their recovery boiler a preheater, a boiler vessel and a 
superheater. So saturated or slightly superheated steam can be fed directly into this 
vessel. This means that superheating sections are not needed in the collector line, a 
fact which further reduces the heat loses. This also increases efficiency because 
higher temperatures of the superheated steam are possible in the combined cycle. 
One specific design of such a combined cycle oversizes the steam turbine in order to 
increase the amount of solar energy (15% to 20%) that can be used. Oversizing of 
the turbine in this manner will only increase the turbine cost by a fraction of what a 
stand-alone turbine of this size would cost. This is a major advantage since it cuts 
dramatically the total capital cost. A typical scheme is presented in figure 2. 



Closing remarks 

The VSSG system has, of course, more process regulation equipment than a once-
trough boiler, most of the VSSG process regulation being installed in the first 
sections. However, no collector tilt is needed, thus a long array of troughs using a 
single drive system can be used. Modularity, a major advantage of though collectors, 
is thus maintained. This means that if one array of such collectors will work - a 
multiple of these collectors will also work. The pressure drop between the feed 
water pump and the main steam header will be about the same for both systems. 

It is not presently clear which of the two systems will be utilized in the future. It is 
probable that a combination of both systems will be used. For example, the 
regulatability of the VSSG may be employed but with the expensive first sections of 
this system replaced with a once-through process. It is therefore necessary that both 
technologies be further developed and tested. The planned combination test setup is 
presented in figure 3. 
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1 ho potential lor Solar Ctinlrihiition.s to Kleclricity I'rodiiclion \ia 
Direct Steam Cenrrntion (I)S(i) in Parabolic-Trough Collectors 

The technical and economic potentials for solar thermal power plants were evaluated in 
an extended study for the Mediterranean area l\! The results are representative for most 
of the other regions within the earth's sunbelt. Abstracted from these results Fig. 1 shows 
the -.o'ar capacity added or substituted in the years up to the year 2025 This is done 
under the assumption of three scenarios and the predicted increase in capacity is com
pared to the technical potential estimated from the expected growth of demand and its 
geographic and economic structure The latter is characterized by the limitations loca
tion of the power station within 50 km distance from infrastructure, no solar multiple, no 
storage, no connection between regional grids 

for the "anticipated potential" scenario it was assumed that intensified support for pilot 
plants and de\elopmem work in specially committed countries could lead to a 3 - 6 % 
maikei share by the year 2U05 

If. as part of a common IX energy policy, a high value is placed on solar energy and if, e 
g . an agreement is made with the Maghreb countries to give priority to the development 
and introduction of solar technologies in the Mediterranean area, the solar share of the 
entire market volume for power plants could be about S % by the year 2005 and 22 % by 
the \ear 2025 This is classified as "accelerated introduction" 

Apart from accepting new nuclear power capacity, a pronounced reduction of CO, 
emissions in the long term despite increased electricity consumption can only be achieved 
by accelerating the construction of new solar power plants This strategy, that would 
lead to an increase of the solar share to 15 % by 2005 and 33 % by 2025, is called the 
"C0 2 reduction" scenario. To achieve this solar capacity, large-scale interconnection of 
grids among several countries and/or the integration of large storage systems into the 
individual power plants would be necessary 

If only the "anticipated potential" became effective and if DSG in parabolic troughs onl\ 
covered a share of 1/3 of the installed capacity, about SO solar power plants with a 
capacity of 100 M\V each would have to be built until 2025 This would require the 
erection of about 25.000 collectors of the I.L'Z LS4-tp\c 

In .'1/ the daily demand profiles were evaluated in great detail and separately for northern 
and southern countries of the Medilen.inean area I he ic-ults lliu 2| ie\eal that the 
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period relevant tor solar contributions lasts from about 8 a m to about midnight. The 

evening peak geneiallv surpasses the midday peak, thus requiring the operation of stor

age systems I he normalized and classified yearly distributions of hourly loads (Fig. 3) 

are assumed to remain unchanged until 202? and if then the peak-load values for the 

groups of solar-suited countries are 171 GW'a for the northern and 65 GW e for the 

southern Mediterranean area, a theoretical potential for the solar contribution can be 

concluded Solar power plants designed for about 60 % of the peak load in a well-inter

connected grid could operate at design point practically for 2/3 of every day. This would 

cot respond to the demand structure and would make good use of a thermal energy stor

age of o hours design load capacity The remaining 1/3 of daily hours with loads consid

erably lower than the design values would need coverage from fossil sources via supple

mentary tiring In Fig 3 these theoretical potentials are compared with the technical and 

anticipated potentials known from Fig 1 Though the absolute values are lower for the 

southern Mediterranean area, the relative solar contributions are higher there. The effect 

of thetmal energy storage on the potentials will be discussed in the following chapter 

Based on the rough estimations above we now assume that the hybrid fossil/solar power 

plants in a given power grid are operated at a base load amounting to a maximum of 

M\"i) of the peak load in the domain of supply Then the occurrence of any low-load 

period at night would only cause the desirable reduction of fossil liring On the other 

hand, optimum use would he made of the potential for solar contributions 

fhe afore-mentioned assumption of base load determines the required nominal output of 

the power plants under consideration For reasons of simplicity the following discussion 

does not consider the fact that no power plant will run for S7o0 hours a year The con

clusions about achievable solar contributions will be realistic enough anyhow, because 

most of the outages will last for entire days thus affecting fossil and solar contributions 

to roughly equal portions 

At this stage it may help if we define a few terms and abbreviations frequently used for 

the rest of the paper 

The Solar Multiple (SM) is the ratio of solar collector subsystem power output at 

design point conditions (summer solstice) to the power input needed b\ the power con

version system for generating nominal output (0 SM « | In Fig A. e g . the solar 

multiple is about 1 > The LL'Z power plant SUGS V disposes of a solar multiple of SM 

- 1 2 

The Power Multiple ( I 'M) is the lalio of MibsWem powei at design |vmt conditions to 

the powei input needed In the powei conveiMoii system t'oi genei.ilii:--' nominal output 
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(i"i I'M 1. in the case of a solar field PM -• SM) The power multiple applies to the 
ouipul of .1 heater, boiler, thermal energy storage (TES) or to the input to a power con
version cycle (Rankine. Brayton) 

If in a combined-cycle plant power plant (with unfired waste heat boiler) 2/3 of the base 
load can be covered by a Brayton cycle and 1'"! by a Rankine cycle, then the power mul
tiple of the Brayton cycle is PM = 0.67 and that of the Rankine cycle is PM = 0.33. In a 
similar way a TES is characterized by a power multiple and a full-load period for dis
charging For example, TES = 1 x 6 is a storage capable of supplying the whole power 
needed by the power conversion system for generating nominal output during 6 hours of 
operation 

The Solar Fraction (SF) is the ratio of the actual power supplied from a solar source -
possibly via a TES - to the total power needed by the power conversion system for 
generating nominal output (0 SF 1) 

The Soliir Contribution (SC) is the ratio of the amount of energy contributed by the 
solar subsystem (s) to the total energy demand covered by a hybrid fossil/solar power 
plant dining a given time interval (tlav, week, month, vear) (0 SC 1) 



The Role of Thermal Energy Storage (TES) 

If the solar power plants in an interconnected grid are not equipped with a storage sys
tem, the yearly solar contribution to cover a constant demand of power output cannot 
rise above 1/3 of the demand. Fig. 5 shows that even very large solar fields resulting in 
extreme values of the solar multiple will not alter the situation. A reasonable choice of 
1 3 < SM < 2.0 will yield solar contributions in the range of 0.25 < SC < 0.3, related to 
8760 h/a of base-load electricity demand. 

The only way to increase the solar contribution considerably is the use of a thermal 
energy storage and of an appropriate solar multiple for the collector field An ideal TES 
would make perfect use of the solar multiple installed. This is feasible eniy up to SM S 3 
and SC £ 0 62. To reach a higher solar contribution, seasonal storage (e g. chemical 
system) would be required, which, at present, appears to be too far away from economic 
feasibility Therefore, a reasonable layout would not go beyond SM = 3 and TES = 
1 x 16 



The Need for Particular Klexihilily of Hybrid Fossil/Solar Power Plants 

Within the scope of this paper, we consider solarized thermal power plants for a constant 
base load The simplest plant configuration would be one composed of a collector field 
with (direct! steam generation (solar boiler SB), a fossil-fired boiler (FB) and the power 
block (PB steam) for the Rankine cycle, shown as a crude block diagram in Fig. 6. A 
therm.il energy storage may be included for increasing the solar contribution and this 
plant would offer modes of operation between conversion of purely solar (SF = 1) and 
puiek fossil (SF •-• 0) energy shown in Fig 7 The part-load limits of the fossil burner and 
the solar subsystem (collectors or storage) are assumed to be 25 % and 20 % resp 

The power plant would dispose of a fossil-fired boiler with a solar collector field with 

I'M SM > I 0 As the power conversion is done by the Rankine cycle only, the power 

multiple of this is PM -- 1 0 and it is allowed to run at 100 % load continuously. The 

actual solar fraction SF may be supplied either directly from the collector field or from 

the storage or from both simultaneously When solar irradiation allows solar fractions SF 

• 0 "5 part of this primary energy is stored The yearly solar contribution SC depending 

on the size of the solar field (SM) and the full-load capacity of the TES cannot be con

cluded from Fig 7 

If the size of the collector field is chosen to represent a solar multiple less than 1 {SM < 

I), a thermal energy storage will not be justified and the range of solar fraction achiev

able will be limited to 0 < SF < SM, thus reducing the potential for solar contributions to 

the modest values discussed with Fig. 5 

The need for a particular flexibility of the power plant and its components arises with 

introducing a Biavion cycle into the concept The block diagram in Fig 8 now comprises 

a combustion chamber (FH) and a power block for the Brayton cycle (PB gas) in addi

tion to the blocks shown in Fig. 6 I f the plant is designed for purely fossil operation and 

i f ihe solar components are meant only as "additives" allowing moderate fuel saving and 

reduction of C 0 2 emission, a sliding mode of operation is possible only in the range of 

solar fractions from SF = 0 to about SF = 0 15 As shown in Fig 9, the load of the 

Rankine-cycle will rise up to the overload limit of 130 °b of the design value Again the 

part-load limit of the solar field is set to 20 % 

Here the nitio of power multiples for Bi avion and Rankine cycles of 2 I IN assumed to he 

realistic This plant would be designed without a thcimal energv >toiage and the solar 

additive would only leqtiire a power multiple I'M - SM " 15 lot the solat collect, i 

http://therm.il


field hi.I the sulai conliihuiion would remain below- 10 % (see Fig 5) and the positive 

impact on ihe einitonmcM would he quite moderate 

If .1 Inhrid fossil solar combined-cycle power plant (SCCPPl is well designed for the 

puieK fossil as well as for the purely solar mode of operation then a power multiple PM 

SM 5 I 0 is needed for the solar collector lleld. a thermal energy storage will make 

sense, and the Rankine cycle has to he duplicated for reasons of flexibility This situation 

is explained by Fig 10 

If onlv solar fractions of less than 50 ° 0 are available, the plant is run as a fossil-fired 
combined-cycle with steam generation from waste heat and from the solar source The 
Buvton cycle and the load of one Rankine cycle should be allowed to \ary within the 
range from 07 to l.vi "o 

For solar fractions of more than 50 % the Brayion cycle will be switched off. additional 

boiler capacity from fossil sources may be activated and both Rankine cycles will run at 

full load The high degrees of flexibility are required for the gas turbine and one of the 

steam turbines, the waste heat boiler and the solar Held 

For combined-cycle power plants with additional fossil firing of the waste heat boiler the 

Biayton and Rankine cycles are allowed to be less flexible with regard to part-load 

operation The plant configuration discussed in Fig I 1 will allow continuous sliding from 

purely fossil to purely solar operation Here, the Rankine cycles are dominant in every 

point of operation and at low solar fractions available, steam is generated simultaneously 

by using waste beat from the Brayion cycle and by fossil firing If we assume that the 

pan-load minimum of the burner is 25 °o and that of the gas turbine is 75 V the avail

ability of solar irradiation exceeding a solar fraction greater than 0 5 will result in 

switching oil" the Brayton cycle Thus, for this configuration, flexibility is requested for 

the waste heat boiler 

L'p to this stage solar energy supply to the Brayton cycle has not been considered Fig 12 
shows the block-diagram of a SCCPP with a solar heater for the Brayton fluid assisted 
by the fossil-fired heater already shown in Fig S The solar heater may be a pressurized 
receiver (tube bank or closed volumetric) on a solar tower Again the waste heat from 
the Brayton cycle is utilized for steam generation and preheating of feed water with the 
additional effect that the Brayton fluid will return to the compressor at accept?ble low 
temperatures 

The attractiveness of this configuration can be recognized in Fig I.' I lie ..ni.tiioii of the 

operation mode fivm purely fossil lo purely solar supph is possible witho.,! air, changes 



of load of the individual powei conversion cycles This plant concept would not employ 
l)S(.i but would make excellent use of the of the high temperatures reached by solar 
toner technology Other and more complex plant configurations are possible including 
both solar healing of a Braylon cycle and solar boiling for a Rankine cycle. In this paper 
we will abstain front analysing them 

When reviewing the discussed schemes of operation for those configurations able to run 
^n purely solar sources as well as not purely fossil ones, we recognize that the energy 
supply systems (fossil heater or boiler and solar collector field) together always represent 
a power multiple of PM 5 2.0 The portion exceeding 2.0 is determined by the degree of 
involvement of a thermal energy storage. The power multiples of the power conversion 
cvcles sum up to values varying from PM = 1 0 in the cases of the Rankine cvcle and 
SCCPP with solar healing of the Brayton cycle only, to PM = 1 5 in the case of a SCCPP 
with dominant Brayton cycle and two Rankine cycles in parallel. The extra PM > 1 0 for 
the solar field and the I'M - 0 5 in excess for the conversion cycles will roughly be 
ie>.ponsible for the extra cost of electricity production compared with the purely fossil-
tired power plant This extra cost has to he balanced by the real value of the fuel saving 
and bv the theoretical value of the CO, avoidance achieved. 



Kxnmplc of ii firs! hybrid fossil/soliir power phint coiif iguri i t ion 

Siemens-KWC propose the concept 12, Appendix7 of a combined-cycle power plant with 

DSCi .is a solar additive for fuel saving shown in Fig. 14 together with a table of key data 

for three points of opeiation The values of pressure and temperature in the cycle dia

gram have been estimated by the authors 

In the power plant concept named "Fuel Saver" the Power Multiple of the Solar Field is 

PM - 0 37 and the annual Solar Contribution to 6,000 li/a base-load operation of the 

plant is SC -- 0 124 Another power plant concept is called "Solar Booster". Here the 

fuel supply is kept constant and. as soon as solar energy is available, the Rankine cycle 

generates the additional power The boosting is suitable for cases where the demand 

structure is characterized by a pronounced peak at noon due to e. g high electricity con

sumption for air conditioning systems 

In both cases of the solar additive concept the achievable solar contributions are very low 

(12 4 and 10 5 % resp ). but. at present, this concept is the most likely to be put into 

practice soon 

More examples of SPPs and SCCPP will have to be studied soon in order to define spe

cific projects of application This will be a task for study groups formed by utilities and 

institutes 

Seeking for technical means to avoid critical ranges of the two-phase flow in the absorb

ers of parabolic-trough collectors. ZSW at an early stage compared 5 elementary con

cepts for the circuits of purely solai power plants (Rankine cycles only) /.>/. These can be 

completed by fossil-fired boilers in order to run the power blocks for base load as dis

cussed earlier 

The results of this study discuss the effect of upper pressure and temperature levels of 

the Rankine process on the design point efficiency and on the expected flow regimes in 

the absorbers The yearly solar contributions have not yet been evaluated though this 

would probably reveal more about the economic performance of a solar(ized) power 

plant than the design point efficiency The tool for such evaluations is basically available 

with the computational code SOI.ERGY, requiring only a few modifications in the pro

gramme itself, but a thorough adjustment of those modules which consider the load char

acteristics of the power block and its components To soke this task another pioiccl 

proposal will be submitted to II{A by ZSW and others under the title "Computational 

Prediction of the Pcifoimance of Snlan/cd Combined Cvcles m Powei Plains" 



DSCJ-Di'M'loiiiiH'M I'mgrnmme 

Willi the financial breakdown ol'LUZ and due 10 the severe reduction of public funding 
of solar thermal research and development in Europe (imitating the action of the Reagan 
administration in the USA), we actually have reached a bottom dead centre of DSG 
development Table 1 oilers a survey of the stale of the art considering concepts, 
components and relevant facilities as well as the industries and institutes involved. 

At this stage we should have a clear picture of the assets available with the partners 
interested in DSG development This survey is given in table 2. A weak point among 
these assets is a deficit in systematic analysis of the thermal stresses in absorbers and the 
mechanics of collector structure If we tend to collector dimensions as proposed by LUZ 
for I.S-4. this will becomr an important task As a potential partner for this work we have 
mentioned Schlaich Bergermann und Partner (SBP) in table 2, though, up to now, they 
have not been invited to participate 

If we summarize the future development needs and try to structure them in a time 
schedule, we come out with the flow diagram contained in table 3. From this we recog
nize that immediately four main activities should start in parallel: 

1 Master two-phase flow and its control under the b. c of absorbers in parabolic-
trough collectors 

2 Master '.hernial stresses under the b c as mentioned 

3 Develop technology for thermal energy storage 

•4. Study specific cases of application. 

The necessary activities for task 1 are under way and/or under planning (labs of ZSW 
and KWIJ, field lest at Sede Boqer) Task 2 is still waiting for being attacked seriously 

Task .i suffers from the tendency of those who administrate public funds to make its start 
dependent on the outcome of tasks I and 2 But experience with storage systems for 
steam circuils is very poor Therefore task 3 is as urgent as lasks 1 and 2 in order to be 
ready, when erection of solarized power plants for high solar contributions will start 



Table 1: State of the Art of DSG Development, End of 92 

I ITEM CHARACTERISTICS WHO WHERE STATUS 

concept of process ; once-through 
i 
l 

SOLEL 
(I.L'Z) 

Jerusalem designed 

concept of process injection BII Antucrpcn designed 

model].im flow partem in 2-phase. Taitcl Tel Aviv done 
flow with healing LUZ Jerusalem 

coddl ing 2-phase flow homo-
. geneous with heating 

ZSW' Stuttgart testing 

modelling concentration 

heat tins distribution. 
temperature distribution 

ZSW Stuttgart done 

Z-phase flow once-throimh. electrical 0 reduced SOLEL Jerusalem pre-tested 
and solar heating L reduced (LUZ) 

."•phase flow once-throimh 0 reduced ZSW Stuttgart testiny 
pattern electrical heating L reduced 

J-pliasc flou injection 0 reduced ZSW Stuttgart prepared 
paucrn electrical healing L reduced 

and heal transfer 

2-phasc flow injection L reduced K W L Erlaneen prepared 
heat transfer electrical heating 

eolleetor structure LS4 design SOLEL[LUZ) 
FLAGSOL 

Jerusalem interrupted 

collector stn.ciate VSSG design 1311 Antucrpcn link noun 

letleetor gla>s mirrors for LS4 Fl.AGSOL Cologne available 

reflector laminated foils BII Antuerpcn designed 

.hsorber once-through LS4 SOLEL iLL'Z) Jerusalem open 

absorber injection BII Antuerpen designed 

control strategy once-lhrough LUZ 
ZSW' 

Jeuisaleni 
Stiutiiart 

tot ing 

control sliatcgv injection BII 
1 

Anluerpcn open 

field Ic-Urie once-through j (Oopen) SOI.EL | Sde Boc|cr planned 
and or 1nj1.cii1.111 1. icdiiccd , l l - l ' / l 1 

field lest me | uncc-iliiough j teal 1 PSA •\linu la otk-ud 
and or inaction j ! 

http://1nj1.cii1.111
file://�/linu
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Table 2: Assets ot Partners in the DSG development 

i ITEM SOLEL ZSW PSA/DLR KWU SIEMPEL-
KAMP 

SBP FLAGSOL P G & E 

absorber and 
(hermoliydraulics 

LS3-production 
Sdc-Bokcr loop 

HIPRESS 
DSG code 

test site Benson loop 
WAT, [UN 

FE analysis 

concentrator 
and reflector 

LUZ experience 
Sdc-Bokcr test 

HELIOS expertise 
test site 

expertise mirror 
production 

structure of 
collector 

LUZ -i Bl l 
designs 

test site mechanics 
of structure 

design 

thermal energy 
storage 

LUZ 
concept 

HIPRESS •• 
oil test loop 

expertise 
concepts 
materials 

design for 
sensible system 

concrete 

control Bl l expertise process 
simulation 

expertise 

e\ cle LUZ expertise EASY 
cycle simul 

expertise expertise 

application LUZ 
expertise 

case studies expertise market 
information 

share of 
market 
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Task 4 will first serve as a hinge between potential clients and the engineers of DSG technology. 
Specific case studies will adjust this development to the boundary conditions of real power plants 
in the uorld's sunbelt 

BY solving these immediate tasks hopefully within 2 years, feasibility of all concepts involved and 
technical solutions for all system components should be achieved. The next short period of a few 
months should be one of revision of status, optimization of designs and decisions on the following 
steps From then onwards the technology will be ready for demonstration, full-scale components 
will be constructed and field tests of prototype collectors and complete loops should start. 
Reliability of collectors should then be so high that the utilisation of DSG as a solar additive to a 
fossil-llreJ power plant (possibly combined cycle) will be free of risk for the operation of the 
plant 

The KYYU concept for a polarized combined-cycle power plant comes in here and could be real
ized in the Mediterranean area. 

Readiness for the market should be reached by the end of 96. 

The first fully solarized power plant (SPP or SCCPP) should be built and more opportunities for 
DSG as solai additives to fossil-fired plants should be exploited. As usual, some tasks of optimi
zation as well as laboratory investigation of remaining problems delected "on the way" will have 
to accompany the penetration of DSG into the power production market. 

In table .> utilities, industries and institutes are named with the tasks mentioned. The certainty of 
these engagements varies from commitments by contract to vague notions of interest in participa
tion Naturally the later in time, the less sure it appears from now 

At this point, the scope of this paper ends and, on the occasion of the 5th Sede Boqer Svmposium 
on Solar hlectricity Productit n, the participating experts are invited to revise the last table pre
sented Their criticism and suggestions will help to specify "Direct Solar Steam (DISS)" as a task 
in the Solar PACES programme of the IEA. 
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The Potential for Installed Solar Capacity 
in the Mediteranean Area 
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Representative Daily Load 
Distributions in Winter 
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Representative Classified Yearly 
Distribution of Hourly Loads 
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Power Output of Parabolic Trough Collectors (N-S oriented) 
at Typical Summer and Winter Days 
Compared to a Constant Capacity Demanded by the Power Block 
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Effect of TES and Solar Multiple on the 
Solar Contribution to the Annual Energy Conversion 
of a Hybrid Fossil/ Solar Power Plant 
(constand capacity demand assumed) 
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Block Diagram of a Hybrid Fossil/ Solar Power Plant 
(Rankine Cycle) with Thermal Energy Storage 
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fig. 6 

Hybrid Fossil/ Solar Power Plant (Rankine Cycle) for 
Sliding Operation from Purely Fossil to 
Purely Solar Energy Supply 
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fig. 7 



Block Diagram of a Hybrid Fossil/ Solar Power Plant 
(Combinded Cycle) 
Solar Contribution via Solar Boiler only 
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Combined Cycle Power Plant with Solar Additive 
Over-load Boundary for Rankine Cycle at 130% 
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Solarized Combined Cycle Power Plant 
Brayton Cycle Dominant 
Waste Heat Boiler Without Additional Firing 
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Solarized Combined Cycle Power Plant 
Rankine Cycle Dominant 
Waste Heat Boiler with Additional Firing 
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Block Diagram of a Hybrid Fossil/ Solar Power Plant 
Combinded Cycle - Solar Tower 
Solar Contribution via Solar Heater only 
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Solarized Combined Cycle Power Plant with 
Solar Contribution via Solar Heater only 
(Receiver on Solar Tower) 
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DISCUSSION FOLLOWING THE PRESENTATIONS OF 
ELDAD DAGAN, MARTIN MUIXER AND JUHA VEN 

Kearney In your discussion of flow patterns you did not address the problem 
of ensuring stability in a large number of parallel tubes generating steam in a 
once-through configuration. To what extent did you look at that problem and 
what solutions were proposed? 

Dagan Some years ago SERI showed that of the 5 generic kinds of instability 
that can arise in this kind of system, 4 are connected with the so-called 
Ledinegg instability. So if you are insured against this kind of instability 
there is only one more that really needs to be taken into consideration, 
namely the so-called density wave instability. Unfortunately it may be 
necessary to build a full-size demonstration plant before we can study this 
last kind of phenomenon. These matters are more fully discussed in our 
Almeria study. 

Gordon To what extent would the two-phase flow problems you encounter 
be helped were it to be possible to generate a far more homogeneous flux 
map on the receiver tube. 

Dagan I don't think there is a single answer to your question. If the inside of 
the tube is uniformly wet, say due to annular flow, then a homogeneous flux 
is advantageous. But if there is, say, slug flow, increasing the flux on the 
upper part of the tube could make matters worse by promoting further 
drying. 

Faiman It may be of interest to note that an 8° tilt produces about 50% of 
the maximum possible ^nnual increase in collection that may be obtained by 
tilting the collector axis: tilt=Iatitude giving, of course, the maximum. On the 
other hand, most of this increase comes during the winter months. In fact, 
it is even possible that, at certain latitudes, an 8° tilted collector might 
slightly decrease the summer collection of solar radiation. These may be 
important considerations if electricity tariffs vary at different times of the 
year. The detailed effect of various tilt angles (with and without an incidence 
angle modifier) is shown for Sede Boqer and Almeria in the poster by Peter 
Ibbetson and myself. For the unknown Luz incidence angle modifier we 
assumed a purely empirical ansatz: K(q) = cos(q)[l+sin 3(q)]. This easy-to-
remember expression closely resembles the polynomial fit that Rabl gives in 
his book as being typical of a large number of collectors tha t were 
manufactured during the 1970s. 

Dagan We did not include any incidence angle modifier: only the usual cos(q) 
beam dilution factor. 

Hansen I have never understood why Luz elected to use the old-fashioned 
steam cycle some 10 years ago and then stuck with it through to the end. 
Why did they not try one of the more thermodynamically efficient cycles? 



Biran Luz did not stick with exactly the same system. Each new SEGS field 
employed improvements. 

Dagan In the later SEGS plants the turbines were demonstrating 38% 
efficiency from heat to electricity, which seems to me to be a very good 
match between solar and power technologies. 

Tabor The philosophical answer to Hansen's question is that if you are trying 
to demonstrate a new technology you should not link it to a second new 
technology. Otherwise, if the system does not work, the solar field people 
will blame the power block people and vice-versa. 

Kearney It is also noteworthy that Luz originally developed their system for 
industrial process heat. Their claim - which they proved - was that such a 
steam system was versatile enough for generating electricity too. It was also 
a saleable commodity, which was reason enough to stick with it as long as 
possible. Although they were considering some alternative possibilities. 

Roy One should also remember that when Luz started with SEGS 1 their 
cost per watt was a factor of 2 lower than the best of the competing 
technologies i.e 4-5 $/w compared with 10$ or more. Since that time they 
made no further spectacular cost decreases just s teady small 
improvements. 

Yogev This illustrates how improvements of 1 or 2 % can be very important 
if you have a system that is already making money. But if you are still far from 
cost-effectiveness, as is presently the case for photovoltaics, factors of 2 are 
needed. 

I have a number of other comments too. First, at any given temperature you 
can obtain almost what ever efficiency you like provided you choose the right 
kind of cycle. However, the economics of power production will often 
dictate that it is better to choose a cycle that will give you less than the 
maximum possible efficiency. 

Another comment involves combined cycle systems that work at a low 
temperature and a high temperature. Since the low temperature part has 
low thermodynamic efficiency it is vital that the optical efficiency be as high 
as possible. On the other hand, when the thermodynamic efficiency is high, 
as it is at the higher temperatures, the optical efficiency is less critical. Thus 
it seems to me that different criteria should be applied to the optical design 
of such combined systems. 

Lastly it is worth pointing out that parabolic troughs are now about as close 
to their optical limit of performance as can be achieved whereas there is 
still much room for improvement among the 3-dimensional concentrating 
systems. Presumably the latter kind of system will eventually be sufficiently 
improved that there will be no further use for trough-type receivers. At the 
present time, however, troughs are the only technology that have been 



demonstrated reliably on the large scale so It would seem to me that now is 
the time to try and sell as many such systems as possible before "the 
competition" eventually takes over. This means not devoting too much time 
to refining this kind of technology and in so doing losing the market to the 
dishes and towers that will be available early next century. 

Shilo Juha Ven did not give any cost projections for his kind of system but 
Luz claimed that the electricity from SEGS-10 would cost around 12 t/kWh, 
and Eldad Dagan has told us that the DSG system should improve this by 
15%, i.e. reduce the electricity cost to around 10 */kWh. Now I have heard 
that the 30 MW SEGS stations are currently operating at only 85% of their 
expected performance and the 80 MW plants are down around the 50% 
figure. I understand that Dave Kearney will be talking about this tomorrow 
but the point 1 wish to make is that the cost projections we talk about all 
assume full plant output. If plants will yield only 50% of their expected 
output then the economics change drastically. 

Dagan The 15% cost reduction I spoke of was actually relative to an 
improved oil system that itself would yield electricity at 9 */kWh. But this in 
no way detracts from the important point you have raised that we urgently 
need to understand the cause of the large gap between projected and actual 
plant performance. 

Grasse When I tried, some time ago. to get a study of combined cycles 
included as part of the Solar PACES program it was rejected on the grounds 
that all the necessary knowledge already exists. Do other people also think 
so? 

Klimas I was told by Bechtel that they had made such studies some years ago 
and that all the necessary tools exist. But I have never seen these tools. 

Hennecke I also think the problem has not yet been exhausted. What we 
need is a study to generalize the problem away from the few specific 
situations that have hitherto been studied. 

Roy You did not mention the extent to which the amount of available solar 
radiation effects your results. 

Mtiller Naturally there will be some effect but the chief factor is the shape of 
the demand curve. Whether there is peak load or only base load, whether it 
is possible to switch the plant off at night or whether it has to run day and 
night, these are the main factors. If the demand peak occurs in daytime the 
plant can be largely solar. If it is at night then some storage will be 
necessary. Of course there will have to be some fossil backup for cloudy and 
rainy days. 



SOLAR POWER DEVELOPMENT WITHIN AN INTERNATIONAL 
FRAMEWORK 
Wilfried Grasse (DLR)* 

The Government of Israel has just recently joined the IEA SolarPACES program. 
The SolarPACES program (Solar Power and Chemical Energy Systems) is one of the most 
successful to be carried out under the auspices of the IEA (International Energy Agency, 
with its seat in Paris at the OECD). Begun in 1977 as the SSPS (Small Solar Power 
Systems), it has now, having undergone the change in name in 1992, already reached Stage 
4[1], 
The Israeli Weizmann Institute of Sciences and Jacob Blaustein Institute for Desert 
Research, are highly welcome partners in SolarPACES to which both will be vital 
contributors in the individual Tasks and Subtasks. 
One of Israel's most exciting contributions to the international RD&D effort in developing 
solar thermal power plant technology is the project labeled DISS-Sede-Boqer. As its name 
would indicate, this project involves 
• Direct Solar Steam Generation in parabolic trough collector system absorber tubes; 

• completion and operation of the corresponding test bed and an international team of 
scientists and engineers for its further development and evaluation of results at the Ben-
Gurion National Solar Energy Center in Sede Boqer. 

The development of solar thermal power plant technologies is now mature for commercial 
application [2]. The cost of the electricity so generated, in locations with high direct 
insolation, is almost competitive with power produced by more conventional power plants. 
Furthermore, market potential in the Mediterranean Area [3] and in the American 
Southwest, is high. 
Such good perspectives as these led G. Braun (PG&E, California) and R. Vigotti (ENEL, 
Italy) to formulate a proposal in which they call upon the international solar community to 
join in a "Solar Decade Project" for completion of ongoing RD&D, which would then pave 
the way 'o its world wide commercial utilization [4]. 
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Wllfried Grass* (DLR) 

Solar Power Development within an International Framework 

5"* Sde Boker Symposium on Solar Electricity Production 15-17.2.1993 

IEA and its RD&D Programs 
IEA Implementing Agreement SolarPACES 

DLR/ZSW Proposal for a Task 

Direct Solar Steam (DISS) 
in Sde Boker 
in Almerfa 



IEA International Energy Agency 
Founded 1974 by 21 OECD members, now 23 

Objectives 

developing alternative energy sources and increasing the efficiency of 
energy use 

encourage collaboration in RD&D 

ensure environmental protection 

share remaining oil supplies in the event of disruptions 

operate a permanent information system 

co-operate with non-member countries and int'l organizations 
WG-V93-IL.1 

IEA International Energy Agency 

Organisation 

I. Governing Board (GB): Ministers or their delegates 

I I . Committee for Research & Development (CRD) 

III. Standing Working Parties 

Secretariat 

Staff of energy experts from member countries supporting GB and 
subordinate bodies 

WC-2/9JIL4 
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IEA - Energy Research, Development & Demonstration 
EEA helps to set up collaborative RD&D projects 

: 
over ISO since 197S, today approx. 70 in 30 [As 
Focusing on candidates for early commercialization 

: 
increased private industrial involvement is essential 
no central funds; financing by contracting parties 

Implementing Agreements (IA) 
- commit contracting parties 

establish management structure (Operating Agents) 
- protection of intellectual property 

-
arrangements for commercial exploitation 
two forms 

° single projects 
° umbrella agreements 

two categories 
0 cost-sharing 
° task-sharing WG/-2/93-1L.5 

IEA Collaborative Projects 1975 - 1989 

Energy End-Use (13 IAs with 66 tasks) 

Fossil Fuel Technologies (10 IAs) 

Renewable Energy Technologies (11 IAs with 54 tasks) 

Controlled Thermonuclear Fusion (6IAs) 

Energy Technology Information (7 IAs) 

WG-2/93IL6 
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from 1992 onwards as SolarPACES 

http://Sm.ll


O.A.: SANDIA Labs, Albuquerque/USA 

TASK I: Solar Electric Power Systems 1 , K l i m f c „ „ 
' Tel.: USA-505-844-8159 

Fin: USA-S05-845-95QO 

Industry related; 2^/3'd generation of technology; utilization of large 
test centers (Almeria, Albuquerque/Barstow/Sde Boker 

I. Central Generation Systems 
- solar towers (Solar TWO; PHOEBUS-TSA) 
- parabolic troughs (mainly; direct steam; combined cycles) 

II. Distributed Generation Systems 
- dish/stirling system demonstration 

WG-10/92-KEWP.9 

Milestones of DISS Sde Boker 

March 1990 1st meeting LUZ/DLR + ZSW 

Sept. 1991 initia»'ve for DISS Sde Boker at 4th Symposium 

Mai 1992 Da to s study ready 

Sept. 1992 - Israel becomes member of SolarPACES 

- initiative for SolarPACES project 

Dec . 1992 3 working groups established 

Feb 1993 draft project plan 

April 1993 Formal decision and establishment of project 
organisation 

W|-2/93-IL.7 



Levelized Electricity Production Costs 
of Solar and Conventional Power Plan 
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SOLAR Decade Project (G. Braun, PG&E, Mojacar 9/92) 

(1) Solar Thermal Power: Finishing the Job 
2 decades of electric utility support (SCE, PG&E, EMEL, 
Sevillana....) 
... and of public/industrial support (1-2 109 S) 
I decade of market uncertainty 
PV not ready for central station application 
Solar thermal unique in terms of vast resources 
(environmental preferences, economical prospects) 

Bin 
no viable strategy plan exists to finish the job 
"we need to leam from mistakes and respond strategically rather 
than just to continue to muddle along." 

WGI0/92KEWF20 
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Solar Decade Project (Q- Braun, PG&E, Mojacar 9/92) 

(2) Current Situation 
Key Success Factors Score Card 
- development facilities YES 
- R&D funding NO 
- Power plant suppliers NO 
- Incentive and entry market NO 

.... "LUZ's temporary success masked the long-standing 
deficiencies in R&D funding and market incentives" 

"The LUZ experience in USA reflected a failure to integrate tax 
policy, utility regulation, and technology support". 

wG-iamitEwr 21 

SOLAR Decade Project (G. Braun, PG&E, Mojacar 9/92 

SDP is a proposed fund of pooled resources, international in scope 
and sponsorship, able to allocate funds to RD&D and market 
conditioning measures that are linked and properly sequenced 

- administered by IEA or a joint new powers arrangement 
- funded by current R&D sponsors and others 
- completes entry market conditioning in a decade, starting in 1997 
- SDP-schedule 

1993 Organizational 
1994/96 Development 
1997/2006 Commercial Project 

WO- I0I92HEWP 22 
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II. KEYNOTE REVIEWS IN SISTER SOLAR TECHNOLOGIES 

The Solar Two power tower project 
James M. Chavez, Paul C. Klimas, 
Pascal De Laquil III and Mark SkowronskI 85 

History of solar cell developmnt in the Soviet space program 
and the terrestrial potential for this technology 
Mark M. Koltun 101 



THE SOLAR TWO POWER TOWER PROJECT 

James M. Chavez and Paul C. Klimas 
Sandia National Laboratories 

Albuquerque, NM 

Pascal De Laquil III 
Bechtel Corporation 

San Francisco, California 

Mark Skowronski 
Southern California Edison 

Los Angeles, California 

ABSTRACT 

A consortium of United States utility concerns led by Southern California Edison 
Company (SCE) has begun a cooperative project with the U. S. Department of 
Energy (DOE) and industry to convert the 10-MWe Solar One Power Tower Pilot 
Plant to molten nitrate salt technology. Successful operation of the converted plant, 
to be called Solar Two, will reduce the economic risks in building the initial 
commercial power tower projects and accelerate the commercial acceptance of this 
promising renewable energy technology. In a molten salt power tower power plant, 
sunlight is concentrated by a field of sun-tracking mirrors, called heliostats, onto a 
centrally located receiver, atop a tower. Molten salt is heated in the receiver and 
stored until it is needed to generate steam to power a conventional turbine generator. 

Joining SCE and DOE in sponsoring this project are the following organizations: 
Los Angeles Department of Water and Power, Idaho Power Company, PacifiCorp, 
Pacific Gas and Electric Company, Sacramento Municipal Utility District, Arizona 
Public Service Company, Salt River Project, City of Pasadena, California Energy 
Commission, Electric Power Research Institute, South Coast Air Quality 
Management District, and Bechtel Corporation. The Solar Two project will convert 
the Solar One heat transfer system from a water/steam type to molten nitrate salt by 
replacing the water/steam receiver and oil/rock thermal storage systems with a 
nitrate salt receiver, salt thermal storage, and steam generator. The estimated cost of 
Solar Two, including its 3-year test period, is $48.5 million. The plant will be on 
line in early 1995. 

KEY WORDS 

Solar thermal energy, Solar Two, power towers, recei' ers, solar power plants, nitrate 
salts, Solar One 



1. I.MKODI <HON 

A solar power lower plain uses ;i field of sun-tracking mirrors, called heliostats, to 
concentrate sunlight onto a receiver, where the thermal energy is collected in the 
form of a heated fluid. The concept, shown in Figure 1, was first proposed by 
scientists in the USSK in the mid-1950s. In the past 18 years, a number of 
component experiments and system experiments have been fielded around the world 
to demonstrate the engineering feasibility of the concept and validate its potential. 

Figure I Solar Power Tower Plant Concept 

Figure 2. Solar One Pilot Plant 

The 10-MWe Solar One Pilot Plant near Harstow, California, shown in l-i was 
the largest of the system experiments. Solar One established the technical lity 



of the power lower concept. Initiated in 1976, the plant used a water/steam receiver 
coupled directly to the turbine-generator. A thermocline oil/rock system provided 
thermal storage. This approach was selected to establish utility confidence in the 
concept and to minimize technical risks. Solar One used 1818 glass metal heliostats 
to reflect the solar energy to the receiver on the tower. Solar One started operation 
in 1982, and its 6-year test and power production pror~ m proved that the 
technology operates reliably, has very low environmental impacts, and excellent 
public acceptance [1]. The two key disadvantages of the water/steam system at 
Solar One were that the receiver was directly coupled with the turbine, causing the 
turbine to trip each time a cloud came by, and use of the oil/rock thermal storage 
system was not efficient because of thermodynamic Iosses[2]. After successfully 
completing its test and operation, Solar One was decommissioned in 1988 [3]. 

In parallel with Solar One, a series of studies, funded by the U.S. Department of 
Energy and industry, examined advanced central receiver concepts that used a 
single-phase receiver fluid [4,5]. Both molten nitrate salts and sodium were 
considered. The advantages of the single-phase fluid for a solar power tower plant 
include: 

• The receiver can be operated at a lower pressure and higher incident flux than a 
water/steam receiver. This translates into a smaller, more efficient, and lower cost 
receiver and support tower. 

• Tlk single-phase fluid can be stored in a large tank at atmospheric pr ,. ure. 
This allows the plant to I) isolate the turbine-generator from solar energy transients, 
2) economically and efficiently store thermal energy collected early in the day for 
use during peak demand periods, 3) increase the plant capacity factor by oversizin-
the collector and receiver systems and storing the excess thermal energy foi 
electricity generation in the evening, and 4) operate the turbine at maximum 
efficiency. 

The interest in sodium as a heat transfer fluid waned because of its inherent safety 
problems. However, development of power tower systems using molten salt 
continued because of salt's advantages. Although power tower plants using a single 
phase fluid offer significant technical and economic improvements over the 
water/steam plants [6], earlier attempts [7] to retrofit Solar One with a molten nitrate 
salt heat transfer system failed. Even though federal and state tax cred s were 
available, the large technical and financial risks to the investors, decreasing fossil 
fuel prices, and excess utility capacity precluded project financing. Also, there was 
no immediate or intermediate market seen for power tower plants. Nevertheless, 
confidence in the future of advanced power tower plants continued. 

Efforts by DOE, Sandia National Laboratories, and industry to demonstrate nitrate 
salt components and a system experiment have been technically successful. The 
component tests included two 5-MWt receivers, a 7-MWht thermal storage system, a 
3-MWt steam generator, and a pump and valve loop sized for a 190-MWt receiver 
[8]. The Molten Salt System Experiment used one of the receivers, the thermal 



storage tanks, and steam generator from the component tests and a 750-kWe turbine-
generator to form a complete nitrate salt system. However, the size of the system 
experiment was not large enough to demonstrate the economic potential of a 
commercial facility [9]. A schematic of the molten salt central receiver power plant 
technology is shown in Figure 3. 

Figure 3. Schematic of Molten Salt System Flow 

The n?xt step in the commercialization of central receiver technology is to design, 
construct, and operate a demonstration plant of a size that is large enough to reduce 
to acceptable levels the risks in building the first commercial plant. Solar Two is 
this plant. 

2. SOLAR TWO SCOPE, OBJECTIVES AND RISK MITIGATION 

The Solar Two Project will require the removal of Solar One's entire water/steam 
heat transfer system, including the receiver, piping, and heat exchangers, and the 
oil/rock thermal storage system. The Solar One power block, including the heat 
transfer system and thermal storage system are shown from above in Figure 4. The 
new molten salt system to be installed will include a receiver, a dual tank thermal 
storage system, and a steam generator system. Additional heliostats will be added to 
the south part of the field, and the turbine will be upgraded to improve the plant 
performance. Other minor improvements will be made, and damaged equipment 
will be replaced. However, the balance of the plant will be utilized in Solar Two. A 
detailed description of the modifications present in Solar Two are provided in 
Section 3. 



Figure 4. Pictute of Solar One Power Block 

The principal goal of the Solar Two project is to significantly reduce the perceived 
technical and economic risks in building the first commercial projects. To 
accomplish its goal, the project has established the following objectives: 

• Validate the technical characteristics of the nitrate salt receiver and storage 
technology. 

• Improve the accuracy of economic projections for commercial projects by 
increasing the data base of capital, operating, and maintenance costs. 

• Simulate the design, construction, and operation of the first commercial plants. 

• Collect, evaluate, and distribute to United States utilities and the solar industry 
the knowledge gained from the project to foster wider utility interest in commercial 
plants. 

• Stimulate the formation of a commercialization consortium that will facilitate 
the construction of the initial commercial projects. 

The project will address the perceived technical and economic risks in the following 
manner: 



• Plant Availability. During its 3-year power production phase, the Solar One 
pilot plant had annual availabilities of 80 to 83 percent, and during its last year under 
SCE operation, an availability of 96 percent [1]. Commercial central receiver plants 
require an availability of 90 percent to achieve published energy cost goals. The 3-
year operation of Solar Two will provide the required data for high confidence in the 
commercial plant projections. 

• Plant Design Point Performance. The largest uncertainties in design point 
performance are the receiver spillage and convection losses; the optical and thermal 
performances in the balance of the plant are well understood. Data from an 
improved beam characterization system and receiver thermal loss measurements 
during the 1-year test period will be available to corroborate or refine these loss 
models. 

• Annual Performance. Annual plant performance is estimated with the SOLERGY 
computer code, which uses equipment performance characteristics and site weather 
data to calculate energy flows at either 3- or 15-minute intervals during the year. 
Although the accuracy of the code has been corroborated by comparing the annual 
performance of the Solar One plant with computer projections [10], the 2-year 
power production phase of the Solar Two project will provide an opportunity to 
verify the accuracy of the code for nitrate salt systems and to increase the confidence 
in projections for commercial projects. 

• Annual Operation and Maintenance (O&M) Cost. O&M expenses for the Solar 
One plant are well understood, and projections of O&M expenses for the Solar Two 
and commercial projects are believed to be accurate. However, operation of the 
Solar Two project will provide an opportunity to validate the projections for the 10-
MWe plant and to increase the confidence in the estimates for the commercial 
projects. 

• Equipment Prices and Warranties. This is one of the largest risks. Suppliers of 
the equipment for the initial commercial projects will be required to provide 
competitive bids and performance warranties. The Solar Two project will provide 
an opportunity for vendors to design, fabricate, and test equipment at a size within a 
factor of 3 of that required for the first commercial project. This experience, and a 
summary of the non-proprietary information and lessons learned, will be distribuicd 
lo the central receiver community and will reduce the uncertainties in providing 
equipment for the first commercial projects. The reduced risks, together with 
competitive bids, will help to minimize equipment prices on the initial projects. 

• System Performance Guarantees. To finance construction of the initial 100 
MWe commercial projects, a limited annual performance guarantee will likely be 
required to minimize risk to the investors. Successful operation of the Solar Two 
project will reduce the system performance uncertainties and allow a guarantee to be 
offered for the initial commercial projects. 



3. DESCRIPTION OF SOLAR TWO 

The basic plant configuration, project organization, schedule, cost estimate, and 
funding sources for the Solar Two project have all been identified. 

.1.1 Plant Configuration 

As stated previously, the Solar Two project adds a nitrate salt heat exchanger, 
transport and storage system to the existing heliostat field, turbine-generator plant, 
receiver tower, and a portion of the master control system from the Solar One plant. 
A preliminary piping and instrumentation drawing for Solar Two is shown in Figure 
5. One of the project objectives is to simulate the 100-MW plant designs. To meet 
that objective, the project will have the following features: 

Figure 5. 
Solar Two Piping and Instrumentation Drawing 

• Approximately 11,500 m^ of additional mirror area will be added to the south 
side of the collector field to provide a flux distribution representative of a 
commercial receiver, eliminate excessive moming start times common to the Solar 
One plant, and provide additional energy for charging the thermal storage system. 
Of the additional mirror area, current plans call for approximately 10,000 m* to be 
flat glass on refurbished two-axis trackers and 1,500 m^ will be new stretched-
membrane hcliostats for research purposes. 
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• A 43-MWl external cylindrical nitrate salt receiver will replace the present 
water/steam receiver. The salt receiver will be 6.1-m in diameter and 6.6-m tall, and 
will use 1.9 cm, 0.17 cm wall, 316 stainless steel tubes. The molten salt will enter 
the receiver at 285°C, flow in two control zones in a serpentine path through the 
receiver, and exit the receiver at 565 °C. The average incident flux on the receiver 
will be 0.30 MWt/m2. 

• A nitrate salt thermal storage system will replace the present oil/rock 
thermocline unit. The system will use separate hot (565°C) and cold (285°C) salt 
tanks and will be sized to operate the turbine at full load for 4 hours. Both tanks will 
be on the order of 13.7-m diameter and 6.1-m tall. Over a million kilograms of salt 
will be used in this system. The pumps for pumping the cold salt up to the receiver 
will be multistage vertical turbine pumps. The hot pumps, to pump the salt to the 
steam generator, will be vertical cantilever pumps. The storage system will 
demonstrate the decoupling of solar energy collection from the generation of 
electrical energy, the potential to meet a utility's evening peak demand, and the 
dispatch characteristics of a commercial plant. 

• A 35-MWt steam generator will be added to convert the thermal energy in the 
nitrate salt to 512°C steam for the turbine-generator. The steam generator will 
consist of u-tube/u-shell superheaters (two shells in parallel) and preheaters. The 
evaporator will either be a kettle boiler or a u-tube/u-shell design. 

• Modifications to the turbine plant will be made to improve its thermal 
efficiency and reduce its auxiliary electrical energy use. The addition of a fifth 
feedwater heater will increase the turbine cycle efficiency by I percentage point to 
36 percent. 

• Modifications and additions to the master control system will be made to 
replace equipment no longer supported by the original suppliers and to integrate the 
existing and new heliostats under one heliostat array controller. 

3.2 Schedule 

A preliminary project schedule, shown in Figure 6, includes a I-year period for final 
design, I year for equipment fabrication and installation, 6 months for startup and 
checkout, I year for system test and evaluation, and 2 years of power production to 
simulate a commercial plant. The project is planned to begin its test period in the 
second quarter of 1995 and its power production phase in the second quarter of 
1996. 
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Figure ft. Solar Two Design and Construction Schedule 

3.3 Funding 

A summary of tlie total proicet tost estimate is shown in Table 1. The overall cost 
of $48.5 million includes all expenses for final design, construction, startup and 
checkout, and annual operation and maintenance during the 1-year test period and 
the 2-year powei production plia.se 

Tabic 1 
hnjecl Cost Kstimate 

Plant Svstem Cost Estimate (SK) 
Structures and Improvements $ 1,100 
Collector System $ 2.900 
Receiver System $11,000 
Thermal Storage System $ 4,800 
Steam Generation System $ 2,500 
Electric Power Generation System $ 3,100 
Master Control System $ 2.200 

Total Field Cost $27,600 
Engineering and Construction Management $ 6,700 
Project Management $ 2,300 
Startup, Checkout, and Spare Parts $ 2,000 
Overheads $ 400 

Total Capital Cost $39,000 
Operation and Maintenance 

Test and Evaluation-One Year $ 3,500 
Power Production Phase - First Year $ 3,000 
Power Production Phase - Second Year $ 3.000 

Total Project Cost $48,500 

http://plia.se


The principal project participants and their financial contributions are presented in 
Table 2. The capital and operation and maintenance costs are to be shared on a SO-
SO basis between DOE and the consortium sponsors. This equal cost-sharing 
between the Federal government and it partners is typical of the Clinton 
administration's approach to furthering US technologies. 

Table 2 

Project Funding Commitments 

Organization CommitmentfSK) 

Southern California Edison $11,148 
Los Angeles Department of Water and Power $ 1,261 
Idaho Power Company $ 1,261 
PacifiCoip $ 1,261 
Sacramento Municipal Utility District $ 1,261 
Arizona Public Service Company $ 630 
Salt River Project $ 631 
City of Pasadena $ 100 
California Energy Commission $ 1,000 
Bechtel Corporation $ 1,750 
Industry $ 2,071 
South Coast Air Quality Management District $ 100 
Sales from Net Power $ 315 

Subtotal $24,250 

U.S. Department of Energy $24,250 

Total Project Cost $48,500 

3.4 Solar Two Project Organization 

The Solar Two project organization is shown in Figure 7. All the utility concerns 
joined together to form a consortium under a participant's agreement. SCE, as the 
consortium lead, prepared a request for cooperation with the U.S. DOE under a 
Cooperative Agreement. Within the utility consortium a contribution of $1 million 
or more entitles an organization to place one representative on a steering 
committee. This committee sets project policy and objectives, and assures the 
accomplishment of the objectives as permitted by the project resources. Additional 
groups within the project organization include the Technical Advisory Committee, 
Commercialization Advisory Board, and the Project Team. The Technical 
Advisory Committee will review all designs and proposals and transfer information 
to all participants. The Commercialization Advisory Board will work to use Solar 
Two as the stepping stone for the commercialization of power tower plants. 



w w •i **-
t , 

is 

Figure 7. Solar Two Project Organization 

4. COMMERCIALIZATION PLAN 

A plan for the commercialization of the technology, illustrated in Figure 8, 
encompasses the following phases: 

Figure 8. Solar Tower Commercialization Strategy 



Phase 1: Formation of an R&D Consortium for the Solar Two project. 

Phase 2: Expansion of the R&D Consortium into a Commercialization 
Consortium, which will facilitate the construction of the initial 100-MWe projects. 

Phase 3: Formation, from the Commercialization Consortium, of one or more 
commercial alliances, partnerships, or corporations that will market follow-on 100-
and 200-MWe plants in the United States and internationally. 

The R&D Consortium for the Solar Two project has been formed and is proceeding 
with design and construction. 

During Phase 2, a Commercialization Consortium will be formed from an industry 
joint venture establishing the terms for constructing the initial plants, utility 
companies providing commitments for the initial plant orders, and investment 
groups providing debt and equity financing. The "initial" plants are defined as the 
first three to five 100-MWe projects, and their design will be based largely on 
experience from the 10-MWe Solar Two project. The key to reducing the plant 
capital cost to levels that will be acceptable to investors is to establish a steady 
demand for the most expensive items in the plants; specifically, the heliostats. One 
potential approach is to develop commitment agreements among one or more 
investors and interested utilities to build a minimum of three 100-MWe projects as 
the initial plants. The plants would be built in succession at one or more utility sites 
at approximately 1-year intervals, and would establish an initial heliostat production 
rate of 3,000 per year. This should reduce heliostat prices from approximately $180 
per m^ for a single 100-MWe project to $120 per m^, and thereby reduce the cost of 
energy to a value of $0.11 per kWhe for these initial plants. 

As currently envisaged, the initial plants will be financed and operated on a 
commercial basis and will not require direct subsidies or financial guarantees from 
DOE or other public agencies. However, this does not rule out the potential for 
taking advantage of Federal and state programs for promoting new renewable energy 
technologies, such as investment or production tax credits and demonstration project 
rate structures. In particular, the ER-90 legislation in California provides a 
mechanism for promoting the first commercial-scale power plants (>50 MWe) using 
advanced, clean technologies that could be utilized in developing and financing one 
of the initial plants. 

During Phase 3, the rights, expertise, and know how developed by the industry joint 
venture through construction of the initial plants would be converted into one or 
more alliances, partnerships, or other ventures to develop, construct, and operate 
follow-on 100- and 200-MWe projects. Utility and investor participants in the 
Commercialization Consortium could be part owners and investors in the new entity 
or entities, which would compete within whatever market structures exist for the 
construction of new generating capacity by United States utilities and 
internationally. It is anticipated that levelized energy costs of electricity from these 
higher volume production facilities would drop to approximately $0.08 per kWhe. 
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5. CONCLUSIONS 

The Solar Two project is well defined and timely. It is the first step in the 
commercialization process recommended at the conclusion of the utility studies 
[4,5], it enjoys strong financial support from the USDOE and utilities in the western 
United States, and is well timed to meet the needs for large-scale renewable energy 
generation early in the next century. 
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DISCUSSION FOLLOWING THE PRESENTATION OF 
PAUL KLIMAS 

Yogev What is the total mirror area for the 10 MW plant ? 

Klimas The original Solar-One heliostat field comprised about 72,500 sq.m 
of mirrors. The Solar-Two upgrade adds another 11,500 sq.m. 

Dagan What is the present cost of heliostats ? 

Klimas We estimate that for the first fully commercial plant the cost of glass 
heliostats would be about $180 per sq.m in todays dollars, or about $120 per 
sq.m if enough heliostats were built for three plants. These are installed 
costs. 

E. Dagan What about stretched-membrane heliostats ? 

Klimas All DOE work on this kind of technology stopped some time ago. We 
hope that the few that we shall install as part of the Solar-Two field upgrade 
will provide a boost to this kind of research. 

Faiman I have two questions about the economics of Solar-Two. First: On 
what basis is your figure of 5-10 t /kWh calculated; is it based purely upon 
the cost of the additional parts needed to upgrade Solar-One, or does it 
include an estimate of what the entire capital cost would be for this project 
were all the parts to be ordered now ? 

Klimas The 5-10 */kWh figure is only indirectly related to Solar-Two. It 
represents what we think the cost will be for 100-200 MW power plants. I'd 
hate to say what the cost will be for this one-of-a-kind research scale 
project. 

Faiman Second: I notice that the O&M cost you tabulate for Solar-Two is 
something like 10% of the capital cost and yet in your projection to the 
100-200 MW plants this figure goes down to about 1%. Can you indicate how 
such an order-of-magnitude cost reduction will be achieved? 

] Klimas 10 MW is not an economic size for a solar power station - Solar-One 
I demonstrated that fact. Even in the case of the Luz stations the O&M costs 
j decreased as they increased the station size. At Harper Lake Luz were 

considering employing centralized control for four 80 MW plants. So, in a 
word, the answer to your question is economy-of-scale. 

•' Gordon Since the time of Solar-One there have been two major advances in 
1 the conceptual design of central receiver plants. One is the possibility of 

taking advantage of the high temperatures in order to employ gas turbines as 
, part of a combined cycle system, rather than the thermodynamically inferior 

single steam turbine. Second is the desirability of employing second-stage 



concentrators in order to improve the optical efficiency. I am surprised that 
neither of these advances has been incorporated into the design of Solar-
Two. 

Kllmas The problem was that Solar-Two needed to be sold as a relatively 
low-cost, low-risk project. To this end it was necessary to make as few 
changes as possible in the original design. 

Kami But does your program also support research into more advanced 
ideas or is it doomed always to look only for near-term applications ? 

Klimas For the last few years, unfortunately, survival has meant that we had 
to drop all of the more long-term research projects, even though these were 
our specialty. We hope that as our funding increases we will be able to return 
to such research but for the present time we can only undertake projects 
that appeare attractive to the commercial sector. 

Tabor I am reminded, in this respect, of a comment that someone made at a 
conference in Canada: The problem of finding funding for solar research is 
that it has no military applications! This is a fact of life that solar people have 
to live with and it was one of the cleaver strokes of Luz that right from the 
start they conceived a system of a size for which funding could be raised 
from industry. Had they ellected to go for a larger size system they would 
never have found the necessary financing. 

Grasse Between Solar-Two and the 100 MW scale how do you propose to 
test various technological improvements that may be expected to occur, 
such as stretched-membrane heliostats or advanced receivers, both of which 
are currently under test at Almeria ? 

Klimas Solar-Two could easily become a Solar-Three test facility, by the 
incorporation of various advances such as those of the type you envisage. But 
we do not plan to build any plant intermediate in size between Solar-Two 
and the 100 MW plant. 

Yogev To what extent is a 100 MW plant part of the existing program or 
merely a dream at the present time? 

Klimas There are several commercial entities in the USA who regard this 
project as the first stage of a money-making enterprise. I believe that the 
fact that they are spending money on further studies is a positive indication 
that a 100 MW plant is a realizable goal. 

Kearney Luz had some mixed experience with regard to taking steps 
forward with advanced technology. For example, in going from a 30 MW to 
an 80 MW plant few questions were raised by the potential customers. 
However when the selective surface was upgraded from black chrome to 
Cermet the most rigorous studies were required before they obtained the 
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go-ahead. What would you say was the most critical component of Solar-Two 
in this regard ? 

Klimas This, of course, is an illustration of why the Solar-Two design had to 
be so conservative with respect to innovations. Probably the most critical 
component is the new receiver which has been completely redesigned. 

Kami Did you consider the possibility of employing Solar-Two as part of a 
hybrid system ? 

Klimas This possibility was considered but dropped on political grounds: It 
was deemed to be a stronger selling point that the system should be non-
polluting. 

D.Wolf Why did you choose 4 hours of storage rather than some other figure? 

Klimas The 4 hour figure was a compromise between a smaller number that 
may have been optimal from the view-point of maximizing revenues from the 
summer afternoon demand curve peak but would not have demonstrated, in 
such a clear manner, the "despachability" of solar energy that molen salt 
storage allows. 

Saggie Does the molten salt solidify during the hours when it is not used for 
storage ? 

Klimas No. Calculations indicate that the insulated tanks are capable of 
maintaining the salt in its liquid state for several days. 

Grasse The Luz experience has taught us that it is necessary to have heavy 
involvement of big industry if solar is to succeed. Has US industry indicated 
any readiness to take over if Solar-Two is a success ? 

Klimas Industry is already heavily involved. Such companies as Rockwell, 
Bechtel, Black & Veech, Science Applications International are already 
included and several other companies are negotiating to join. 
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Solar cells have been found to be reliable and efficient as sources of 
electric power for space vehicles,and also as sources of information on the 
spectral composition and direction of solar rays, and as simple elements of 
automatic and orient ing systems in space vehicles. 

Solar cells can be widely used not only in relatively small independent 
systems for space, but also for domestic and industrial purposes. This is 
clear from the development and successful tes t ing of the first solar houses, 
and the use of photovoltaic sources and power supplies for radio receivers, 
television se ts , radio s ta t ions , signalling equipment , and buoys. Solar electric 
power s tat ions employing thermal as well as photovoltaic conver ters are 
interest ing and very promising. 

Solar cells based on the photoelectric effect in semiconducting s t ruc tu res 
with a barrier layer (photovoltaic effect) can directly convert optical radiation 
incident upon them into electric power. They are thus electric power 
generators (in contrast to photoresis tors and photocells exploit ing the 
external photoelectric effect) and do not require an external voltage source. 

Since the discovery, in the middle of the last century, of tin; photoelectric 
properties of selenium, and the development at the turn of the century of the 
first photoelectric converters of radiation into small electric: signals (based on 
selenium and copper/copper oxide heterosystems), there have been frequent 
a t tempts aimed at increasing the efficiency of such converters and exploiting 
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them as sources of useful electric power. Improved technology, and also the 
use of optical filters, resulted in selenium photocells whose spectral 
sensitivity was practically the same as that of the human eye. Improved 
selenium photocells found extensive applications as exposure meters in 
photography and cinematography. However, the efficiency of such photocells 
did not exceed 0.5%. The successful application of the photoelectric method 
of energy conversion began only after the advent of the band theory of the 
electronic structure of semiconductors, the development of methods for their 
purification and controlled doping, and the elucidation of the dominant role 
of the barrier layer on the separation boundary between semiconductors with 
different types of conductivity. A brief report on the development of the 
silicon solar cell with an efficiency of about 6% appeared in 1954, and by 
1958 both Soviet and American satellites carried silicon solar batteries 
supplying electric power for the electronics. Since then, the efficiency of 
solar cells has been substantially increased. This has been facilitated by better 
understanding of physical phenomena occurring in solar celis, by the 
introduction of continuously improving fabrication techniques, and by the 
development of new and improved cell designs relying on a variety of 
semiconductor materials. 

These studies were, in turn, based on the systematic theory of 
photoelectric phenomena in semiconductors, established in the 1930's and 
1940's. In the USSR, this branch of semiconductor physics has developed as 
a result of pioneering work of Academician A.F.Ioffe and his school, who 
extended our understanding of the nature of photoconductivity and 
photoelectric phenomena in semiconductors and semiconducting p-n 
junctions [1]. 

Work done in the Soviet Union and elsewhere on the development of 
photoelectric devices converting radiant energy, including solar energy, into 
electric power has been systematically reviewed in scientific monographs 
[2-5]. 

The efficiency of solar cells depends on the optical and electrophysical 
properties of the semiconducting material (reflection from the surface, 
photoionization quantum yield, diffusion length of minority carriers, position 
of the fundamental absorption band), as well as on the characteristics of the 
p-n junction (origin of reverse current, height of potential barrier, width of 
the space charge region), the so-called geometric factor (ratio of carrier 
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diffusion length and depth of the p-n junction), and the dopant concentration 
on ci ther side of the p-n junct ion. It is clear that the shape of the current-
voltage characterist ic and the ou tpu t power depend on the series resistance 
which, in tu rn , depends on the resistance, thickness, and dopant 
concentration in the semiconductor, as well as on the shape and position of 
the cur rent contacts . The desire to reconcile these frequently conflicting 
requirements , and to find the optimum technological compromise, has led to 
the preferred use of the planar design for the solar cells (see F ig . l a ) . With 
small modifications (introduction of drift fields and of an isotype barrier on 
the back contact: replacement of a solid back contact with a grid; t ex tu r ing of 
the surface of the semiconductor and i ts coating; and deposition of a 
reflecting layer on its rear surface), this design has been with us wi thout any 
substantial change for many years, at any rate in the case of solar cells made 
from monocrystal silicon with a homogeneous p-n junct ion, and continues to 
dominate space and terrestr ial applications. 

The upper surface of the silicon cell, which faces the incident optical 
radiation, is very thin and highly doped ( impuri ty atom concentrat ions up to 
1 0 2 o - 1 0 - 1 c m 3 ) , for example, with phosphorous a toms, so tha t it becomes an 
n-type. The p-type region of the semiconductor is usually lightly doped, for 
example, with boron (usually, while the crystal is being grown), up to 
impuri ty atom concentration of 1 0 1 6 - 1 0 1 7 c m 3 . The outer surface of the solar 
cell is covered by a grid of current- taking s t r ips occupying 5-7% of the total 
area, while a solid or grid contact is placed on the rear of the cell. 

The minority carriers separated by the p-n junction field must enter the 
external circuit (load). In the upper, n-type, region of the semiconductor , 
which faces the incident l ight , the minority carriers move along the layer, 
whereas in the p-type base region (see Fig. l a ) they move across the layer. The 
diffusion length of the minority carriers in the highly doped n-type upper 
layer is usually 0.2-0.6 fim, while in the base layer it is 100-200 «in. These 
figures depend on the impuri ty concentration and the thermal t rea tment 
(number of cycles, rate of heat ing and cooling, maximum temperature) 
applied to the crystal while it is being grown, and to the solar cell dur ing the 
fabrication process (for example, during the thermal diffusion of dopants and 
the deposition and s t rengthening of the antireflective coatings). 

It is important to note that the numerous thermal t rea tments applied to 
the semiconducting layers at different technological s tages of solar-cell 



fabrication necessarily involve the entry of undesirable impurit ies and 
recombination centers which affect the optical and electrophysical parameters 
of semiconducting material . This means that the parameters of the 
semiconductor are best determined at the end of the technological cycle. This 
is usually done by calculation from the ou tpu t characterist ics of solar cells, 
for example, the current-vol tage characteristic or the spectral sensi t ivi ty, or 
from certain other more specific curves, for example, the capacitance-voltage 
and current- i rradiance characteristics (capacitance as a function of applied 
voltage and basic photoelectric parameters as function of irradiance). 

The diffusion length in the doped layer is small, so tha t we have to use a 
shallow p-n junction (0.3-0.6 fim in modern mass-produced solar cells). To 
ensure that all the incident solar photons with hv > E g are absorbed, the 
thickness of the base region must be not less than 200 fim. The resistance of 
the base region is low: cur rent flows across a layer of relatively large cross 
section, toward the solid or grid base contact fused into the silicon a t 750-
800°C in an inert a tmosphere . The first layer of the contact is often made of 
a luminum, which is a p-type impuri ty , in order to reduce the metal-silicon 
junction resistance (p-type). Aluminum is deposited by evaporat ion in a high 
vacuum, or in the form of aluminum-containing paste with an organic binder. 
The aluminum layer is then covered by a film of t i tanium, palladium, or 
silver (nickel is an al ternat ive choice), and a layer of tin or lead solder. 

The high layer resistance of the n-type top silicon layer which, as .. rule, 
is in the range 50-100 Q/Q, is effectively reduced by placing on the outer 
surface a dense metalized grid of cur ren t contacts , made from the same 
material as the back contact (with the exception of the aluminum layer, which 
is unnecessary in the case of contact grid with the n-type layer). Another 
problem that is encountered dur ing the fabrication of the top current contact 
is tha t it is essential to produce a satisfactory (nonrectifying) contact that 
will not pierce the very thin doped layer dur ing deposition and subsequent 
t rea tment . Experiment shows tha t the deposition of a metal layer ever the 
entire outer surface, followed by the formation of the contact fig ire by 
etching, gives rise to the appearance of shor t ing microregions, which reduce 
R»i,, and to an increase in reverse cur rent Io in both single-crystal and thin-
film solar cells. This can be avoided by deposing the contact s tr ips through a 
metal mask, or through windows in a layer of a polymeric photoresist or 
antireflo.ctive coatings, or directly through the antiferlective coming. At any 
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rate, it is essential to ensure that the metal and the doped layer come 
together only at the intended point of contact. 

For a layer resistance of between 50 and 100 Q / a on the outer surface of 
a 2x2 cm silicon solar cell, it is sufficient to produce one contact in the form 
of a s t r ip , 0.5-1.0 mm wide, on the side of the cell, with between 6 and 12 
outgoing current-collecting contact s t r ips , 0.05-0.1 mm wide, at tached to the 
main s t r ip . This reduces the contribution of the doped layer to the total series 
resistance R s of the cell down to 0.15-0.2 Q. However, for very shallow p-n 
junct ions (1 = 0.15-0.2 ftm), the layer resistance rises to 500 Q/a, and the 
number of contact s t r ips on a 2x2 cm solar cell must be increased to 60 (the 
necessary low resistance of a 15-20 fim contact s t r ip is then achieved by 
subsequent electrochemical deposition of a silver layer of thickness up 
to 3-5 «ni. 

The solar cell with a p-n junction in a homogeneous semiconductor is 
made from a homogeneous semiconductor whose basic optical and electric 
propert ies (including the band gap) are the same at all points within the 
volume. S t ruc tures and solar cells based upon them are referred to as graded-
gap systems if the width of the band gap var ies , e .g. , decreases with distance 
into the crystal , owing to the cont inuous variation in the chemical 
composition of the material , and the p-n junction lies at a certain depth. The 
junction may be located on the boundary between the semiconducting layers 
of different band gap (it is usually called a heterojunct ion) , or it may be in 
one of the layers, usually in the lower layer with the smallest band gap. The 
upper layer of the wide-gap material is then merely an optical window that 
t ransmits the incident light onto the p-n junct ion. On the o ther hand, the 
boundary between the wide-gap and narrow-gap materials with similar lattice 
constants (as in the case of GaAlAs-GaAs and Cu2S-CdZnS) has a low rate of 
carrier recombination. Since in solar cells with a p-n junction in a 
he teros t ruc ture , recombination on the upper boundary tu rns out to be sharply 
reduced, the carrier collection efficiency (especially in the short-wave part of 
the spectrum) is higher, and the efficiency of such cells can be very high. 

Many problems connected with the efficient solar cells technology and 
design (for cells made from different semiconducting materials) were solved 
in the USSR, and a lot of original inventions were made, but only three of 
them became known in the West . Here are three abstracts from the excellent 
book by Hans Rauschenbach, describing these works [1]: 
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In the US, the original material used for solar cells was n-type 
silicon, while in the USSR it was p-type material . Silicon of the p-type 
was used by the Russians (1956) for two reasons: 1) to scientifically 
cont ras t the US work; 2) because p-type material was cheaper in the 
USSR than was n-type. It was later found that cells made from p-type 
silicon were more resis tant to corpuscular radiation as found in space 
that were cells made from n-type mater ial . Thus, after discovery of the 
Van Allen radiation belts, U.S . solar cell production after 1960 
switched over to diffusion of n-layers into p-type silicon. 

Photovoltaic installations in the USSR date back to the 1960 ' s . 
At t ract ive especially for use in the remote , semi-arid southeastern areas 
of that country , a variety of sys tems, ranging in size from 1 to 500 
wat ts ou tpu t for powering irr igation pumps, water ga tes , 
communication equipment , and light buoys on waterways, have been 
installed. Some installations utilize solar concentration up to 1000 
times, aided by high accurate t racking equipment. Array configurations 
include fixed and sun-tracking flat plate arrays wi thout and with low-
concentration ratio mirrors , and long, narrow ar rays contained in 
t ransparent , sealed glass and non-glass tubes . The tubes are dried out 
and filled with an inert gas before sealing. The solar cells are made 
from silicon, cadmium sulfide, and cadmium tel luride. A typical 
tempera ture rise of 30°C between the solar cells and the ambient air 
temperature has been observed. 

After Russian workers reported in 1971 on an GaAIAs/GaAs cell 
s t ruc tu re , world-wide activities sprang up in several research centers . A 
thin GaAlAs layer, known as the "window", is deposited on an p-on-n 
GaAs cell and significantly reduces surface recombination losses. The 
new cell design paved the way for increased cell efficiency, exceeding 
16% in 1977 at AMO in 2x2 cm size. Efficiencies in excess of 2 3 % 
under AMI illumination for 0.25 cm 2 cells was claimed. 

Fur ther I'll t ry to add more details to these impor tant but too brief 
remarks of Hans Rauschenbach. I'll not tell about the every day work done in 
every advanced photovoltaic country (and also in the USSR), but will 
concentrate on several not ordinary invest igations made in Russia and the 
former USSR. 

High efficiency silicon so lar cells with a d r i f t field 
in the doped region 

Modern solar cells have internal electric fields that are random in 
character and arc a consequence of the fabrication technology employed. The 
problem that had to be faced was therefore to find the impurity distr ibutions 
that would substantially enhance the efficiency of collection of carriers from 
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the doped layer and, at the same t ime, could be produced by well-established 
technology. 

Tin1 idea was to consider the possibility of a solar ce'l in which the doped 
layer consists of two regions with different impur i ty concentrat ion (Fig. 2). 
A jump in the potential , UE=In(Ni/N 2 )KT/q, occurs across the separation 
boundary between the two regions and the concentrat ions obey the inequality 
N i>N 2 , so that the electric field across the separation boundary between 
regions I and II points toward the p-n junct ion. The first s tep will be to 
optimize the parameters of the doped layer with respect to the photocurrent 
and power by taking into account the series resistance. 

The mobility and the carrier diffusion length as functions of impuri ty 
concentration can be taken in the form 

fi„, up ~ N-", L p ~ NV 

which agrees with experimental data for ft = y = 1/2 to a sufficient degree 
of precision. 

We have calculated carrier collection from doped layer where L p l and L p 2 

are the diffusion lengths of minority carriers in regions I and II, respectively, 
and oc and d are the widths of these regions (see Fig. 2) We also derived the 
expressions for photocurrent and ou tpu t power of solar cell with the electric 
field In the doped layer. 

The photocurrent from the doped layer was obtained as a function of the 
thickness of the region with enhanced carrier concentrat ion for different 
values of <* and d (Fig. 2). The dopant concentration in the p-n junction was 
N2 = 1 0 , 7 - 1 0 1 8 c m 3 . The carrier concentration Ni on the surface was assigned 
a number of values in the range 1 0 1 8 - 1 0 2 1 cm - 3 , where the maximum value 
Ni 1 0 2 1 cu r 3 corresponded to the solubility limit of phosphorous in silicon. 

Our calculations showed that the maximum photocur ren t from the doped 
layer was obtained within the above limits for « = 0 .05 ^ m and N1/N2 = 100 

However, subsequent analysis revealed tha t , for fixed Ni and N 2 , the 
useful power can be a maximum for « > 0.05 ,«m. The point was that , to 
produce a high photo-emf in real solar cells, the necessary carrier 
concentration N 2 in t;--- p-n junction had to be ] 0 ' " - 1 0 , K cu r 3 . For such 
concentrat ions, the spreading resistance of the thin (0.1 «ni) Hoped layer was 
found to be relatively high, but could be reduced (for the same shape of 
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contact on the working surface) by expanding region I with a higher impurity 
concentration. 

Figure 3 shows the power produced by a solar cells with antireflective 
coating and optimized doped-layer parameters described by the above model. 
The figure also shows the results for an ordinary solar cell, in which the 
doped layer has a uniform electric field (the concentration falls from 5 x l 0 2 0 

cm 3 on the surface to 10 1 7 cm-3 at the p-n junction, the impurity being 
exponential function of depth). 

When the impurity concentration in the doped layer is Ni=10 1 9 and N 2 = 
10' 7 cur 3 (curve 1), the power produced by the solar cell based on the above 
model exceeds the power delivered by an ordinary cell for U>0.6fim. This 
layer is particularly convenient in the case of a deep p-n junction. Actually, 
when ](i=0.7 «m, the increase in power amounts to 5% and the corresponding 
figures for ld = 1.0, 1.5, and 2.0 /im are 17%, 27%, and 28%, respectively. 
Doped layers with composite impurity distributions can be used to achieve 
higher useful power for greater depths of the p-n junction as compared with 
the exponential impurity distribution. For example, P=16 mW/cm 2 

corresponds to 1 = 0.7//m (curve 3) and Id = 1.2 um (curve 1). 
When the impurity concentration in the doped layer is raised to Ni = 10 2 0 , 

N 2 =10 l a cnr 3(curve 2), the increase in power as compared with the case of the 
uniform field is 4-7% for all values of Id. A somewhat greater increase in 
power (up to 10%) is observed for ld<0.5 ftm. Thus, if solar cells can be made 
with reliable contacts for p-n junction depths less than 0.5 /im, better results 
can be achieved by producing the doped layer with a stepped distribution of 
high concentration (to reduce the series resistance). 

The above theoretical results were examined experimentally using a doped 
layer in which the stepped impurity distribution was established by 
thermodiffusion technology, widely used in the fabrication of silicon solar 
cells. Diffusion was produced by the box method. 

Calculations and experiments have shown that the porous oxide film 
initially produced on the surface of silicon by anode oxidation can be 
exploited even in the case of a single diffusion process to produce the two-
layer doped region [5]. Part of the diffusant, for example, phosphorus, passes 
through the pores and forms a region of low-impurity concentration in tin? p-
n junction. The impurity current retained by the oxide layer produces a thin 
layer with enhanced impurity concentration on the surface. By varying the 



porosity of the film, and controlling the diffusion time and tempera ture , it is 
possible to control quite smoothly and accurately the impuri ty distr ibution in 
the doped region. 

A p-n junct ion in which the depth of the doped layer is 0.9-1.3 fiva can be 
produced by optimized single thermodiffusion through an oxide film of the 
necessary porosi ty, which is first deposited on the system. The impuri ty 
distr ibution can t hus be made to take the form of the two regions of high and 
low concentration (curve 1, Fig. 4) . 

Another possibility is double doping. This was achieved by using selected 
silicon disks with a 3-,«m doped layer, produced by thermodiffusion, in which 
the impuri ty distr ibution was as shown by curve 3 in Fig .4 . 

The diffused layer was etched out to a depth of 0.5-0.6 fim and this was 
followed by secondary doping by single thermodiffusion. The resul t ing p-n 
junct ions were at a depth of 1.0-1.2 fim from the surface, and it was found 
that the impuri ty concentration changed by two orders of magni tude over the 
depth range 0.3-0.7 fim (curve 2, Fig.4) The impur i ty concentrat ion profile 
was determined from conductivity measurements , using the four-probe 
method and layer-by-layer anode etching. The depth of the p-n junction was 
determined by the grooving method. 

Current contacts were deposited on the silicon wafers in the usual way, 
and the characterist ics of the resul t ing photocells were invest igated. 

The experimental solar cells have enhanced spectral sensit ivi ty in the 
short-wave part of the spectrum (curves 1 and 2, Fig 5), which depends on 
the efficiency of collection of carriers from the doped region. For example, 
for A=0.5^m, the experimental solar cells with stepped impur i ty distr ibution 
in the doped layer have I/E = 220-250 ^ A / m W whereas for cells with doped-
layer thickness of the order of 3 and 1.2 fim (the corresponding impuri ty 
distr ibutions are described by the horizontal and sloping parts of curve 3 in 
Fig. 4) the spectral sensitivity lies in the range 50-125 fiA/mW (region 5, 
Fig.5) and 170-180 ( i /mW (curve 3 , Fig.5). Even for elements with a very 
shallow p-n junction (0.6 fim) and exponential impuri ty distr ibution (curve A, 
Fig. 5), the sensitivity at A=0.5 fim does not exceed 200 i i /mW. Solar cells 
with p-n junction depth l d =0.6 ,«m (curve 4), produced by low-temperature 
diffusion, have a near-exponential impuri ty distribution in the doped layer 
with a concentration drop from 5 x l 0 2 0 on the surface to 10" 1 cnr : i at the p-n 
junction. Comparison of curves 1-4 will show that the enhanced sensitivitv of 



the experimental solar cells in the short-wave part of the spectrum (curves 1 
and 2) can be explained by the dominating effect (as compared with the 
deterioration in the minority-carrier diffusion parameters in the region of 
enhanced concentration) of the built-in drift field of complex configuration. 

The current-voltage characteristics of solar cells with the two-layer 
structure of the doped region are also much better than those of ordinary 
cells. The load current drawn per unit useful area of the solar cell when the p-
n junction is at depth of 1.0-1.2 fim is greater by 9-17% as compared with a 
cell using an exponential impurity distribution in the doped layer, and this 
can be regarded as a sufficient confirmation of the calculated results (see 
Fig. 3). 

The proposed stepped distribution of the impurities is thus seen to result 
in a considerable improvement in the current-voltage and spectral 
characteristics of solar cells, even when p-n junction is relatively deep (ld=1.2 
urn), so that one can increase not only the efficiency of the cells but use 
simple, cheap, and reliable contacts produced by chemical deposition of 
nickel. The problem of producing a reliable ohmic contacts and of automating 
their deposition (as well as making them cheaper) is one of the most complex 
problems in modern technology of solar-cell fabrication. 

Silicon solar cells with a drift field in the base and an isotype barrier 
on the back contact 

When the base layer of a solar cell, for example, a p-type layer, is doped 
nonuniformly and the acceptor concentration in the p-n junction is lower than 
within the body of the layer, an electric field is found to appear [6] and 
assists in the collection of excess carriers produced by light in the base layer 
(both the diffusion and drift collection mechanisms are then found to be 
operative). It has frequently been noted that an impurity gradient is a 
precondition for a drift field. On the one hand, this reduces the open-circuit 
voltage due to the increase in the reverse saturation current when the 
potential barrier is reduced (by reducing the dopant concentration in the base 
of the p-n junction) and, on the other hand, leads to a considerable 
deterioration in the diffusion length and lifetime of minority carriers (when 
the dopant concentration is increased in base layers that arc distant from the 
p-n junction). Both phenomena work against the improvement in the 



collection coefficient due to the drift field in the base layer (which is usually 
uniformly doped) because of the associated inhomogeneous doping. For a 
relatively small change in the concentration across the base layer (10 1 7 in the 
p-n junction and 10 1 8 -10 1 9 cm - 3 within the base) it is possible to produce an 
increase in efficiency and long-wave spectral sensitivity of silicon cells by 
introducing a drift field while maintaining at a reasonable level the diode 
parameters of the p-n junction and the lifetime of minority carriers in the 
base [7]. 

The experimental realization of this model by slow diffusion an impurity 
into the base wafer of a solar cell was found be laborious and time-consuming. 
The technology of exodiffusion of impurities in a vacuum from a base wafer 
doped in advance, which we have developed, was equally complex. The use of 
rapidly diffusing lithium found practical application in the fabrication of 
space cells with radiation-resistant properties, not only because the drift field 
of sufficient intensity could be produced in the base layer by relatively simple 
technology, but also because lithium neutralized the recombination centers 
produced by radiation. Cheap terrestrial cells can be fabricated by growing an 
epitaxial silicon layer with graded impurity concentration on a single-crystal 
silicon wafer and then introducing the p-n junction (by thermal diffusion or 
by deposition of epitaxial highly doped film with a different type of 
conductivity) from the side of the epitaxial layer. The cost reduction is 
achieved because the epitaxial film is deposited on metallurgical silicon, which 
is a hundred times cheaper than semiconductor-type silicon. The automatic 
doping of the epitaxial layer, while it is being grown by impurities from the 
substrate, produces the necessary impurity concentration gradient and, 
hence, the drift field. 

Solar cells with a strong drift field in the base were soon replaced by cells 
with a sharp isotype p-p or n-n + junctions on the metallic back contact, 
similar to the two-layer model considered in the previous section of this 
paper. 

Near-intrinsic silicon could be used to produce high-efficiency solar cells 
by diffusing n- or p-type impurities from either side of the silicon wafer so as 
to produce the p-n junction at the necessary distance from the surface and, at 
the same time, achieve the optimum impurity gradient on the other side of 
the wafer. Experience gained in the fabrication of n + -p-p + or p+-n-n"' 
structures [8] shows that it is much simpler to produce a vory thin isotype p-



p + or n-n junction on the metallic back contact than to establish a strong 
drift field, and that this is virtually as good from the point of view of 
minority-carrier collection from the base layer. The potential barrier on the 
isotype junction, produced by doping the base from the back, reflects the 
minority carriers from the back contact, increases their effective diffusion 
length, and reduces to practically zero the rate of surface recombination on 
the separation boundary between the base and the metallic contact. There is 
also some reduction in the reverse saturation current of the cells. The doped 
back layer is produced by thermodiffusion, ion bombardment, or the 
implantation of aluminum (in the case of the p-type layer), followed by 
thermal treatment. The depth of the doped layer is usually between 0.2 and 
0.5 ,«m, and the impurity distribution is practically the same as in the upper 
doped layer of solar cells. 

The advantages of solar cells with isotype junction on the back surface 
become significant when the diffusion length of minority carriers on the base 
is greater than the thickness of the base layer or at least equal to it. This 
requirement means that the base layer must be a sufficiently pure 
semiconducting material of high enough resistivity, or the thickness of the 
base must be reduced to a value that is less than the diffusion length of 
minority carriers in the material. 

Solar cells with the p-i-n or p + - i -n + structure and their modifications 
have exceptionally high sensitivity at long wavelengths. The current-voltage 
characteristics of such cells is nearly square because the high level of 
illumination under exposure to solar light ensures that the voltage drop 
across the base region is reduced to a minimum (the nonequilibrium carrier 
concentration produced under illumination of the high resistivity base is 
much greater than the concentration of equilibrium carriers). The large initial 
diffusion length of minority carriers in the high-resistivity material extends 
the life of such cells in the Earth's radiation belts [9]. 

Solar cells transparent in the long-wave region 
beyond the fundamental absorption edge 

The basic possibility of such solar cells is assured by the transparency of 
any pure high-resistivity semiconducting material beyond the fundamental 
absorption band. However, if the base of the solar coll is made from a 



relatively pure material with low-dopant concentration, the upper layer must 
be doped to a concentration that is practically equal to the solubility limit for 
the donor or acceptor impurity in the given semiconductor in order to reduce 
the spreading resistance of carriers separated by the p-n junction. Long-wave 
radiation will, of course, be strongly absorbed and reflected by this type of 
highly doped layer. 

The low lifetime and diffusion length of minority carriers in the doped 
layer means that the thickness of the layer must be reduced to a value in the 
range 0.15-0.2 fim. Absorption of the infrared component of solar radiation (A= 
= 1.1-2.5 fim) by a cell with a doped layer of this thickness does not exceed 1-
3%. The tendency to reduce the depth of the p-n junction in modern solar 
cells has thus removed one of the obstacles to producing cells that are 
transparent in the long-wave region of the spectrum. 

Two other obstacles, namely, absorption by the solid back contact and 
high reflection by the back surface of the cell, were overcome by replacing 
the solid back contact with a grid and depositing an antireflective coating 
with an optical thickness of 0.3-0.4 ^m. Calculations show that, with a 
gridded back contact of a particular configuration, it is possible to preserve 
the series resistance and curve factor of the current-voltage characteristic of 
the transparent silicon solar cell practically at the level achieved for the 
conventional cell with a solid back contact. Similar results have been obtained 
for solar cells made of gallium arsenide. 

Transparent solar cells made of silicon and gallium arsenide were used in 
the first practical version of the cascade cell [10]. The equilibrium working 
temperature of transparent silicon solar cells used in space is much lower 
than that of conventional cells, so that the integrated absorption coefficient 
for solar radiation decreases (as has been shown by direct measurement in 
space) to amount to 0.72-0.73 rather than 0.92-0.93 (these are values 
characteristic for conventional cells with a solid back contact in the form of a 
fully reflecting metal) [11]. 

Silicon and gallium arsenide solar cells with a griddetl back contact, which 
are transparent in the infrared beginning with A = 1.1 «m, were produced in 
the USSR [10,11], whereas cells using Cu2S-CdS thin-film structures were 
made in France [12]. Calculations have shown that the Lem porn tun; of these 
cells in a geostationary orbit in space should be lower by 10-12"C and the 
output power should be higher by 5-6%. 
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Non photoactive long-wave infrared radiation will not only be transmitted 
by the transparent solar cells, but will also be reflected by its back surface. 
This can be done by depositing a highly reflecting film of, say, aluminum, 
copper, or silver on the back surface of the transparent solar cell free of the 
resistive current contact. 

The reflector in the form of the usual titanium-palladium-silver three-
layer structure can be deposited by evaporation in a high vacuum directly on 
the silicon surface, free from contact strips, or it can be produced 
simultaneously with the aluminum contact. However, the infrared reflection 
coefficient of this type of layer is reduced when the resistive aluminum 
contact is baked on at high temperature. Figure 6 shows the special reflection 
coefficient of some of the high-efficiency solar cells with aluminum back 
contact. Two of the cells (1 and 2) had polished back and front surfaces, 
whereas cell 3 had a nonreflective back surface produced by spaced pyramidal 
etch pits. The front surface of all three cells was covered with a film of 
tantalum pentoxide of different thickness. The baked-on reflecting aluminum 
contact could be used to increase reflection by the solar cells in the long-wave 
region beyond the fundamental absorption edge for X = 1.1-2.5 uva to only 
40%. 

When the back contact is the three-layer titanium-palladium-silve-
deposit, the reflection coefficient in this region is no more than 20-30%, but 
can be increased to some extent by reducing the thickness of the titanium 
film. Solar cells with black non-reflecting surface absorb practically 
completely not only radiation between 0.4 and 1.1 ^m (the region of spectral 
sensitivity of the cell), but also the infrared radiation beyond the fundamental 
absorption edge. Transparent cells based on this principle cannot be produced. 

It is much more convenient '»:> increase reflection in nonphotoactive parts 
of the spectrum by using a highly reflecting metal deposited on the silicon 
surface in the openings of the grid contact on the back. The silicon surface 
can be subjected to relatively slight heating (up to 150-200°C) to improve the 
adhesion of the layers while preserving at a high enough level the infrared 
reflection by the silicon-metal boundary. The spectral reflection of silicon 
solar cells with a three-layer coating (antireflective film consisting of zinc 
sulfide + organosilicone adhesive + protective glass) and different reflective 
layers (copper, aluminum, silver, nickel, and titanium) on the back surface 
without contact strips is up to 75-95% despite the presence of selective 



113 

absorption bands of the organosilicone compound between 1.1 and 1.5 fim (see 
Fig. 7) 

Comparably high reflection coefficients can be attained by another simple 
method, namely, by using the organosilicone compound (on the back surface 
of transparent cells) to attach glass coated with aluminum or silver. This 
procedure can be used to attach to the outer surface of the cell or group of 
cells a protective glass whose surface facing the element carries a grid of 
reflecting metal at points lying above the current contacts to the individual 
solar cells or above the electrical junctions between them. By varying the 
width of the reflecting-grid lines, it is possible to adjust the temperature of 
such cells during an increase or a reduction in solar flux. Figure 8 illustrated 
the configuration of a module consisting of a parallel-connected silicon cells, 
transparent in the infrared, with protective glass on both sides and a 
reflecting grid in the inner surface. Solar batteries consisting of such modules 
have a lower working temperature in space (by 25-35°C) and greater thermal 
stability. This was confirmed experimentally over long periods of time in 
space when the batteries were carried on board Venera-9 and Venera-10 
automatic interplanetary stations [13]. 

It is important to note that the optical characteristics of transparent solar 
cells made from different semiconducting materials and carrying a reflecting 
back coating are very similar to the optical parameters of dichroic beam-
dividing mirrors, which means that such cells may find important applications 
in high-efficiency photovoltaic systems using spectral subdivision of solar 
radiation and subsequent conversion into electric power by cells with different 
spectral sensitivities. Transparent solar cells then perform two functions 
simultaneously, namely, beam-splitting and active conversion. 

Solar cells with two-sided spectral sensitivity 

It was found that solar cells transparent in infrared are sensitive to light 
when they are illuminated not only from the upper side but also from the 
back side. Solar cells that can generate electric current when illuminated on 
both sides are useful both in space and in the terrestrial applications hecause 
the use of such cells improves the efficiency of solar batteries. Solar batteries 
consisting of cells with two-sided sensitivity can convert (in low-lying orhits) 
not only direct solar radiation, but also radiation reflected by tin' Karth, since 
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the albedo of the Earth can reach 0.8-0.9 over portions of the orbit (under 
continuous cloud cover). This means that appreciably greater power levels can 
be generated. In terrestrial applications, these solar batteries can be provided 
with additional reflectors that illuminate the back surface of the two-sided 
cells, or batteries can be mounted on tall supports, so that radiation reflected 
by snow or sand reaches the usually unilluminated back surface. 

Experiments have shown that, when cells of the usual transparent design 
are illuminated from the back, the increase in the current and output power 
is no more than 10 or 20% of the initial values (this was confirmed, among 
other things, during the first few hours of the Venera-9 and Venera-10 
missions), and the main advantage of transparent cells of conventional design 
is that the working temperature of the solar batteries is lower [13]. 

The use of two-sided cells with isotype junctions on the back surface in 
low- orbit satellites results in the availability of reserves of power. In this 
experiment, the solar irradiance intercepted by the back face of the two-sided 
cell was 0.3 of the irradiance on the upper, front surface because the average 
albedo of the Earth is close to this figure. Consequently, these measurements 
can be used to estimate the possible gain in power generated by solar 
batteries consisting of two sided cells with isotype junction on the back 
surface when they are mounted on low-orbit satellites (orbit altitudes of 200-
400 km). These results were subsequently confirmed qualitatively by a direct 
experiments in space [14]. The average albedo of the Earth during this flight 
was 0.25, and the current drawn from the two-sided solar batteries was, on 
average, 17-18% greater (15±2% during the first ten orbits) than that 
delivered by one-sided solar batteries of conventional design. 

Space experiments 

Silicon solar cells transparent in the infrared and provided with heat-
reflecting mirror coatings have a low equilibrium working temperature and 
can be widely used not only in batteries for automatic interplanetary stations, 
such as those in the Venera series [13], which operate under high levels of 
illumination, but also for studying direct solar radiation as well as the 
radiation reflected from the Earth and its cloud cover. This has been 
confirmed by space tests reported in [15]. 
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Solar batteries mounted on low-orbit satellites (200-400 km) must be 
protected from overheating due to the Earth's albedo and its thermal 
emission. The Earth's albedo and, consequently, the thermal regime of solar 
batteries, are very dependent on the cloud cover and the optical properties of 
the underlying1 surface in the particular locality. The amount of reflected 
solar radiation reaching the back surface of solar battery panels may, in turn, 
be determined by solar-cell probes facing the Earth (and shielded from direct 
solar light), provided their temperature in orbit can be determined by some 
independent method. 

All these interrelated questions were investigated in the experiments 
performed on Cosmos satellites, in particular, Cosmos-1061, -1280, and -
1301. These satellites were designed to investigate the natural resources of 
the Earth. 

Two rectangular panels bearing small solar batteries and sensors were 
mounted inside the container carrying the scientific equipment of these 
satellites. The lower panel could be accurately oriented so that its normal 
pointed toward the center of the Earth, whereas the upper panel was at right 
angles to the direction of incidence of solar radiation at any time in orbit. 
Four small solar batteries were mounted on each panel to ensure the 
reliability and precision of the final results. Each battery consisted of 78 flat 
solar-cell modules of 54x40 mm and was similar to the solar batteries used on 
the automatic interplanetary stations Venera-9 and Venera-10 [13]. The solar 
cells and the supporting panel were transparent to the solar infrared in the 
wavelength range between 1.1 and 2.5 fim, and were shielded from cosmic 
rays and the solar ultraviolet by thin radiation-shielding glasses attached to 
the antireflective surface of the silicon solar cell by transparent silicone 
rubber (the optical properties of the glasses and the rubber were found to be 
stable in the course of prolonged tests in space). Heat-reflecting aluminum 
coatings were deposited on the inner face of the shielding glasses (above 
contact junctions between the cells (see Fig. 8c). Glasses attached to the rear 
of the modules were also coated with a heat-shielding aluminum layer (see 
Fig. 8b) which reflected not only rays with wavelengths between 1.1 and 2.5 
«m. transmitted by the transparent solar cells, uut also 83-85% of the solar 
spectrum (0.3-2.5 um) incident on the rear surface after reflection from the 
Earth and its cloud cover. Two batteries on each panel were operating in the 
short-circuit current mode, and the current was used to determine the 
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amount of solar radiation incident on the Earth (panel 2) and reflected from 
the Earth (panel 1). The open-circuit voltage of the other bat ter ies was used 
to determine the panel temperature (the tempera ture dependence of this 
voltage was determined in laboratory experiments) . 

All the small solar bat ter ies used in these experiments had very similar 
short-circuit cur rents , carefully measured under AMO Sun s imulators in the 
laboratory. An initial reference point was thus obtained (the short-circuit 
current of batteries under 1360 W / m 2 ) , and was used to determine the flux 
density of radiation reflected from the Ear th a t any time in orbit . Before the 
launching' all cells and bat ter ies were carefully tested (and this procedure is 
used also at present) by special laboratory methods without Sun s imulators 
[16 .17 | . 

Figure 9 a,b shows the time distribution of solar radiation reflected from 
the Ear th , which is typical for low lying orbi ts . These data were obtained by 
one of the Cosmos satellites in an orbit with minimum durat ion of illuminated 
segmcMit (about 52 min). This type of orbit requires a higher ou tpu t power 
generated by the solar bat ter ies , and the radiation reflected by the Earth is 
the "reserve" necessary for generat ing additional power. The orbital planes 
characterized by minimum illuminated segments lie in the plane of incidence 
of the light flux. The reflected flux density usually rises on ei ther side of the 
zenith line because there is then a sharp improvement in reflection by the 
cloud cover and in the incidence of reflected flux on the back of the panels. 

The maximum tempera ture of the panels is low (it does not exceed 57-
58°C in contrast to the 70-75°C typical for solar cells of conventional design 
|11]), because the cells are t ransparent to the solar infrared and heat-
reflecting coatings are employed. It is clear from Fig.9b, that the 
temperature of panel 1 is a function of the amount of radiation incident upon 
it after reflection from the Earth (points a' and b ' on curve 4 correspond to 
points a and b on curve 2). 

The above studies have demonstrated that the working tempera tun; of 
solar cells and batteries can be substantially reduced by using heat-reflecting 
mirror coatings and solar cells which are t ransparent to the solar infrared. 

Semiconductor solar cells that convert solar radiation directly into 
electric power can be used not only as the sources of power for spacecraft, 
hut also as sensors of direct and reflected light, when Earth is investigated 
from space, and in s tudying the transparency of the atmosphere of other 
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planets, for example, Venus. Most of the spacecraft enter ing the Venusian 
atmosphere were therefore equipped with small solar bat ter ies calibrated on 
Earth under laboratory conditions. The information provided by these 
batteries not only complemented the spectral measurements of the 
t ransparency of the Venusian atmosphere, but was also used to est imate the 
diffusity of the light flux in tha t atmosphere. During the descent of Venera-5 
on 16 May 1969, burs ts of illumination were recorded for the first time on 
night side of the planet, which together with l ight measurements performed 
by Venera-9 and Venera-10, and measurements of the radio noise due to 
electrical discharges on Venera-11 and Venera-12, led to the conclusion that 
there were l ightning discharges in the atmosphere of the planet . 

Small batteries have been developed to withstand a load of 300 g (g is 
the gravitational acceleration) as they enter the atmosphere of the planet , and 
also high tempera tures and pressures (up to 300°C and 10" Pa). As a rule, 
each bat tery consists of 28-30 individual calibrated silicon solar cells 
connected in series with one another and with a load resis tor producing an 
output voltage of 0-6 V when the solar flux density varies from 50 to 1500 
W/m- . 

The small solar bat tery and other equipment on the Venera station were 
cooled down to about -15°C prior to descent, so tha t an acceptable 
tempera ture could be established for the solar cells on most on the flight 
paths. A tempera ture correction was therefore introduced in the analysis of 
the resul ts . 

On 25 December 1978, the descending Venera-11 carried three small solar 
batteries mounted on its exter ior . They were used to measure the solar flux 
density in the atmosphere of Venus, and showed that the flux density in the 
Venusian atmosphere was quite high (Fig. 10). This agrees with the results of 
the calculations and other tes ts . 

The uncertaint ies indicated by the vertical bars in Fig.10 are very small, 
so that the flux is almost completely diffuse in character , and there is no 
direct component of solar radiation at these al t i tudes in the Venusian 
atmosphere. Similar experiments were performed, and analogous results to 
those shown in Fig.10 were recorded, dur ing the descent of Venera-13 and 
Vonera-1'1 in March 1982. 
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It has been shown above that GaAs cells, silicon cells transparent in the 
infrared, and heat-reflecting coatings are important components of Soviet and 
Russian space programs. 

These elements of space solar batteries have been successfully tested 
during the flight of the Soviet automatic interplanetary stations in the 
Venera series and during the operation of Lunokhod-1 and Lunokhod-2 on the 
Moon. 

The fundamental point underlying these tests was that neither program 
could have been carried out with silicon solar cell batteries of conventional 
design, and required the development of mew types and designs of silicon 
cells and solar battery made of other semiconductor materials. 

The solar-cell batteries used in these missions experienced increasing 
amounts of solar radiation and a simultaneous rise in the working 
temperature (in the case of missions to Venus) and a substantial increase in 
the equilibrium working temperature under constant solar illumination (in the 
case of the Lunokhod vehicles designed for prolonged operation on the lunar 
surface) as compared with equipment working near the Earth. Calculations 
have shown that the equilibrium working temperature of the Lunokhod solar 
batteries illuminated by the Sun and heated by the substantial thermal 
radiation of the Moon was 125-145°C. The temperature of solar batteries 
consisting of conventional silicon solar cells over the orbit from the Earth to 
Venus increased gradually from 65°C to 150°C. 

Passive temperature control of the kind for inclined panels that are not 
accurately oriented to face the Sun, or a substantial reduction in the solar 
panel occupation coefficient, could not be used to reduce the working 
temperature because the size and design of the probes were subject to 
stringent restrictions. It was therefore decided to use silicon cells transparent 
to the infrared as a basis for the solar batteries on Venera-9 and Venera-10. 

The lower equilibrium temperature and improved operation of solar 
batteries under increased concentration of solar radiation (by factors between 
2 and 8) were achieved by reducing «s/f: of the area covered by current 
contacts and of the area of solar panels that was free from photovoltaic cells. 
Stable low «a/t: (less than 0.2) selective coatings were developed for the free 
surfaces of the panels (instead of the white enamels, which are known to 
darken after the exposure to solar ultraviolet). These coatings were based on 
films of radiation-resisting glass, whose rear surface was coated with 
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aluminum or silver. The coatings were also successfully used to protect the 
cooling fins of Lunokhod-1 and Lunokhod-2 from overheating. 

A grid of a highly reflecting metal (aluminum or silver) was deposited in 
a high vacuum (before attachment to the modules) on the rear surface of the 
protective cover glass on several large photovoltaic cells in order to achieve 
an equally low value of «S/R on cell areas occupied by contacts. This 
reflecting mosaic was produced by evaporating aluminum or silver through 
yiiasks so that the configuration of the grid was the same as that of the 
contacts and the gaps between them. Because of the presence of the reflecting 
grid on the back of the cover glass, area occupied by the contacts reflected 
84% (in the case of aluminum) or 92-94% (in the case of silver) of solar 
radiation. The solar absorption coefficient of areas occupied by the contacts 
was, at the same time, reduced from 0.75 to 0.16 or even 0.06-0.08, whilst 
the hemispherical emission coefficient remained high at 0.86 (because of the 
outer layer of glass) both for surface of the silicon cells and the surface of 
the contacts. The equilibrium temperature of the contact was thus held low, 
and the transfer of heat from the heated semiconductor surface to the cooled 
contacts resulted in a reduction in the mean equilibrium temperature of the 
solar batteries. The area occupied by the contacts and the gaps between them 
in the parallel module could be varied within broad limits. If the solar battery 
operates with enhanced concentration (when it is mounted on a glass grid or a 
polymer film in order to improve its limiting characteristics and thermal 
stability), a change in the area of the heat reflecting contacts is the only way 
of achieving the design temperature, since the equilibrium temperature of 
solar batteries can readily be evaluated on the basis of thennophysical 
calculations. 

Parallel modules of silicon cells transparent to the solar infrared and heat 
reflecting coatings of aluminum deposited in vacuum on 10-12% of the inner 
surface of the cover glasses for the parallel module (radiation-stable glass, 
170-or 300 fim thick), were used for the solar batteries carried by Veuera-9 
and Venera-10. The advantage of using a single cover glass for several cells 
at once (a module consists of between four and six cells of 5 cm2 each) is also 
that the reliability of the radiation shield is improved (see Fig.8). 

Calculations have shown that the equilibrium temperature of such solar 
batteries should be lower by 30-35°C over the entire route between the Earth 
and Venus as compared with solar batteries of conventional design. 



Tims, the use of cells that are transparent to the solar infrared, and of 
heat-reflecting coatings deposited on the inner side of cover glasses on areas 
above the contacts, has ensured favorable temperature distribution and 
improved reliability of solar batteries on Venera-9 and Venera-10. 

Several months of operation in space have shown that the active elements 
and coatings of the new space solar batteries operated satisfactory 
throughout that time. 

It is clear from published information [2,3] that, for equal initial 
efficiencies (at room temperature), the gallium arsenide cells generate 
substantially more electric power than silicon cells at 130-140°C, which is the 
temperature expected on the basis of thermophysical calculations at which the 
Lunokhod solar batteries were to operate. The development of high-efficiency 
gallium arsenide cells has resulted in Lunokhod-1 and Lunokhod-2 solar 
batteries of relatively large area (about 3m z). These are made entirely from 
this semiconducting material and were used in the first tests of gallium 
arsenide solar cells not only in space but also on the lunar surface in the 
presence of dust, micrometeorites, and considerable temperature 
gradients [13]. 

The Lunokhod solar battery provided all the electric power not only for 
the moon buggy but also for all the equipment carried between the Earth and 
the Moon. It also provided the power supplies in lunar orbit prior to descent 
onto the lunar surface. 

It is important to note that the battery on Lunokhod-1 (delivered to the 
lunar surface on November 17, 1970) operated successfully for 10 lunar days 
(up to October 16, 1971). The working current delivered by the battery was 
found to fall by about 6% over that period. The gallium arsenide solar 
batteries in Lunokhod-2 (delivered to the lunar surface on November 16, 
1973) operated successfully practically without deterioration in their working 
characteristics for the entire design program (5 lunar days). Now all these 
components - new solar cells and original selective coatings are widely used in 
the modern Russian space programs. 



Terrestrial tests 

At first there was an opinion, that establishing terrestrial 
photogenerators from various semiconducting solar cells will meet no big 
scientific, technological, or engineering difficulties, because operating 
conditions for this type of equipment is much less severe, and repairing 
opportunities are much higher than for space solar batteries. However, it was 
found out rather soon, that the distorting effect of, for example, humidity on 
solar cells parameters is often stronger than of temperature cycling on the 
orbit. It makes the problem of terrestrial solar cells hermetizing one of the 
most important. It was realized that it is necessary to protect not only the 
solar cells themselves, but other units as additional reflectors or solar 
concentrators. 

Terrestrial solar cell coatings are designed to protect not the separate 
solar cells, but the whole modules. Solar cells coating is hermetically attached 
to the cell surface what makes the cells water-resistant. 

In the simplest case, shielding is provided by using optically transparent 
hermetizing compound or by putting the cells under a cover protecting also 
the contacts. 

The initial characteristics of the solar cells can, unfortunately, deteriorate 
during their exploiting even if cells are protected with hermetizing coating. 

Rise of temperature leads usually to increase in photoelectric current and 
decrease in electromotive force, output power, and efficiency of solar cells, 
with that gradient of the output power decline depends on the nature of the 
semiconducting material; it is low for wide-gap materials and high for 
narrow-gap ones. For silicon solar cells rise of temperature by 100°C leads to 
decrease in their output power by 45%, and for gallium arsenide - by 25% 
(width of the band gap for Si is 1.02 eV and for GaAs - 1.43 eV). 

Rise in density of the incident radiation flux by several times can lead to 
a drastic fall in output power, if series resistance of solar cells is high - about 
1 Q/cm2. Series resistance of conventional solar cells accounts for 0.5-
0.6Q/cm2, and they can operate (without deterioration) under (he conditions 
of 5-7 fold increase in solar radiation density, common for the conditions of 
the middle part of Russia (usually, about 400-800 W/m 2) 

There are several ways of lowering the series resistance, for example, 
attaching the dense contact grid to the upper side of the cells (with optimized 
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strips size and distances between them), which allows not only to reduce the 
series resistance but to use more effectively the increased density of the 
radiation flux, obtained usually by solar concentrators of various types. It 
was shown in several papers, that sufficient increase in thj density of the 
incident solar flux leads to growth of solar cells efficiency owing to useful 
drift rflectric fields in the semiconductor's body (if there is no fall in output 
power due to current dissipation). Experiments proved this conclusion [5]. 
With decrease in series resistance of solar cells to 0.1 Q/cm 2 the maximum 
efficiency of energy conversion was observed under 40-50-fold intensity of 
solar radiation. With decrease in series resistance to 0.01 Q/cm 2 and less , it 
is possible to convert effectively into electricity solar radiation exceeding one 
Sun solar flux by 500-700 times. 

It is necessary to note, that the mentioned above ratio of solar cells 
output power to solar flux intensity and temperature is by all means 
reversible (if there is no overheating of cells during exploiting up to the 
temperature exceeding the operation limit of the contact layers and coatings, 
which usually accounts for 150-200°C). 

Both in the space and on the Earth, solar cells and semiconducting 
materials run the danger of irreversible changes. Particularly large fall in the 
output power of solar cells and batteries is observed in the case of 
corpuscular radiation - of protons and electrons of the Earth's radiation belts, 
and under repeated temperature cycling of solar batteries while entering the 
Earth's shadow and leaving it. High temperature tension arises inside the 
solar cells under temperature cycling because of the difference in thermal 
expansipn coefficients of various semiconductor layers forming the 
heterojunctions or contact, antireflective, protective and semiconducting 
layers (both in the case of homo- and heterojunctions), and leads to 
mechanical destroying of solar cells if these tensions exceed the strength of 
the layers or the force that keeps these layers together. 

In various countries sufficient experience is accumulated in developing 
solar cells and batteries capable to resist the negative effects of radiation and 
temperature cycling. Now, solar batteries which can operate in space and on 
the Earth for dozens of years without sufficient decrease in output power are 
available. 

This difficult problem has been solved thanks to better understanding of 
complex physical process occurring in semiconducting materials and on llir 



hoarders with other materials forming solar cell, and causing the degradation 
of parameters under the exposure to various external factors. These 
processes are investigated in the laboratories with the help of various up-to-
date techniques of analyzing the composition, impurities and defects of the 
materials, such as: electron and optical focused-beam microscopy, ion-induced 
spectroscopy. Auger-spectroscopy, mass-spectrometry, X-ray microanalysis, 
photo-, cathode-, and electroluminiscence spectroscopy, etc. [16,17]. 

Two more types of effects attracted attention of the researches. The first 
causes degradation which could be called 'chemico-thermal' one, and the 
second - 'photon' one. 

Chemico-thermal degradation appears, for example, because of the 
influence of residual atmosphere of the spacecraft and the engines exhaust 
gases upon the solar cells parameters. The air in the large cities polluted with 
gaseous alkaline and acidic exhausts is also very dangerous for solar cells of 
terrestrial application, and for their optical coatings. Unusual chemical 
reactions of free radicals occurring under increased temperature on the 
unprotected surfaces of solar cells cause short circuiting in p-n junctions, 
contact corrosion, coating darkening. 

Impact of photon degradation was not discovered at once, for it is rather 
difficult to distinguish it from the effect of the corpuscular radiation, and 
chemico-thermal degradation. For a long time there was an opinion, that the 
destroying effect of the solar radiation upon the solar cells could manifest 
itself only in darkening of the optical coatings. Developing of light-resistant 
multiple layer coating, where the upper layer is a thin glass plate with Ce02 
addition absorbing the ultra violet radiation of wavelengths less than 0.36 
inn, gave an opportunity to attain lowering of degradation of optical 
properties of the coatings to rather small values (0.5-2.5%) even under the 
continuous exploiting on space vehicles for several years. 

In view of this, it was rather unexpected for many researchers to discover 
the phenomenon of deterioration of solar cells optical properties under the 
influence of the optical part of the solar radiation. In the course of early 
experiments, when the joint effects of solar light, corpuscular radiation, and 
temperature were investigated, some important peculiarities of the 
simultaneous effect of several damaging factors were detected. Such 
experiments simulate rather good the real conditions of solar cells exploiting 
both in space and on the Earth. 



Then ' am several ways to decrease photon degradation of solar cells, such 
as avoiding Ag atoms in the base silicon layer, eliminating the mechanically 
damaged surface layer before the diffusion, and carrying out the diffusion of 
doping impuri ty at the tempera ture of 875°C and below. For example, solar 
cells for which in the process of their fabrication diffusion process was 
carried out at the temperature of 950°C, the photon degradation (while 
illuminated by Sun simulator with the radiation flux density equal to 1000 
W / m 2 ) accounts for 3 to 6 % , at diffusion tempera ture 900"C - for 1 to 3 % , 
at 875"C - only for 0.5 %. 

It is especially important to take into account the photon degradation 
while fabricating s tandard solar cells for adjustment of Sun s imulators , which 
must have stable characterist ics. 

There is no doubt , tha t the discovered new types of solar cell degradation 
will be studied thoroughly , and the ways of its prevent ing will be found. 
Solar cells should be high effective, stable and reliable source of power, 
usefully convert ing solar energy into convenient electricity. 

Final remarks 

1. Need for reliable and effective power sources for spacecrafts was a 
s t rong impulse for developing, in the course the Soviet space program, 
photoelectric solar radiation converters of various semiconducting materials , 
and first of all of monocrystal silicon and gallium arsenide. 

2. Necessity for protection of solar cells and batteries from radiation 
effects, overheat ing, temperature cycling led to the new designs of solar 
batteries and developing of various protective optical coatings. 

3 . Tests carried out dur ing 20-30 years both in space and the laboratories 
helped to obtain bet ter unders tanding of the na ture of the main types of 
degradation of these power sources and to develop ways of its lowering. 

A. Simultaneously with laboratory and space; tests and measurements , 
tests were carried out in several climatic regions of the former USSR with 
the solar cells of terrestrial application. Mori! than 200 batteries of low 
output power (0.2-0.3 kW) are operat ing successfully in Russia and in the 
former USSR republics - from the South to the Polar ocean and Baikal lake. 

5. Political and economic changes taking place in Russia speak in favour 
of more intensive international cooperation both in the sphere <<[ I'liiiditmcnliil 
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research in the field of semiconductor physics, developing international 
projects on solar photovoltaic power plants and new technologies for solar 
cells and bat ter ies fabrication . 
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FIG. 2 . Diagram illustrating the position of the 
p-n junction in the semiconducting crystal under 
perpendicular (a) and parallel (b) incidence of optical 
radiation. L n , l_p) diffusion length of minority car
riers in the n- and p-type regions, respectively; /) depth 
of penetration of light into the semiconductor. 
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FIG. Z. Two-layer model of the doped region in a 
solar cell. The dashed line represents the p—n junc
tion at a depth / d = a + d. 

FIG. 3 . Calculated output power as a function of 
the depth la of the p-n junction in a solar cell in 
which the electric field is: power optimized for N1 = 
= 1 0 " , N 2 = 1 0 " cm"3 (1); power optimized for 
Nj = 1 0 3 0 , N 2 = 1 0 " cm"3 (2); and uniform (3). 
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FIG. H. 

FIG. 5. 

FIG. 4. Measured concentration of phosphorus in silicon as a 
function of depth between the surface (dashed lines) and the p—n 
junction (dot-dash line). The layer is produced by thermod if fusion 
under different conditions: 1) single thermodiffusion through an 
impeding oxide layer of a particular porosity Ua - 1.0 /urn); 2) 
double thermodiffusion through the oxide layer on the surface 
(/tj = 1.2 fim); 3) thermodiffusion without preliminary oxidation 
of the surface (/,j = 1.2 jim after chemical etching of the doped 
layer). 

FIG. 5. Spectral sensitivity (a) and collection coefficient (b) 
for uncoated solar cells fabricated by different methods: 1-3) as 
in Fig. 2.3; 4) shallow thermodiffusion in a gas flow (exponen
tial distribution of impurities, l^ = 0.6 nm); 5) deep single thermo
diffusion (without chemical etching after diffusion, / d = 3.0 /jm). 
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FIG. 7. 

FIG. o. Reflection coefficient of n-p-type silicon solar cells 
with an aluminum back contact and an antireflective coating of 
tantalum pemoxide deposited on the outer surface of the tell after 
the following treatment: 1, 2) polished; 3) black nonreflecting 
surface produced by selective etching. 

FIG. 7 . Reflection coefficient of a transparent silicon solar cell 
manufactured in the USSR with a three-layer coating on the 
polished outer surface and different reflecting layers on the back 
surface without contact strips (depth of p -n junction less than 
0.5 um): 11 nickel and titanium; 2) aluminum; 3) copper; 4) silver. 
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FIG. 0 . Modules of parallel-connected transparent solar cells: 
a, b) with antireflective and reflective coating on the back surface, 
respectively; c) top view. 11 Current contacts and intercell connec
tions; 2) transparent organosilicone compound; 3) protective glass 
cover; 4) grid of aluminum or silver reflecting strips above the 
upper current contacts and connections; 5) reflective coating on 
back glass; 6) antireflective coating; 7) solar cells; A) solar radi
ation; B) infrared solar radiation with X > 1.1 um and X > 0 . 9 u m 
in the case of solar cells made from silicon and gallium arsenide, 
respectively. 
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Disposition of flat panels carrying small 
solar batteries on some of the Cosmos satellites: 
1, 2) panels facing the Earth and Sun, respectively; 
3) container housing the scientific equipment; I) 
direction of the Sun; I I I direction of the Earth. 
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FIG. Solar radiation flux density refected from the Earth 
and from its cloud cover, measured by one of the Cosmos satel
lites in orbit (a), and variation in the open-circuit voltage and 
temperature of solar batteries (b): 1, 2) first and second orbits, 
respectively; 3) open-circuit voltage generated by batteries facing 
the Sun; 4, 5| temperature of batteries facing the Sun and the 
Earth, respectively. 
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Disposition of small solar batteries (1-3) 
on the exterior of the Venera-11 interplanetary 
station. 
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FIG. 10 . Solar flux density as a function of the height of the 
descending interplanetary station above the surface of Venus, 

> obtained with calibrated silicon solar batteries. 
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DISCUSSION FOLLOWING THE PRESENTATION OF 
MARK KOLTUN 

Appelbaum You did not mention the use of indium phosphide or light-weight 
amorphous silicon cells for space. 

Koltun In recent years most of the effort was put Into (crystalline) silicon 
and galium arsenide solar cells for use in space, but indium phosphide is a 
potentially useful material because its resistance to ionizing radiation is very 
high. We made some indium phosphide cells with efficiencies of about 16% 
and tested a few samples on space flights but they have not been used in 
large quantities. As for amorphous silicon, it was not a part of the Soviet 
space program so research on this kind of solar cell never achieved the 
attention it did in countries such as Japan, for example. Unfortunately, with 
the break-up of the Soviet Union, much of the co-ordinated effort has now 
stopped. Indium phosphide cells were made in Kishinev which is now part 
of the independent state of Moldavia. Silicon ingots, on the other hand, were 
manufactured in the Ukraine and not in Russia. So it is difficult to see how 
progress will be made in the current political situation. 

Roy What about polycrystalline solar cells? 

Jloltun This material is not stable in space and so, like amorphous silicon, it 
did not receive much attention in the Soviet Union. 

Carmel Reliability is a key feature for grid-connected photovoltaic systems. 
According to your experience what would be the degradation in module 
efficiency after 10 years of use? 

Koltun If the modules are well made the degradation should not be more 
than 5% and, as you know, we have much experience in this area. But I must 
emphasize that technology is the crucial issue. Many European and American 
firms use silver contact strips and polymer glues and are only prepared to 
guarentee their modules for 10 years. I believe, however, that one could use 
space technology in a cost-effective manner for the electrical contacts and, 
in this way, produce modules that would last 25-30 years with negligible 
degradation. 

Elazari What is the present cost of photovoltaic modules in Russia? 

Koltun Two years ago the prices - if expressed in hard currency - were 
unrealistically low so I shall not quote what they were. At present there are a 
number of small companies producing cells at somewhat below American or 
European prices: about $4 per watt for the cells and $7-$8 per watt for 
installations. Western prices are currently about $10-$ 12 per watt for 
installations. 

Roy As a historical curiosity, did the first Sputnik satellite use solar cells? 
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Koltun No. Only on the 3rd Soviet earth satellite was this technology first 
employed - the same year as Vanguard, the first American space vehicle to 
use solar cells. Our solar cell research program was started by Arkady 
Lantzman (whose graduate student I was), based on the semiconductor 
research of Academician Yoffe, but it was forbidden to publish any of that 
work in the 1960s. 

Hallak How did you make the physical connection between the two parts of 
your first cascade cells? 

Koltun We employed simple mechanical bonding. 

Roy Are you optimistic about the future of cascade cells for terrestrial uses? 

Koltun Very much so. Boeing Corp recently succeeded in producing a 38% 
efficient cascade cell. This was, of course, a laboratory sample but in the 
future such efficiencies may be mass producible. 
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h-h, 
X = 

*V hL 
L _ h " h L 

Kc 
• (LATENT HEAT OF VAPORIZATION) 
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VELOCITIES TPSB 

92 24 VELOCITIES 

TRUE, LOCAL VELOCITY IL, , n 

SUPERFICIAL VELOCITIES 

U G = £ G U G U L = d - £ G ) U L 

TOTAL SUPERFICIAL VELOCITY U = U + U 
G L 

VELOCITY RATIO 
c _ UG _ PL X 1-S 

\ " P G ( 1 - X ) e 
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VELOCITIES 

RELATIVE VELOCITIES U Q L = MQ-\ = - l ^ 

DRIFT VELOCITY 
U GU = U G - U ; U L U = U L - U 

CROSS SECTIONAL AVERAGES 

< U G > = < U G > G e < U L > = < U L > L < ( 1 - £ > 
<U> VELOCITY OF CENTER OF VOLUME 
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AVERAGING TPSB 

92 24 AVERAGING 

TIME AVERAGING 

?=4/fdt 
T 

CROSS SECTION AVERAGING k = L , G 

A 

< f > = X f f dA 
<h>* A, J k 
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24 AVERAGING 

LOCAL VOID FRACTION T 
F = —— 
fcG T 

INSTANTANEOUS CROSS SECTIONAL AVERAGE 
JUUUL. 

<& 
COMMUTATIVE TIME AND SPACE AVERAGING 

I.E. SPACE AVERAGING LOCAL TIME AVERAGED 

A-

VALUE OR VICE VERSA. MORE GENERAL 

<e kf k> = <£ k> <f k > k <u, > = 
< £

k V 
\^k <e k > 
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MODELING 

THE FLOW FIELD, EXCEPT FOR VERY SIMPLE 
CASES, IS CHAOTIC, AND ITS DESCRIPTION MUST 
BE STATISTICAL. NEED TO DEFINE AVERAGED 
PROPERTIES OF THE MIXTURE - CROSS SECTIONAL 
AVERAGE, TIME AVERAGE OR ENSEMBLE 
AVERAGING, OR BOTH. 

MODELING: - HOMOGENEOUS FLUID OR MIXTURE 

- TWO FLUID MODELS 
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MODELING - HOMOGENEOUS 

HOMOGENEOUS MIXTURE" OF TWO PHASES ACV 

AS SINGLE PHASE FLUID WITH SOME PSEUDO 

PROPERTIES 
U G = U L ' S = I ; p M = £ p G + ( i - £ ) p L 

— — - 1 — _ 
i . P o d - x ) ' ^ = ^ 
1+K~ 

£ = • 

h M = X h G + ( 1 - X > h L 
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• MODELING - TWO FLUID MODEL 

WRITE TWO SETS OF EQUATIONS, ONE FOR EACH 

PHASE, AND SUPPLEMENT IT BY THE JUMP 

CONDITIONS AT THE INTERFACES. E.G. CONTINUITY 
(LOCAL INSTANTANEOUS): 

| (e k P k )+V.(e k p k u k ) = r k k = L,G 

r k -VOL MASS TRANSFER RATE INTO PHASE k 
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9 2 24 MOMENTUM EQUATION 

rate of change 
momentum in c.v. 

V * ( £

k P k

U

k

U

k ) 
Net convective 
addition to c.v. 

= - V ( £

k P k > + V • ^ + £

k P k g + H, 
k 

pressure force shear gravity 
acting on phase stress 

interfacial 
source term 

PRESSURE IS ASSUMED TO BE UNIFORM AT EACH 
CROSS SECTION 
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MOMENTUM EQUATION 

ONE DIMENSIONAL, CROSS SECTIONAL AVERAGEE 

MOMENTUM EQUATION 

| [ < P k e k V ] + x ^ [ < P k

£

k

u

k

> A J 

= - < £

k > f + g<Pk

£

k>cose - - ^ 
P T 
_ t i + u r 

A * k -
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MOMENTUM EQUATION 

- NEED CLOSURE LAWS FOR VARIOUS 
EXPRESSIONS SUCH AS 

- NEED DISTRIBUTION PARAMETER 

<Pk£kU l c> = C 0 < p > < £ > < M > 
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CONSERVATION OF ENERGY 

TPSB 
92 24 CONSERVATION OF ENERGY 

!<e kp kE k) + V.( £ kp kE ku k) = 

-V.(ekqk) - V.(s kp ku k)+V.(e kT k,u k) 

+ e

k P k g * u

k

 + < 1 >

k 

interfacial energy 
source term 

E k - TOTAL ENERGY-ENTHALPY+KINETIC+POTENTIAL 
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92 
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CLOSURE LAWS 

-VOLUMETRIC MASS EXCHANGE RATE BETWEEN 
PHASES 

-WALL SHEAR FORCE ON EACH PHASE T , ^ & X 

- INTERFACIAL SHEAR FORCE \ 

- WALL HEAT FLUX TO EACH PHASE q ^ , L & q^G 

- INTERFACIAL ENERGY TRANSFER q" &• Q" 

THESE MUST BE SUPPLIED EXTERNALLY 

TPSB | 2 1 
MIXTURE MODELS - AD 92 ' 2 4 
MIXTURE MODELS - AD 

-. . _ 
SUMMING THE PHASE CONSERVATION EQUATIONS, 
GET THE MIXTURE CONSERVATION EQUATION, 

LOSE THE INTERFACIAL EXCHANGE TERMS. 
CONTINUITY g 9 , • AN n 

A ^ < P > + # m A ) = 0 

<p> = pL<l-e> + P G

< £ > 

m = PL<uL>L<l-£>-r-pG<e> 
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"Cv «;>, ^ i t . «:>, 

TPSB 
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23 
24 DRIFT FLUX FORMULATION 

VERY USEFUL IN MODELING FLOWS, SUCH AS 

BUBBLY FLOW, WHERE THERE IS RELATIVE 

VELOCITY BETWEEN PHASES. 

TOTAL AVERAGE VOLUMETRIC FLUX <U>, 

ALSO CALLED VELOCITY OF THE CENTEH OF 

VOLUME. AVERAGE DRIFT VELOCITIES: 

U G U = ^ G " < U > ; U L U = < U L > L - < U > 

V ^ \ \ ^ ^ N V N ^ 
u 
II 

o 

p 

I 
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FLOW PATTERN TRANSITION IN TWO PHASE FLOW 

Lecture Presented by 

Yehuda Taitel 

Department of Fluid Mechanics and Heat Transfer, 
Faculty of Engineering, 

Tel-Aviv University, Ramat-Aviv 69978, ISRAEL 

Enclosed here are 30 figures which are the 30 transparencies that have been used in this lecture. 
Following is a short Text that explains each figure. Finally a list of references is given (also of many 
articles that are not mentioned in the lecture) for the interested reader. 

TEXT USED FOR VERBAL EXPLANATION OF THE FIGURES 

FIGURE I: 

The topic of this lecture is: 

FLOW PATTERN TRANSITION IN TWO PHASE FLOW 
UNIFIED APPROACH WITH RESPECT TO INCLINATION ANGLE 

The special message here is the emphasis on a uniform approach with respect to the inclination angle. 
So far most previous work considered the horizontal and the vertical cases separately. 

FIGURE 2: 

What is a flow pattern. There is no accepted definition 

FLOW PATTERN IS A GENERAL NAME THAT DESCRIBE 
THE DISTRIBUTION OF THE TWO PHASES IN A CONDUIT 

The flow patterns are usually divided into 4 main classes: 

FLOW PATTERN CLASIFICATION: 

(1) STRATIFIED FLOW (smooth, wavy) 

(2) INTERMITTENT FLOW (elongated bubble, slug, churn) 

(3) ANNULAR FLOW (with entrainment, without, wijpy) 

(4) BUBBLE FLOW (bubbly, dispersed bubble) 



FIGURE 3. 

FLOW PATTERN IN HORIZONTAL FLOW 

It was customary to deal separately with flow pattern in the horizontal case as shown here 

FIGURE 4: 

FLOW PATTERN IN VERTICAL FLOW 

and with the vertical case. 

FIGURE S: 

FLOW PATTERN IN TWO PHASE PIPE FLOW: 

As mentioned we would like to have a general approach, for all pipe inclination. Thus the flow 
description is: 

Stratified flow (S): Here we see stratified flow where the liquid flow at the bottom of the pipe with 
gas at the top. Stratified flow is observed mainly in horizontal and downward inclined flow. It is 
seldom observed in upward inclined flow and only in shallow inclination. 

Intermittent flow (1): Here the flow is in the form of liquid slugs which fills the pipe and are 
separated by gas zones in the form of elongated bubbles. 
When the flow is calm and the liquid slug is free of entrained bubbles the pattern is that of elongated 
bubble. For high flow rate, when the liquid slug is aerated the flow is that of slug flow. At higher gas 
voids the chaotic churn flow is observed. 

Bubble flow (B): In bubble flow small discrete bubbles are distributed in a continuous liquid phase. 

Annular flow (A): In annular flow the liquid film flows adjacent to the pipe wall and the gas flows in 
the center core, it may contain entrained droplets. 

Note that intermittent, bubble and annular <"iOws are observed in the whole range of inclination. 

FIGURE 6: 

It is desired to be able to predict the flow pattern for any given operational conditions. Three main 
methods are available for flow pattern prediction: 

(1) CORRELATION OF EXPERIMENTAL DATA 
This is the most common engineering approach 

(2) MODELING 
This is the one we are going to emphasize here 

(3) FIRST PRINCIPLES 
Namely hnsed on the solution of the Navier-Stokes equations. Solution of these equations for such a 
complex system is, at least at the present and the near future, mission impossible. 
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FIGURE 7: 

DIMENSIONAL ALALYS1S 

I ei us consider first method (I) , correlation of experimental data. The first step in this case is to 
perform dimensional analysis. 

We have 11 dimensional variables that control the flow pattern transition. 

I I L S u c s d PG ft Co D 8 » < ? 

where: 
U L g is the liquid superficial velocity (it is customary to use the superficial velocity instead the flow 
rate), U G S is the gas superficial velocity, p L is the liquid density, p G is the gas density, j * L is the 
liquid viscosity, u G is the gas viscosity, D is the pipe diameter, g the acceleration of gravity, a is the 
surface tension, < is the pipe roughness and /9 is the pipe inclination. 

This leads to 8 independent dimensionless groups. That is the flow pattern transition boundary 
depends on 8 parameters. This is obviously not an easy task to correlate 8 parameters using 
experimental data. 

Note that the set of 8 parameters is not unique and we have infinite number of such sets. 2 such sets 
are shown in the figure. 

The next step is to delete the non-important parameters. The question remains: 

WHAT ARE T i l l ' MOS'I IMPORTANT PARAMETERS?! 

HOW MANY?! 

and in what set. Clearly this is not an easy task either. 

So far the approach was just to guess the important parameters. 

FIGURE 8: 

Let us consider few examples. 

WEISMAN ET AL (1979. 1981, 1985) CORRELATIONS: 

Weisman and his co workers published the following correlations for the various flow patterns 
boundaries. 

Horizontal flow-
Stratified-Intermittent Transition: 

Stratified Smooth-Siratified Wavv: 



FIGURE 9: 

WEISMAN ET AL (1979, 1981, 1985) CORRELATIONS: 

Horizontal and vertical flows: 
Annular: 

Dispersed Bubble: 

Vertical and Inclined: 
Intermittent-Bubbly flow: 

Note at this point that the correlation for transition from annular and dispersed bubble is common to 
all inclinations. This is reasonable since these transitions occur at high flow rates in which case gravity 
is not important 

FIGURE 10: 

MANDHANE, GREGORY AND AZIZ MAP (1974) \ 

An additional approach to present experimental data on flow pattern is via flow pattern map. One of ' 
the most popular map is the one which jses V^ vs U G S coordinates. This is a two dimensional map. 
It cannot be a general map since the coordinate are dimensional. 

FIGURE II: 

BAKER FLOW PATTERN MAP(I954) 

This is the earliest flow pattern map. Baker is credited as the first to recognize the importance of 
determining the flow pattern in two phase flow and the first to present a flow pattern map. 
While the abscissa is dimensionless, the ordinate is not. Therefore it cannot be a general map. 

FIGURE 12: 

SPEDDING AND NGUYEN MAP FOR HORIZONTAL FLOW (1980) 

They published a set of two dimensional maps for horizontal and inclined pipes using the following 
coordinates. This time the coordinates are indeed dimensionless. But the generality of this map is 
doubtful because the selection of the coordinates are based on intuition and further more it is unlikely 
that the same two groups will determine all flow patterns. 

FIGURE 13: 

TAITEL AND DUKLER MAP (1976) 

Although empirical correlations for flow pattern prediction is still widespread, efforts have been made 
recently to develop models for the prediction of flow regime. 

One of the earliest map which is based on modeling in that of Taitel & Dukler (1976) for the case of 



horizontal and slightly inclined pipes. 
Here we see a map for the horizontal case. Each transition boundary depends on two dimensionless 
groups. Fortunately one of the group is common to all boundaries and therefore one map with 
different ordinates can be used for all transitions. For example transition A is stratified - non 
stratified transition and it is given as the modified Froude number F vs X. 

FIGURE 14: 

TAITEL. ET AL. MAP FOR VERTICAL FLOW (1980) 

Similarly, Taitel, Barnea & Dukler proposed a model for the vertical case. The results were given in 
terms of simple algebraic relations. This figure is the result of the transition boundary equations 
plotted on the "Mandehane" coordinates. 

FIGURE 15: 

The above mentioned model were still not quite satisfactory since different mechanism where applied 
for the same transitions for the horizontal and vertical case. Although probable it is not reasonable, 
especially for boundaries which are not effected by the inclination angle. This led to the development 
of the "unified" model which implement the following requirements: 

THE UNIFIED FLOW PATTERN MODEL 
BARNEA (1986, 1987) 

(1) NOT DIFFERENT MODELS FOR DIFFERENT INCLINATION ANGLE 

(2) TRANSITION TO ANNULAR FLOW AND DISPERSED BUBBLE FLOW IS A WEAK 
FUNCTION OF THE INCLINATION ANGLE 

FIGURE 16: 

PRINCIPLES OF MODELING 

Before continuing let us review the principles of modeling 

(1) IDENTIFY THE MOST IMPORTANT MECHANISM OF TRANSITION 

(2) MODEL THE MECHANISM MATHEMATICALLY 

(3) SOLVE TO OBTAIN THE TRANSITION BOUNDARY 

FIGURE 17 & 18: 

The following table summarizes all the transition boundaries that appear in the unified model. We 
have altogether 10 transition boundaries. 
Each transition is designated by a letter A,B etc, The dominant mechanism is specified and the 
resulting equation (in reference Taitel 1990) for the transition boundary is given. For example the 
stratified non- stratified transition A is based on the mechanism of Kelvin-Helmholtz instability and 
the solution is given in (I4II5] 



FIGURE 19: 

COMPARISON WITH EXPERIMENTAL RESULTS FOR HORIZONTAL AND UPWARDS FLOW. 

Here the solution for the transition boundaries are compared with experimental data for various 
angles of inclination, horizontal, 1°, 30°, 80° and vertical up. 
Note that the same mechanisms are applied for each transition in the whole range of inclination. Some 
of the transitions disappear (A) as the angle of inclination changes. Some are present in the whole 
range (J, D). 

FIGURE 20: 

COMPARISON WITH EXPERIMENTAL RESULTS FOR DOWNWARDS FLOW. 

The agreement with experimental results is good for all angles of inclination. 

FIGURE 21: 

The model is sufficiently simple and the solution for the transition boundaries can be presented either 
in the form of algebraic equations, or, in in the form of two dimensional generalized map as will be 
shown later. 

It is also convenient to use a computer program. This figure shows the results of such a computer 
program. This program can be used internally as a subprogram for the purpose of calculating the 
pressure drop and other flow parameters. 

FIGURE 22: 

This is an example for the vertical case. 

FIGURE 23: 

As mentioned we have 10 transition boundaries. Obviously we cannot describe all of them. Let us 
review few examples: 

Consider first 

THE STRATIFIED-NON STRATIFIED TRANSITION (A) 

MECHANISM: KELVIN-HELMHOLTZ INSTABILITY 

MODELING: 

The first step in ihe analysis of this mechanism is to calculate the equilibrium level in stratified flow 
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FIGURE 24: 

h L is obtained from the solution or the two momentum equations on the liquid and gas 

the first term is the pressure force, the second is the wall shear stress, the third is the interfacial shear 
and the last one is gravity. 

Eliminating the pressure gradient 

Yields an equation for the liquid level. This equation can be presented in a nondimensional form and 
the solution for h L / D is obtained in terms of two dimensional parameters X and Y 

SOLUTION: h L / D - f ( X , Y ) 

X is the well known Lockhart Martinelli parameter and Y is an inclination parameter. 

FIGURE 25: 

The equilibrium liquid level is given here as a function of X for a parametric values of Y. Y=0 
corresponds to the horizontal case. It can be seen that the liquid level increases with increasing 
upward inclination and decreases for downward inclination. Within a narrow range we have multiple 
solutions. In this case the first (thin) solution is the physical solution. 

FIGURE 26: 

Once a solution for the liquid level is obtained we check whether the solution is stable. A stable 
solution indicates stable stratified flow while unstable solution indicates transition. 

A simplified stability analysis is used here to check the stability. We consider a force balance on a 
wave of the following shape. A stabilizing force is gravity which tend to flatten the interface and the 
destabilizing force is the Bernoulli amplification due to the suction over the wave crest. 

FIGURE 27: 

The resulting criterion for stability is given by [14] which can be expressed in a dimensionless form as 
in [17] 

The terms within the square parenthesis are only function of h L / D which in turn are function of X 
and Y. That is: 

TRANSITION BOUNDARY: F=F[h L/D] F=F[X,Y] 

FIGURE 28: 

GENERALIZED TRANSITION BOUNDARIES 

Thus the modeling approach shows us that transition A depends on 3 parameters F, X and Y. 
However it is possible to use only a two dimensional map with h L / D on the abscissa, the internal 



parameter h L /D is given in terms of X and Y. 

Note also that this particular map is used not only for transition A but also for few other transition 
such as L, M, C. This map is valid for all pipe inclinations 

FIGURE 29: 

GENERALIZED MAP FOR ANNULAR TRANSITION 

This is the results for a two dimensional map for the transition boundary from annular flow, 
transition J. The derivation is omitted and can be found in the references list. Note that this transition 
boundary can be plotted on a Y versus X dimensionless groups. It is composed of two curves (a) and 
(b) which are related to the two mechanisms that control this transition. Curve (a) is related to the 
instability mechanism and curve (b) to spontaneous blockage of the gas core due to high liquid 
holdup. The region to the left of (b) and below (a) is the region of annular flow. 

FIGURE 30: 

CONCLUSIONS 

(1) FLOW PATTERN PREDICTION 

CORRELATION OF EXPERIMENTAL DATA 

MODELLING 

FIRST PRINCIPLES 

(3) MODELLING IS THE BEST AVENUE FOR EXTRAPOLATING EXPERIMENTAL DATA. 

Modeling is not foolproof method. It uses many assumptions and it does not replace experimental 
data. We can say, however, that once it compares well with some experimental data it has good chance 
for extrapolation to condition not used previously 

(2) THE "UNIFIED MODEL" 

The "unified model" is our preferred model for the calculation of the flow pattern. It is a consistent 
model that is valid for all inclinations angles. 
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FLOW PATTERN TRANSITION IN TWO PHASE FLOW 

Yehuda Tailcl 

Department or Fluid Mechanics and Heat Transfer, 
Faculty of Engineering, 

Tel-Aviv University, Ramat-Aviv 69978, ISRAEL 

UNIFIED APPROACH WITH RESPECT TO INCLINATION ANGLE 

FIGURE I: 

FLOW PATTERN IS A GENERAL NAME THAT DESCRIBE 
THE DISTRIBUTION OF THE TWO PHASES IM A CONDUIT 

FLOW PATTERN CLASIFICATION: 

(1) STRATIFIED FLOW (smooth, wavy) 

(2) INTERMITTENT FLOW (elongated bubble, slug, churn) 

(3) ANNULAR FLOW (with entrainment, without, wispy) 

(4) BUBBLE FLOW (bubbly, dispersed bubble) 

FIGURE 2: 
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STRATIFIEO SMOOTH 

STRATIFIED WAVr 

X I ZT 
ELONGATED BUBBLE 

STRATIFIED 

> INTERMITTENT 

E •y.-y-l J 

E^S ANNULAR / ANNULAR-MIST 

P^ WAVY ANNULAR 
=^3J 

> ANNULAR 

ft • * . : . • • • • • : •.•.* ,°°„ 

DISPERSED BUBBLE 

Plow patterns in horizontal flow. 

DISPERSED 
BUBBLE 

FIGURE 3: 

Olo'o 

'&. 

Bubble Slug Churn Annulor 

Flow patterns in vertical flow. From Taltel et al. 
Reprinted with permission. 

(1980). 

FIGURE 4: 
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Stratified (S) 

Stratified Smooth (SS) 

^ = Z 
Stratified Wavy (SW) 

Internittent (I) 

Elongated. Bubble (EB) 

Bubble (B) 

Churn (Ch) 
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fl°S,?°o0o0oo0o0o0o0 o° 0

0 0

0 ° 0

0 °o°o°o ° oY 

Annular (A) 

FIGURE 5: 
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FLOW PATTERN PREDICTION 

(1) CORRELATION OF EXPERIMENTAL DATA 

(2) MODELING 

O) FIRST PRINCIPLES 

FIGURE 6. 

DIMENSIONAL ALALYS1S 

U L S U G S 'L "G "L "G ° g ' ' > 

U L S ' L P U GS'L D B f i l D i fa. ^ ?h! t S. 
"L "L "L PL "L 'L ° 

U LS + t J GS ^LS_ ! f l Z _ 'p "G g ' L D . c 
v^D UCS "L 'L "L "L D 

WHAT ARE THE MOST IMPORTANT PARAMETERS?! 

HOW MANY?! 

FIGURE 7: 
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WEISMAN ET AL (1979, 1981. 1985) CORRELATIONS: 

Horizontal flow: 
Stratified-Intermittent Transition: 

U GS 

Stratified Smooth-Stratified Wavy: 

»fe) 
O.X 0.4K 0 

f g 1 [DuGS^Gl . f u G s l 
L««>H(iL-*0)J [ "G J " 1»LSJ 

[•] 

12] 

FIGURE 8: 

WEISMAN ET AL (1979. 1981, 1985) CORRELATIONS: 

Horizontal and vertical flows: 
Annular: 

' • # ) [B(/>L-/>G)<'] , / , J 

Dispersed Bubble: 

i / i 

d« ' 
B(PL 

LS 
PG> 

a d« ' 
B(PL 

LS 
PG> g(PL-^G> D 1 

Vertical and Incl ined: 

l / « 

Intermittent-Bubbly flow: 

[3] 

HJ 

U GS i 

VgD 
0.45 "CS+ULS 

VgD 
(l-0.65cos/3) [5] 

• • IGUKE* 
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Mandhane, Gregory and Aziz map (1974) 

FIGURE 10: 
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Baker now pattern map (1954) 

FIGURE II: 
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FIGURE 12: 
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THE UNIFIED FLOW PATTERN MODEL 

BARNEA (1986, 1987) 

(1) NOT DIFFERENT MODELS FOR DIFFERENT 
INCLINATION ANGLE 

(2) TRANSITION TO ANNULAR FLOW AND 
DISPERSED BUBBLE FLOW IS A WEAK 
FUNCTION OF THE INCLINATION ANCLE 

FIGURE 15: 

PRINCIPLES OF MODELING 

(1) IDENTIFY THE MOST IMPORTANT 
MECHANISM OF TRANSITION 

(2) MODEL THE MECHANISM MATHEMATICALLY 

(3) SOLVE TO OBTAIN THE TRANSITION 
BOUNDARY 

FIGURE 16: 



Table I: Summary of transition boundaries 

Mechanism 
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boundary Patterns Equations 

Stratificd-
nonslratificd 

Kelvin 
-llclmholtz 
instability 

114HI7J 

From 
bubbly 

c>0.25 [42] 

Stratified 
smooth-wavy 

Jeffreys, 
wind-wave 
interaction 

[47] [48] 

from 
dispersed 
bubble 

Turbulent 
fluctuations 
and buoyancy 

[32M34] 
+[3*1 

From 
dispersed 
bubble 

ou.52 [391 

Slug-
Churn 

€S>0.52 

FIGURE 17: 

[52] 

Table I: Summary of transition boundaries 

Boundary Patterns Mechanism Equations 

M 

From 
annular 

Low void 
fraction or 
instability 

111 

Stratified 
wavy-annular 

Trajectory 
of torn drops 

(301[31] 

Stratified 
smooth-wavy 

F r >l.5 [50][511 

Elongated 
bubble-slug 

<s=0 [52] 

Minimum pipe 
diameter to 
show bubbly 
flow 

Velocity of 
small versus 
elongated 
bubbles 

[45] 

Minimum 
inclination 
angle to 
show bubbly 
flow 

lift versus 
buoyant 
forces 

[46] 

FIGURE 18: 
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FIGURE 19: 
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ULS . 1 
| m l . . •: | 
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Example or flow pattern calculation, horizontal 
D - 0.0510 in 
PL- 998.0000 Kg/m J 

/ i L - 0.9200 CF 
a - 0.0720 N/m 
• BUBBLE, 
0 1 NTERMI TTENT, 

0.0» 
/>G-I.2 Kg/m' 
JJ<J- 0.0)86 CP 

- S T R A T I Fl ED 
I ANNULAR 
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FIGURE 21 
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Example of flow pattern calculation, vertical 
D - 0.0510 m 
pL- 998.0000 Kg/m> 
j i L - 0.9200 CP 
a - 0.0720 N/m 

• DUDDLE, 
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THE STRATIF1F.D-NON STRATIFIED TRANSITION (A) 

MECHANISM: KELVIN-IIELMIIOLTZ INSTABILITY 

MODELING: 

FIGURE 23: 

HP 

- A L JjJ " r L s L + riSi - p L A L g sin/7 - 0 

- A G &L _ r G S G _ r . s . . p G A G g sin/? - 0 

Eliminating the pressure gradient 

r L s L ^ " G S G 

[6] 

[7] 

^ + _ ^ + r . s . [ A L + A G J (PL-PGtes'">fi ' ° f*l 

SOLUTION: D f(X,Y) 

X - (dP/dx) G S 

(PL-/'G)g s i p^ 
" | (dP /dx ) G S | 

[II] 

[12] 

FIGURE 24: 
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FIGURE 25: Equilibrium liquid level in stratified Dow. 
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FIGURE 26: Instability of solitary wave on stratified flow 
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TRANSITION BOUNDARY: F - F [ h L / D ] F-F[X,Y] 

FIGURE 27: 
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FIGURE 28: Generalized transition boundaries 
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FIGURE 29: 

CONCLUSIONS 

(1) FLOW PATTERN PREDICTION 

CORRELATION OF EXPERIMENTAL 
DATA 

MODELLING 

FIRST PRINCIPLES 

(3) MODELLING IS THE BEST AVENUE FOR 
EXTRAPOLATING EXPERIMENTAL DATA. 

(2) THE "UNIFIED MODEL" 

FIGURE 30: 
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1NTERFAC1AL INSTABILITIES OF STRATIFIED FLOW 
AND APPLICATION TO FLOW PATTERN TRANSITION 

Lecture Presented by 

Dvora Barnea 

Department of Fluid Mechanics and Heat Transfer, 
Faculty of Engineering, 

Tel-Aviv University, Ramat-Aviv 69978, ISRAEL 

INTRODUCTION 

Figure 1 show a schematic representation of stratified flow. Stratified flow occurs at relatively low 
liquid and gas flow rates. Liquid flows at the bottom of the pipe and gas on top of it. The interface 
can be either smooth or wavy. The first step for analyzing the stability of stratified flow ana for 
developing transition criteria is to predict the equilibrium liquid level. 

The stability of the steady state solutions is usually checked by the Kelvin-HelmhoU (K-H) linear 
stability analysis. Two types of K-H analyses have been used. The viscous K-ri (VKH) analysis 
which uses the full two fluid model and takes into account the shear stresses and the inviscid K-H 
(IKH) theory in which the shear stresses are neglected. 

The Key question is how to interpret the behavior In the unstable regions due to both the viscous 
and the inviscid analyses. Do these instabilities result in transition to slug flow, annular flow, or just 
cause the interface to be wavy. 

We will see that for liquid of low viscosity the stability criteria of the viscous and the inviscid 
analyses yield different results while the two approaches yield almost the same results for liquid of 
high viscosity. This is indeed puzzling. We will try to explain this dilemma by looking on the behavior 
of the amplification factor for both analyses. 

Finally 1 will introduce some physical interpretation. 

ANALYSIS 

The VKH stability analysis is performed on the full two fluid model equations. A brief outline of 
this analysis follows: 

The continuity equations for the liquid and the gas are: 

| ( " L A L ) • £ < / > I . A L U L > • ° f'1 

£ ( P G A G ) + | r O > G A G U G ) = 0 [2] 

The momentum equations for each phase are: 
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| ( P _ A _ U L ) + £<p_A_U_) 

= - r LS L + <"|Si - A L -^- - p L A L g cos0 -jjjf . P L A , _ siny? [3] 

^ G A G U 0 ) + ^ ( P G A O U ' Q ) 

= - TG S G - TiS| - A G - Jp- - p G A G g cos0 -^- - p G A G g sin0 HI 

where A is the cross sectional area, h the liquid level or gas gap, P is the pressure, U the axial average 
velocity, r the shear stress, S the perimeters over which r acts, p the phase density and 0 is the angle 
or inclination from horizontal (positive for upward flow). The subscripts L and G denote liquid and 
gas respectively, and the subscript i denotes interface. 

Assuming incompressible flow and combining the two momentum equations by eliminating the 
pressure terms using the approximate relation 

Pin 
3'h L 

3x2 
r iG " r iL ' 

where o is the surface tension, yields the following 3 equations: 

[5] 

ax at + A ' _ " a T * U L - - ° 

dh, 
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[71 

PL' 
3 U L 
at 

au G ,, au, ,, ava , . . ah. 
• PG -g f - + P L U L - g f - - P G U G -gjf- + (PL-PG) B «»/» ^ - 3 5 h L - F 

" a i5" - F 
[8] 

where 

F _ . %!k + _GSG_ + 

' ( A T * ^ (pL-PG)gsin/5 (9) 

and A' L is d A L / d h L . 

Linearization procedure which follows the general approach presented by Barnea and Taitel 
(1989) yields 

AY 3x« 
P L U L . PGU'G 

( P L - P G ) 8 C O S ^ 
a 2h, 

3x» 

+ 2 P L " L / G U G 
R L R G 

3%, 
atax 

P J _ + £ G _ 3»h, 
at* 
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_A_ 3F Ug. _9F_ ^ k J E . 
A' L 3h " R G dUa R L 0U L dx 

I 3F J _ _3F 
R G a u G

 + R L a u L 

1 ^k_ "J a. [10] 

where h L is the perturbed liquid level, and R is the phase holdup. Note that, all the terms in the 
square parenthesis in [10] are evaluated at the steady state (unlike these terms in [1-9] where these 
values are the local transient values). 

Substituting for the perturbed liquid level, h L . 

Hurt-lex) 
H =«e* 

into equation [10] yields the following dispersion equation for the angular frequency, w. 

w2 - 2(ak-bi)w + ck 2 - dk«- eki « 0 

where 

" P { R L R G J 

•^[(^L a 8.RL " l 5 ^L.R l 

a _A_ 
} A ' L 

fjE.1 

^k.^ £s_ 

[ii] 

[12] 

[13] 

The solution for ui is 

w = (ai .-S) ± v (a 2 - c )k 2 - b 2 + dk* + (ek-2abk)i [14] 

The steady state solution ij unMable whenever the imaginary part of u in [14], namely u,, is negative, 
leading to exponential grov..'i oi the perturbed variable, h L . The amplification factor is -Wj. 

For the case of iviscid flow a simple expression for w is obtained. 



P L U L / C U C 

PJM.PS_ 
H L H G 

( P L - P G ) S 

PL , PG 
H L H G 

^ - ( U G - U L ) » 
H L H G , 

2 
[ P L . PG 1 
K HGJ 

ok* ( P L - P G ) S 

PL , PG 
H L H G 

^ - ( U G - U L ) » 
H L H G , 

2 
[ P L . PG 1 
K HGJ 

PL , PG 
H L H Q 

[15] 

where H L = A L / A ' L and H G = A G / A ' G . C is the wave velocity and k the wave number. As long as the 
term in the square root is positive the amplification factor in this case is 0. When the square root is 
negative, two conjugate solutions for the imaginary parLs exist. The second solution, namely the one 
with the negative sign is the one that contribute to the instability. 

For the viscous case the solution for u can be expressed conveniently in a polar form, 

u>i - (ak-bi) + V V + T 2 e 2 iUrcUnf?) [16a] 

u 2 = (ak-bi) + s/a*+il e 2 
i }|arc;tan(')+Z»] 

[16b] 

where a=(a ! -c)k z +dk 4 -b 2 and T=ek-2abk. The negative values of the imaginary part of [16] is the 
amplification factor. 

The condition for marginal stability can be obtained from [12] for the special case where Oj, the 
imaginary part, equals zero. This leads to the following stability criterion for the viscous case. 

2 

[£- . ) -(a'-c) -dk 2 < 0 [17] 

substituting the value of a 2 -c from [13] into [ 17] yields 

( C v - C I V ) 2 + PLPG 
P J R L R G 

<UQ-UL)» - ^ g cost) -£- - ? -£-k 2 < 0 
A' L P A ' L 

[18] 

The three last terms on the L.H.S. of [18] can be observed as the well known Kelvin-Helmholtz 
instability of the interface for one dimensional flow with no viscous effects on the stability. The first 
term is the additional effect of the shear stresses, which tends to amplify any disturbance in the film 
thickness. Note that the fourth term which is the contribution of the surface tension is the only term 
that depends on the wave length. For long waves this term approach zero and it does not effect the 
neutral stability criterion that should apply to all wave lengths. 

The critical v.ave velocity on the inception of instability, C v , obtained from [12] for u,=0, equals 
(e/2b). 

L v " 2b ' 
l a R J u 

_3F 
au, G S j u 

3 U ^ k s , R L 

[19] 



The dispersion equation Tor the Inviscid KH analysis is obtained from [12] with e and b equal zero. 
The critical wave velocity in this case, C I V , is equal to expression (a) in [13], namely: 

P L ^ G + P G ^ L 
[20] 

Thus the first term in the KH stability criterion [17], that results from considering the shear stresses, 
is related to the difference between the wave velocity obtained for the viscous KH theory and the 
wave velocity for the inviscid case, on the inception of instability. 

In this work the shear stresses r L , r G and r-t are evaluated as follows: 

P L U ' L [21] 

r G - "G 2 

. _ f P G ( U G - U L ) | U G - U L I 
' ' 2 

[22] 

[23] 

where 

fi. = C, "L J 
[24] 

D n U r 

"G 

D L and D G are the hydraulic diameters evaluated in the following manner. 

• * - * a [25] 

The coefficients C G and C L equals 0.046 for turbulent flow and 16 for laminar flow, n and m take 
the values of 0.2 for turbulent flow and 1.0 for laminar flow. The interfacial friction factor was 
assumed to have a constant value of fj=0.014 as suggested by Cohen and Hanratty (1968) for stratified 
wavy flow, or fj=fG when f G >0.0!4. 

RESULTS AND DISCUSSION 

Figure 2 present the results of the neutral stability criterion obtained by the two approaches , for 
three pipe inclinations (horizontal flow, upward inclined and downward inclined flow). The solid lines 
are the neutral stability curves for the viscous case and the dashed lines are the results for the inviscid 
analysis. The calculation were made for air liquid in a 5 cm diam. pipe. It can be seen that for the 
low viscosities the inviscid anahsis over predicts considerably the viscous results., especially for 
inclined pipes, for upward inclined flow and I cp liquid viscosity for example the stable area 



predicted by the VKH analysis is bounded by the bell shaped curve while the stable zone due to the 
inviscid analysis is much larger. For downward flow the VKH analysis predicts unstable flow for the 
case of I cp in the whole range of flow rates presented here while this zone is stable due to the 
inviscid analysis. As the liquid viscosity increases both approaches yields almost the same results. 

The VKH and the IKH neutral stability lines were checked for possible application as flow 
pattern transition boundaries. Figure 3 shows the results for the case of low liquid viscosity of 1 cp. 
The region bounded by the solid lines is stable stratified flow due to the viscous KH analysis. The 
broken lines bound the stable region to the inviscid analysis and the region bounded by the small xx 
is a region of stratified flow as observed by experiments. It can be seen that the IKH instability does 
not predict well the transition boundaries from stratified flow at low viscosities and the stable region 
predicted by the inviscid analysis is larger compared to experimental data. The V K H n.s. lines on the 
other hand compare quite well with the experimental transition from stratified flow for horizontal and 
upward inclined flow. However at downward inclination the viscous analysis predict unstable 
stratified flow, while the data indicates the existence of stratified wavy flow in this range of flow 
rates. Thus it is concluded that the neutral stability condition of the VKH analyses is also not directly 
associated with the transition from stratified flow. 

Referring to Fig. 4, let's see what is the physical interpretation of the instability due to the V K H 
and the 1KH analyses. In the K H analysis we insert a small perturbation on the equilibrium steady 
state interface and we check either this perturbation will vanish namely the flow is stable or will grow 
namely the flow in unstable. Andreussi et al. (1985) indicated that the VKH type of instability predict 
actually the formation of unstable interface with large amplitude waves. Now, whenever the liquid 
level is high enough the waves bridge the pipe and the unstable interface becomes slug flow. For thin 
films, on the other hand, either roll waves or annular flow may exist. To obtain annular flow the 
upper part of the pipe should be wetted although the fi lm is thin. It occurs when the suction effect of 
the pressure generated over the wave crest due to the Bernoulli effect overcome the stabilizing 
influence of gravity. It is in phase with the wave height and it will grow unboundedly until the upper 
part of the pipe is wet. This description is consistent with the inviscid analysis where we have G vs B 
effect. Thus we assume that the instability due to the inviscid analysis in an unbounded growth up to 
the top of the pipe. For high liquid films this unbounded growth will cause slug flow while for thin 
films where the liquid supply is too small to bridge the pipe the result would be a wetted periphery, 
namely annular flow 

To summarize, (figure 5): the region bounded by the VKH neutral stability line is a region of 
stable stratified flow namely stratified smooth or stratified wavy with small amplitude waves. Beyond 
this region three regions of instability are identified. The region outside the V K H n.s. lines for which 
the equilibrium liquid level is high is a region of slug flow. For the case of low liquid films the region 
that is unstable to the VKH and stable to the IKH analysis is a region of large amplitude roll waves, 
and the region of low liquid level and unstable to the IKH analyses is in annular flow. In this work 
the T&D suggestion of h L/D=0.5 is adopted to indicate high liquid level. 

This combined criterion which uses the viscous and the inviscid K H theories for the 
determination of the transition from stable stratified flow to slug, annular or wavy flow compares 
well with experimental data for a wide range of liquid viscosities and gas densities. 

So far the analyses of stratified flow was based only on the n.s. condition. It turns out that this is 
not sufficient to give the complete picture. Two points were bothersome: 

One would expect that the inviscid theory would be a good approximation for liquids of low 
viscosity whereas for high viscosities one will have to use the full two fluid model, namilv the VKH 
analysis, in order to get correct results. Surprisingly the results are quite the opposite. For liquids of 
high viscosities the results of the inviscid theory is applicable while there is a large discrepancy 



between the results of the inviscid and viscous theories for low liquid viscosity. 

The second point that bother us, is that our physical interpretation of the viscous and inviscid 
neutral stability lines is based only on physical intuition and we wanted to support our general 
interpretation of the K.H analysis for flow pattern transition. We decided therefore to observe not only 
the condition when the disturbance become unstable but to look also on the rate of amplification of 
this disturbance. 

We examine the rate of amplification along line a-b on figure 5 point a is the intersection point 
with the VKH neutral stability curve, while point b is the intersection with the inviscid neutral 
stability curve. 

The rate of amplification is illustrated on figure 6 as a function of the wave length, for a constant 
gas flow rate and at various liquid flow rates. The results obtained for the two analyses (the viscous 
and inviscid) are almost the same and are indistinguishable on this figure (although the neutral 
stability criterion is quite different. In a scaled up picture (figure 7) of the two solutions we can see 
the slight differences between the two solutions around the conditions of the neutral stability. 

A convenient way to compare the tow solutions is to look on the maximal rate of ar "' -uion. 
Figure 8 shows the maximal rate of amplification at each liquid flow rate for a constant g. rate. 
The solid line is the solution for the viscous case and the dashed for the inviscid case. in be 
clearly seen, again, that from this point of view, the stability behavior of the system i- u the 
same according to the two K.H analyses and the same results and the amplification facte IKH 
is, again, very similar to the VKH analysis. 

Zero and negative rates of amplification indicate stable flow where as positive Jicate 
unstable flow. For the inviscid case the amplification factor is exactly zero up to r. bility 
point b where the amplification curve maintains a clearly visible positive slope. For ; the 
amplification factor is negative for very low liquid flow rate and become positive fi asing 
liquid flow rate. Point a where the amplification factor changes sign is the neutral stab> it for 
the VKH analysis. The sharp increase of the amplification factor for the viscous case t the 
same point as for the inviscid case. 

The behavior of the amplification factor indeed support our previous interpret,v ' t- viscous 
and invicsid neutral stability lines, the region bounded between i.ie V K H an ui. ne'itral 
stability lines is a region of low amplification factor which lead to the formation of roll the 
other hand the region outside the IKH neutral stability line is associated with very high ;> jtion 
factor (by both analyses) that results in unbounded growth on the disturbance and leaa ays to 
transition from stratified flow. 

Figure 9 presents the effect of viscosity on the maximal amplification rate for boi CH and 
IKH. The amplification rates for both analyses are indistinguishable since for the regit e the 
IKH amplification is 0 the VKH analysis yields very low amplification. The point of ne bility 
due to the viscous, that is when the amplification factor changes sign is designated in the by an 
arrow. It is interesting to observe that for high viscosity the neutral stability points for tx •• inalyses 
are almost ai the same liquid flow rate while for low viscosity the neutral stability points arf uite far 
apart. 

A similar behavior regarding the stability characteristic of the system is obtained I ase of 
inclined stratified flow. For upwards inclined flow the maximal amplification rate ah instant 
gas flow rate (line a-b) and along a constant liquid flow rate (line c-d-e) are illu.'rated re 10. 
It is shown again, that although the neutral stability curves obtained by the two anal-. luite 
different the amplification curves are very similar. Here we see how the maximal ampli • lor 
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changes along the line (a-b). The results are similar to the horizontal case. Here we see the maximal 
amplification rate for increasing gas flow rate. As can be seen, the amplification factor is positive and 
small for low gas flow rate, it becomes negative, that is stable interface, for the region from point (e) 
to (d) and thereafter a sharp increase in the amplification factor is shown where the flow become 
unstable due to IKH analysis (point e). 

Figure 11 shows the stability behavior of downward inclined stratified flow. The amplification 
factor curves for the two analyses yield again almost the same results. However, ahng the region 
where the IKH analysis predicts zero amplification (namely, neutral stability conditions) the flow is 
unstable according to the viscous analysis with a very small amplification rate. This means that, tor 
this case, the neutral stability line due to VKH is absent and the transition from stratified flow 
controlled only by the IKH analysis and h L/D=0.5. The whole region bounded by the aforemention 
lines are therefore, a region of stratified roll waves. 

The results obtained in this analysis confirm our previous interpretation regarding the flow 
pattern. The region of low amplification, that is the region between the neutral stability line of the 
VKH analysis and that of the 1KH analysis, is a region of roll waves or slug flow (depending of the 
liquid holdup). The region of high amplification, that is the region above the IKH neutral stability 
line is a region where the flow will be either slug flow or annular flow. 

We have discussed so far only the K-H interfacial instability. However, it is not suff 
describe the stability of separated flow. Another type of instability that should be considered 
called structural stability that I am not going to discuss here, but this type of instability is *. /ortant 
to identify the non physical solutions, when we have multiple solutions. This nv 'ie a topic for 
another lecture. 

SUMMARY AND CONCLUSIONS 

1. The neutral stability lines of the VKH and the IKH are different for low liquid viscosities 

2. The amplification factors based on the VKH and the IKH are almost the same. 

3. For the case where the IKH shows zero amplification, the VKH shows low amplification and 
transition from stable to unstable flow. 

4. The sharp increase of the amplification factor is similar for the IKH and the VKH analvses. 

5. These results confirm our previous interpretation regarding the flow pattern transition. '•- -egion 
of low amplification, that is the region between the neutral stability line of the VKH analysi ih 
of the IKH analysis, is a region of roll waves, or slug flow (depending on the liquid holdup, Tru.-
region of high amplification, i.e. the region above the IKH neutral stability line, the region where 
the flow will be either slug or annular flow. 
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FIGURE i: STRATIFIED FLOW 
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FIGURE3: COMPARISON WITH EXPERIMENT 
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FIGURE 4: PHYSICAL 
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X/D 
FIGURE 6: Amplification factor for air-water at U r s « 5 m/s 

FIGURE 7: Sole-uj> Aniplificniion factor for air-water at U 0 s -5 m/s 
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Radiation Based Measurement Techniques in Two-Phase Flow 

E. Elias 
Department of Mechanical Engineering 

Technion - Israel Institute of Technology, Haifa Israel 

Introduction 

Measurement techniques in two-phase flow systems ate extensively reviewed in [1-4]. 
In general, two-phase flow instrumentation has evolved from single-phase techniques, 
although direct adaptation is not always straight forward because of the sensitivity of most 
instruments to the different flow regimes in two-phase flow. Since the flow distribution 
is not always known, the extension of single-phase calibration equations for two-phase 
flows is normally based on time- and area-averaged quantities. For instance, one of the 
most widely used technique for mass flow measurement is based on the utilization of three 
instruments', a densitometer, a turbine meter, and a drag body [5, 6]. The behavior of 
these devices and their calibration equations are reasonably well understood for steady 
and unsteady single-phase flows. However, when used to measure two-phase flows, a 
specially designed densitometer has to be employed in order to provide information on 
•.he ' t rue ' average flow density rather than the local or chorda! densities typically required 
in single-phase flows. 

This paper addresses the problem of average void fraction measurement in two-phas"? 
flows. The performance of two different non-intrusive techniques, using gamma and 
neutron attenuation, are analyzed and compared. Although gamma and neutron densit
ometry are well developed techniques for measuring the flow density of homogeneously 
dispersed multi-component or multi-phase fluids, their use in non-uniform two-phase 
flows remains limited. This is because the traditional single beam densitometer measures 
the chordal average density rather than the average density across the flow channel. Since 
the ratio between the chordal and average flow densities depends on the flow regime, a 
calibration curve obtained e.g., for homogeneous flow may be invalid when a separated 
flow regime is measured. Some improvement in the ability to detect average void fraction 
of non-homogeneous mixtures can be achieved by employing a mult i-beam gamma den
sitometer, a scanning gamma gauge or a single wide beam of gamma or neutrons. This 
study concentrates on the application of a wide-beam and a single detector configuration. 
Mult i-beam and scanning devices were excluded because of their high cost and compli
cated calibration procedure. In the following, sample computations of performance are 
outlined which can serve as a guide for the design of an optimal unit for void fraction 
measurement in high pressure systems. 

1 
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Gamma Attenuation Technique 

A gamma fan-beam densitometer consists, basically, of a single large detector and a point 
gamma source in a suitable shielding and collimator (cf., figure 1). The beam opening 
angle and the detector size are adjusted such that a major portion of the flow field is 
viewed. Using this configuration for detecting the average void fraction across the flow 
channel is subject to three sources of error: 

1. Counting error related to the statistical nature of the gamma emission processes 
in the source. This type of uncertainty can be easily to a predetermined level by 
increasing the source intensity or the counting time. 

2. Scattering error due to gamma photons reaching the detector following one or more 
scattering events in the fluid. Scattered photons reaching the detector typically 
reduce the system sensitivity to void fraction variations. The intensity of the scat
tered flux at the detector can be minimized by surrounding the detector with a 
special multi-hole collimator similar to the solar collimators frequently used in nu
clear physics and in nuclear medicine studies. In addition, since scattered photons 
are of lower energy relative to the primary source photons, their contribution can 
be further reduced by using an energy sensitive detector (e.g., Nal(Tf) or BGO 
spectrometer) with proper energy discrimination. 

3. The third source of error, sometimes referred to as a flow distribution error, stems 
from the inherent exponential nature of the gamma beam attenuation in matter. 
Unlike the first two sources of error which depend on the source and detector design, 
this type depends mainly on flow parameters. In the following this source of error 
is quantified for the range of operational parameters of interest in the solar energy 
industry. 

To evaluate the error caused by the flow distribution, a mathematical model is pre
sented which relates the response of a fan-beam system to the spatial distribution of the 
vapor and liquid phases in the flow channel. The count rate due to primary photons 
reaching the detector in the configuration shown in figure 1 can be approximated by an 
integral equation, 

/ = /„ j " G(8')T{6')dd' (1) 

where 6 is the opening angle of the beam, / 0 is the gamma source intensity in (1/sec) 
and G(8') is a geometrical function which accounts the source-detector distance along 
the direction 9', the gamma absorption in the pipe wall and the intrinsic efficiency of the 



detector. The function, T(6'), represents the narrow beam attenuation along a chord and 
is given by: 

T(fl') = exp I fip(x)dx 
Ja (2) 

where [i is the mass attenuation coefficient of gamma in the liquid, p(x) is the fluid density 
as a function of the location along the chord and d($') is the chord length given by: 

<£(«') = 2^R' - (as0 sin 6'f (3) 

where R is the inner radius of the flow pipe and x0 is the distance of the source from the 
pipe's center. 

It is noticed from eqs. (1) and (2) that a wide-bearn gamma densitometer is sensitive, 
through Vie function p(x), to the density (or void fraction) distribution across the flow 
area rather than to the average void fraction in the channel. This means that s team-
water mixtures having the same cross-sectional average void fraction but differ in their 
phase distributions are expected to yield different results when examined by a wide-beam 
gamma densitometer. Thus, the densitometer signal is not a unique function of the flow 
average void fraction but rather depends on other uncontrolled flow parameters. This 
characteristic of the gamma attenuation technique is troublesome since it means that 
every time the flow regime in the measured flow differs from the one for which the system 
had been calibrated, the predicted average void fractions may be in error. 

To estimate the magnitude of the flow distribution error, eqs. (1) to (3) were solved 
numerically for a Cs-137 point gamma source and 2 different pipes; 1-1/4" and 4" (Sc. 
80). Figure 2 shows the normalized detector response (relative count rate) vs. the average 
void fraction, a, in the flow for the 1-1/4" pipe and 4 different idealized flow distributions: 
homogeneous (Homog.), annular, stratified flow in the horizontal direction (Strat. H) and 
stratified flows in the vertical direction (Strat. V). In each case knowing the flow regime 
and a fully defines the density distribution, p(x), in the flow channel. 

A few observations can be made about Fig. 2: First, the maximum sensitivity of the 
system, defined as the overall variation of the detector response between the two extreme 
cases of all liquid ( a=0) and all vapor ( a = l ) , is about 10%. In addition, the system 
response to void fraction is shown to be almost independent of the flow regime. For a given 
average void fraction, the detector response obtained, e.g., for homogeneous fl"W differs 
by less than 1% from that obtained for a horizontal stratified flow. It is concluded thai 
uncertainties in the measured flow-average void fraction, due to flow regime variations, 
are less than about 0.01 (i.e., A a = ±0.01 in absolute values). 

3 
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Figure 3 show6 the calculated reBults for the 4" pipe. The system response, in this 
case, varies by about 35% in the a range of 0 to 1. Uncertainties due to flow regime are 
more noticeable in this case, reaching about ± 0.05 (absolute) at a=0 .5 . 

Some improvement in the system dependency on the flow regime can be achieved, 
without undue complication of the required data reduction and analysis efforts, by using 
several sources with a single detector. For instance, using a two fan-beam system can 
reduce the flow regime error in the 4" pipe to about ±0.03. However, it should be noted 
that the optimal deployment of the sources in a multi-beam configuration requires a prior 
knowledge on the expected flow regimes during the measurement. In the previous estima
tion it was implicitly assumed that liquid stratification is limited between horizontal and 
vertical configurations. In the absence of such prior knowledge on the spatial distribution 
of the phases in the pipe, the single fan-beam configuration is recommended. The results 
of Figs. 2 and 3 can be used, in this case, as a best estimate of the expected flow regime 
errors. 

The results in Figs. 2 and 3 were obtained for a 1 mm thick slice fan-beam which 
covers 95% of the flow area. The source to detector distance was 20 cm for both pipes 
studied. In this configuration the total beam attenuation factor is about 5 x l 0 ~ 5 , i.e., 
using a 500 mCi Cs-137 source would yield a counting statistical error of less than 1% in 
a 1 s measurement. This emphasizes again the fact that the major source of uncertainty in 
a wide-beam gamma densitometry results from the unknown flow distribution rather than 
counting statistics. The flow distribution errors can not be reduced without incorporating, 
into the response analysis, prior knowledge about the flow regime in the pipe. Such 
information can be obtained either from previously measured flow regime maps or from 
theoretical models of the flow. 

Radiogauging with Neutrons 

A neutron-based system consists of a source of high-energy neutrons, such as the isotopic 
source Cf-252, placed in a moderator and shielding assembly on one side of the interro
gated media and a neutron detector, such as a proportional counter filled with He3 gas, 
placed on the opposite side as shown in Fig. 4. The moderation of the neutrons along 
their path from the source to the detector depends almost entirely on the hydrogen den
sity and to a lesser degree on other moderators, such as carbon, deuterium and bt ryllium 
which might be present in the shielding assembly. Therefore, the neuti <n flux at the 
detector can be used as a measure for the two-phase mixture density in the flow pipe. 

The flux at the detector depends on the material composition of the source moderator 
and shielding, the composition of the interrogated media, the geometrical configuration of 



the source and detector units and on the energy response of the detector. To understand 
the interrelation between the measured quantity and the desired flow parameters one must 
develop a suitable equations for relating the Hes-counter response to the void fraction 
in the pipe. Analytical prediction of the neutron fluxes and energies is difficult. For 
the present purpose, the Monte Carlo code, MCNP [7], developed at the Los Alamos 
National Laboratories, was utilized to simulate the neutron system for the 1-1/4 and 4" 
pipes (Sc. 80) in the a range of 0 to 1. Two flow regimes, homogeneous and stratified flow, 
were considered to demonstrate the effect of flow distribution on the measured detector 
response. 

Figures 5 and 6 show the thermal flux intensity at the detector for the two pipes. 
The detector was assumed to be at the top of the pipe as shown in Fig. 4. It is noticed 
that the overall system sensitivity is similar to that obtained with a wide gamma beam. 
Increasing a from 0 to 1 increases the thermal flux by about 10% in the 1-1/4" pipe 
and by over 30% in the 4" pipe. The magnitude of the flow distribution error, in the 4" 
pipe, is also similar to that predicted for the gamma system ( A a ss ±6%). It should be 
noted, however, that the exact response of a neutron-based system depends on the size, 
composition and configuration of the source shielding and moderation assembly. Since 
no attempt was made here to arrive at an optimal system design, the present results 
should be regarded only as a first order approximation of the flow distribution error. Past 
experience with similar neutron systems indicates, however, that the results are not very 
sensitive to the system design and can, therefore, be used as a basis for comparison with 
the gamma system. 

A He3-counter is sensitive to thermal as well as fast neutrons. Its detection efficiency 
is proportional to the inverse velocity of the neutrons reaching its volume. Monte Carlo 
calculations has shown that accounting for the high energy neutrons at the detector has 
only minor effect on the results shown in Figs 5 and 6. 

In addition to the energy distribution of the neutrons at the detector, the Monte Carlo 
simulation also yields the flux intensity. In general, the thermal flux at the detector is 
about 10~ 6 cm" 2 per source neutron. It means that using a 10 /igr Cf-252 source would 
yield about 250 n /cm 1 at the detector (equivalent to 6.3% statistical error). For on line 
measurement with better statistics one needs to either use a large detector (and thus to 
decrease the spatial resolution of the system) or to increase the source intensity (and thus 
to increase the necessary shielding volume and handling costs). 

5 



Summary and Conclusions 

Neutron and gamma-based systems were evaluated and compared as candidates for on
line detection of void fraction in two-phase flow mixtures. It is shown that although the 
attenuation coefficient of thermal neutrons in water is much larger than that of high-
energy gamma rays, the overall sensitivity to void fraction variations is similar in the 
two systems. This is mainly because in a portable system a high-energy Cf-252 source 
must be used rather than a beam of thermal neutrons. The gamma-based system offers 
several advantages over the neutron system: First it can be made smaller. A high count-
rate can be obtained by using relatively small and easy to shield source. In addition, 
gamma rays can be readily collimated for localized measurements. Finally, a wide-beam 
gamma system can be readily upgraded into a multi-beam multi-detector system which 
can directly measure the phase distribution in the flow pipe. 
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Figure 3: Effect of Flow Regimes on the Response of a Canuna Fan-Beam Densitometei 
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HOW TO MASTER THE DSG PROCESS? 

SOME OPEN QUESTIONS 

Martin J. MUller 

Solar Energy and Hydrogen Research Centre (ZSW) 
Stuttgart, Germany 

ABSTRACT 

l.'p 10 now. tuo test facilities for DSG experiments have been erected and operated While the 
Jerusalem loop of LUZ showed the general feasibility of the process, the HIPRESS test loop of 
ZSW provides a handy tool for lab-scale, highly-reproducible experiments at adjustable parame
ters. Used together with a densitometer for flow measurements, it provides a clear picture of the 
thermohydraulic situation in the pipe. Since these results differ considerably from the calculations, 
it is not possible to make reliable predictions on the behaviour of a full-scale solar evaporator 
field. The remaining open questions have to be answered by a series of well-coordinated experi
ments under solar conditions If a fast completion of the Sde Boker facility based on the recent 
insights meets these demands and if the follow-up is guaranteed by a full-scale test and demon
stration loop, the required experiments can be carried out in the most time- and cost-efficient way. 



I.M ROM CTION. PROCESS CONCEPTS 

While successfully erecting one parabolic trough power plant with thermal oil in a primary loop 
per year. LUZ already recognized the limits of the oil system and started with research activities 
to avoid the oil by generating the live steam for the turbine directly in the absorber tubes (DSG = 
Direct Steam Generation) From the process and cost analysis of LUZ, the once-through process 
was found to be the most desirable one, fig 1. There are two main questions related to the once-
tbrough process for solar applications' 

• Is it possible to control the process? The only location for the control system to interface with 
the process is at the inlet of the evaporator tube either by the feed water pump or a control 
valve Due to the long response time of the system, it may not be able to handle transient situ
ations (clouds) 

• Is the flow stable'' Due to large pipe diameter and low velocities, no experience is available 
whether stabilitv of a single line and/or parallel lines can be achieved 

Although these are critical questions to the DSG process, solutions for both situations are avail
able 

• The "recirculation process" provides a method to increase the velocity in the evaporator pipes 
and therefore ensures stability. 

• The "injection process" has the advantage of distributed water injectors for local control of the 
steam quality 

Unfortunately, both concepts require more hardware components and suffer from higher heat 
losses and parasitics, A combination of theses concepts may lead to a "separator-controlled 
evaporator with injection-controlled superheater" which is very close to the usual water/steam 
system of conventional boilers 

The basic discussion of concepts shows the general feasibility of the DSG concept The engineer
ing challenge is to find the cheapest still reliable system. 

2 
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JERUSALEM EXPERIMENT 

In Jciusalcni. LUZ erected (he first test facility for DSG experiments. These experiments were 
carried out in an electrically-heated test section and in solar-heated LS3-scale absorber tubes IV. 
Fig 2 shows the general process flow sheet of the test loop. 

The electrically-heated test section consists of 6 inclined (8° tilt) evaporator tubes with 1 in inner 
diameter The tube was heated by infrared radiators from the bottom side. The instrumentation 
was designed to give values for 

• overall pressure drop of the evaporator section 

• individual pressure drop of two "collectors" 

• temperature distribution of the pipe. 

The solar tests in the loop were carried out using two tilted LS3 collectors with a fixed absorber 
tube Due to the limits of the balance of plant, the cross section had to be reduced in order to 
obtain reasonable fluid velocities This reduction was achieved by means of an inner tube which, 
at the same time, causes forced annular How 

In the lest it was anticipated to learn four main issues concerning the two-phase flow characteris
tics >\l 

• Stability at steady slates in the tilted configuration 

• Vibrations and shocks within the field 

• Pressure drop along the field at steady state 

• Temperature distribution on the pipes and heat transfer properties 

All these characteristics were considered under various operational conditions. 

The test results may be summarized with the following statements: 

• Stability at steady states was achie\ed 

• No severe vibrations or shocks within the field were observed 

3 
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F'ressurc drop along the field at steady state was found to be a smooth iUnction of the 
mass flow, in good agreement with the Taitel flow-pattern-dependent model. 

No information about temperature distribution on the pipes has yet been released to the 
public 

No flow pattern measurement was carried out. 



7.SW EXPERIMENT (IMPRESS TEST FACILITY) 

Bv considering only a shon section of the absorber pipe and by reducing the inner diameter 

to 1 in it is possible to evaluate the behaviour of the system part by part. The test section of 

the ZSW IMPRESS test facility is a 10 m long pipe, which is fed with a water/steam mixture 

from a mixing device After leaving the test section, the two phase flow enters the con

denser , 1/ 

To simulate different sections of the absorber pipe, the thermohydraulic conditions of the 

test section must be variable in order to adjust them to the conditions at that part of the 

original absorber lube which is to be examined. Conditions within the evaporator section are 

completely defined by mass tlow, steam quality and pressure While pressure is maintained 

by the condenser following the test section, mass flow and steam quality can be set to a de

sired value by control valves in the steam and water supply lines of the mixing device. 

The hardware realization of the test section can be seen in Fig. 3 /3 / The figure also shows 

the heating, wires which are silver-soldered into axial slots in order to allow any heat distri-

bulinn around the pipe The heat released by each of the 12 wires can be adjusted indi

vidually by means of a ihyristor-conlrolled power supply The main design data of the tesi 

sections can be found in Table 1 Since the section (3) is connected to the mixing device and 

the condenser with adapters (1), (2), (-1), all of which are mounted with flanges, inclination 

and injection may be easily changed The inclination of the test section is set by the inlet 

bow (1) and the outlet bow (4), which have to be replaced by different ones in order to 

change the inclination. The injection distance piece is a 40 cm pipe prepared for being 

replaced by any injection nozzle. 

Fig 4 shows the basic heat flow cycle of the experimental set-up which provides a source 
of water and steam for the mixing device and a sink for the wet steam leaving the test 
section ("balance of plant") The main criteria for the thermodynamic design of the loop are 

• use as little energy as possible 

• make sure that no mass flow or pressure pulsations are initiated in the test section from 
the operation of the "balance of plant". 

• provide accurate and stable pressure at the end of the test section 

• provide accurate and stable mass flow and steam qualily at the inlet of"the test section 

• enable the loop to be operated in a wide range of theimohvdraulic parameters (mass 

How. steam quality, pressure), e u admit \erv low mass tlow rates in ihc lesi section 

5 



• supply the mixing device with dry, droplet-free, but only slightly superheated steam 

• supply the mixing device with bubble-free, but only slightly subcooled water. 

The last two points are essential to ensure a good mixture at thermodynamic equilibrium 
(onlv slightly subcooled or superheated) and to ensure accurate flow measurements (bubble-
free water and droplet-free steam) The requirements are fulfilled by extracting the water 
from the bottom and the steam from the top of the same evaporator vessel, in which both 
phases exist in thermodynamic equilibrium. The heat exchangers in the water and the steam 
pipe ensure subcooling of the liquid and superheating of the steam. 

The demand for pulsation-free flow rules out the use of a piston pump, although that type of 
pump would be desirable for the required low mass flow rates To avoid a piston pump it is 
necessary to maintain high system pressure in the whole loop so that the pump only has to 
recover losses from the frictional pressure drop in the pipes and components. This will be 
the most energy-saving method at the same time, since thermal energy is only required for 
vaporization, but not for warming up subcooled liquid. A special side channel pump for this 
non-standard application has been designed and manufactured, typical design data are given 
in Table 2 

The requirements of highly-stable pressure, mass tlow rate and steam quality can be fulfilled 
by installing some compressible volume ahead of and behind the test section, which is 
provided by the evaporator and the condenser of the system and by using an indirect heating 
and cooling system which provides the possibility of follow-up control systems The original 
heat source, a natural-gas-fired burner, heats up thermal oil in the evaporator loop The 
burner is controlled by the temperature of the oil. Therefore, the terminal temperature 
difference at the evaporator, which is basically a oil-to-water heat exchanger, is constant 
and the pressure in the evaporator can be controlled by the oil mass flow rate only The 
same is true for the condenser, where the condensation heat is transferred to a second oil 
loop, which is again temperature-controlled The oil loops were found to be responsible for 

• very accurate and stable pressure, mass How and steam quality control, 

• additional operational scope, since the terminal temperature differences may be chosen 
arbitrarily, 

• ability of the loop to work at low part load rates. 

Additional means for operation with very low How rates are recirculation p., s for i 
water and the steam leading directly to the condenser 

The main design data of the four loops are gi\en in Table 3 
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f ig 5 shows a photograph oft lie test loop 

The experience with the operation of the loop (the test matrix is shown in fig. 6) is summa-
,i?ed with the following statements: 

• Operation is possible in the entire range of design parameters. 

• Temperatures of the oil loops can be controlled within a range of I K 

• Condenser pressure is stable within a range of 0.2 to 0.5 bar (depending on the opera

tional conditions) 

• The differential pressure between evaporator and condenser is stable within a range of 

200 mbar Therefore, mass How rate and steam quality in the test section are stable 

within a range o( 1 °o 

• Changes of the operational conditions are quite fast (e g pressure change velocity 1 to 

o bar/min. depending on load and system pressure) 

• It is possible to reproduce operational conditions very exactly. 

• No "extreme" phenomena like shocks, vibrations etc. have been observed. 



RADIOMETRIC DENSITOMETER (RADIME) FOR VOID-FRACTION 
MEASl REMENI "AND FLOW VISUALIZATION IN TWO-PHASE FLOW 

The measurement with a radiometric densitometer is based on the physical principle of attenuating 
an x-ray or a gamma ray by material l\l In general, the attenuation depends on the length of a 
beam through a specific material and on the density of the material, as can be seen from the basic 
equation 

/ = /„ 

w here 

I„ Intensity of the source 
I Intensity after attenuation 
(I attenuation coefficient 
p density 

x length of the beam (through the material) 

In two-phase How, even in boiling two-phase flow, it is usually assumed that the two phases of 
the mixture are at equal (or only slightly different) temperature, i e thermodynamic equilibrium is 
assumed This is true for systems with heat flux densities not exceeding the film-boiling heat flux 
and for steam qualities greater than those of subcooled boiling Based on the assumption of 
thermod\nannc equilibrium, the densities of the two phases (saturated steam and saturated water) 
are well known and depend only on the pressure Since the densities are known and we are there
fore in a position to calculate the thickness of the material, the radiometric densitometer enables 
us to determine the void fraction in the mixture. 

The densitometer of ZSW, Stuttgart, basically consists of an x-ray valve (max. voltage 160 kV, 
max current 4 mA) and five x-ray detectors An additional reference detector may be used to 
check the stable operation of the x-ray valve 

Description of functions: 

The five-beam densitometer is based on the principle of x-ray measurement of absorpti 'it 

The l lu\ of photons, coming from the x-ray valve, is sent through an x-rav t .imatoi lade of 
tungsten alloy The primary radiation is directly shielded at the head of the val\e and only that 
part of the beam is released which aims to the deteclois bach of the fi\e beams pass through the 
walls of the pipe, through the content of the pipe la mivtuie of water and steam) and then thiough 
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the detector collimators, which are used for the absorption of scattered radiation The intensity 
which has heen decreased through absorption and scattering in the content of the pipe, is now 
measuied with the detectors and transformed into a voltage signal in converters 

for the measurement of the two-phase flow void fraction, the basic equation of the pipe with the 
two-phase mixture is 

i - r <~;.'VV;-W;-';-*VYV 
' - ' ( ] ' • 

with the indices 

p . pipe 
I . liquid 
g gas (steam) 

By substituting the void fraction e for x,. x and the pipe diameter d 

\, = (1 -£)d 

NU = c d 

and measuring the energ\ HS 

E S -•• i E 

w here 

E specific energy of the source 
1 number of photons at energy E sent in direction of the detectors 

of the beam after crossing the pipe, the void fraction can be determined 

Unfortunately, x-ray devices are not a monoenergetic source but they rather have a continuous 
energy spectrum and therefore the dependence of the attenuation on E has to be taken into 
account. This changes the above-mentioned equation to: 

(-2u (£)p v -p,(£)p,.v -p,,(£)p,,v,,l 
/<£) = / ( , (£> ; > * ' ' I' •- ••• ••> 

The simple product for calculating the energy changes to an integral 

ES-J'^-BIE 
.1 ilE 
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Since the iiuetii.il cannot be solved analytically, it has to be calculated by numerical integration 
and the use of onl\ one (or two) measured calibration points (eg full and/or empty pipe) for 
adaptation 

The described procedure allows the definite assignment of the measured values to the correspond
ing steam qualities of the beam for each measuring channel. Still, it is not possible to determine 
the flow patterns in the measuring cross-section on the basis of the void fraction of a single 
channel It is only by combining these channel-specific information while taking account of the 
\arious dependencies that the actual void fraction in the measuring volume can be determined. 
Therefore, criteria must be found on the basis of the void fraction e of all measuring channels to 
ensure assignment of the void fraction of the beam to the flow pattern. 

Investigations to this purpose have yielded a comprehensive catalogue of criteria for the described 
assignment A further step was to provide a method for the representation of the measured results 
in the form of flow graphics 

The method was checked by means of test measurements at a plexiglass tube at zero pressure 
allowing direct comparison of observed and visualized (Fig 7) flow patterns. 

In Fig 7, the lower pan of the screen shows a plot of the flow patterns versus time In the upper 
right pan of the screen, the current flow pattern is shown in cross-section together with the X-ray 
beams The void fractions of the individual zones can be determined by means of a colour legend 

The measurements carried out with the densitometer at the HIPRESS test loop showed that 

• although the situation for RAD1ME measuring is much more difficult than in the water/air 
experiment (thick steel pipe, distortion by heating wire; high pressure, high temperature), 
measuring results arc good and a clear picture of the flow situation inside the pipe can be cal
culated 

• the RADIME device is useful for flow detection and it will be possible to use that technique in 
a solar field as well. 

10 
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FLOW I'A'ITKKN CONSIDF.RATIONS 

Flow patterns are widely used to describe the situation in a pipe carrying two phases of a fluid. 

There aie four widely accepted classes of flow patterns. 

• stialilied 

• intermittent 

• annular 

• bubble (homogeneous) 

These classes may be subdivided into a large number of subclasses and special cases, but the first 

approach is not to go into a too detailed classification 

The main reason for flow pattern considerations is the fact, that vital design parameters like 
piessuie drop and heal pansier coefficients depend highly on the actual flow pattern. Therefore. 
onlv the knowledge of flow patterns and the mechanism how they develop ensures the under
standing of the two-phase flow and allows the prediction of the overall behaviour of an evapora
tor tube other than the one which is used in a certain experiment It should be mentioned that flow 
patterns are even more important in a solar boiler than in a conventional one. since, in the solar 
case, we have to deal with large diameters, low velocities and horizontal or only slightly inclined 
pipes Therefore, gravitational forces play a more important role in the development of flow 
patterns 

The influence of flow patterns to the heat transfer mechanism from the hot pipe to the fluid may 
be seen from the calculated temperature distribution in the pipe wall for homogeneous and strati-
lied flow, see fig S Due to different heat transfer coefficients in the wetted and in the non-wetted 
area, [he maximum temperature difference in the stratified case is 45 K, while it is only 15 K for 
homogeneous flow 

Within the R & D programme to develop the once-through DSO process, LUZ engineers recog
nized the major influence of flow patterns on the behaviour of the system and on design criteria of 
absorber tubes They adapted a flow pattern model which was created by Prof Y Taitel and 
refined by Prof D Barnea. both Tel Aviv University, to the specific boundary conditions of the 
DSG process and geometry Without presenting the details of the procedure Prof Taitel i rs to 
calculate his flow pattern map. it should be noted that the main advantage of his a) proach i the 
rather elementary, physical calculation of the behaviour of the two phases of the flow instead of 
using empirical correlations This provides a plausible basis for the use of his calculation-, for 
fluids and operational conditions other than those for which tl.cy have been established 
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Nevertheless, it should be noled lhai ihe whole mode! is set up and validated for water/air flow at 

ambient piessuie and tcmpeiatti ie Although the model is based on physics rather than on empiri

cism, some empirical correlations are unavoidable anyway For the transition from stratified . low 

lo anv other llow paitern. empiricism is involved for the calculation o f 

• the friction o f the gas phase at the pipe wall 

• the friction o f the liquid phase at the pipe wall 

• the interfacial friction 

the stability criterion which defines the range o f parameters for the existence o f stratified f low. 

I herefore. it should be noled ihat there is still some arbitrary choice to be made. 

A t low pattern map which was calculated for the DSG process and different angles o f pipe incli

nations shows the dramatic reduction of the stratified region due to the inclination. 

The "path o f the DSG process" shows that the region o f stratified f low may be completely 

a\oided by inclining the pipe 

One main goal of the ZSW test loop and its densitometer was to validate f low pattern maps for 

water/steam f low Measurements were cairied out at a 1 in pipe, (inclinati.-.n 8 : ) at various 

pressure and l low rates The calculated map for a pressure o f 100 bar shows the characteristic 

small region o f stratified t low (f ig 9) From measurements, a quite different picture was obtained 

Obviously, the calculated transition from intermittent f low matches quite well w i th the measure

ments This is not the case for the stratified l low While no stratified f low at all was expected from 

ihe calculation, the measurements showed a rather large area o f stratified f low. Indeed, most o f 

the area predicted to be annular was found to be stratified 

The search for the reason for the unexpected stratified l low leads to a number o f open questions1 

1 Has somebody else experienced stratified f low under similar conditions'' 

2 Is the experiment reliable 0 

3 Where and how can the model be adapted to the measurements'7 

Another two questions arise with regard to the future o f direct steam general!. . in paiai>olic-

through power plants 

4 Wil l we find the same situation in large-diameter pipes'' 

12 
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5 Is ihcic any change due in the process (once-thiough. injection'7) 

II is not \et possible to provide all answers to these questions, but by using all information avail
able we will find ourselves at least at halfway 

The first question asks for experience from other experiments. A huge amount of data is 
expected to be gained at Tel Aviv University, since Prof Taitel started his experimental and 
tlieoietical research nearly 20 years ago The only disadvantage is thai he did all his experiments 
with watet air (and oil-'air) s>stems only The water/steam system provides another degree of 
ficcJoni namely the effect of evaporation and condensation 

The 1.1 V. DSG-experimcms use an experimental set-up which is very close to the ZSW experi
ments I nfonunalely. no (low pattern measurements were made. The results from temperature 
distribution measurements, which could give at least some hints to the (low patterns, are still not 

a\ t i l lable 

Mow pattern measurements of water-steam tlow in inclined pipes by other authors were not 
found So we ha\e to face the fact that researchers of the solar DSG process are among the first 
to consider llou patterns under these boundary conditions in detail 

Secondly, the /S\V experiments and the measurements should be examined closer The main 
interest should be focused on the question whether annular flow may exist while the measure
ments indicate stiatified tlow 

A cleat pictute of the distribution of water and gas in annular flow can be achieved if the pipe is 

scanned In rotating the densitometer around it l"iom these experiments the distribution of i l 

liquid was found to be quite asymmetric, fig 10 

The height of the liquid layer at the bottom of the pipe was found to be about 3 mm while the 

thickness of the liquid film in the upper part of the pipe is only about 0 1 mm 

We prefer to use the term "stratified with liquid film" instead of "annular" to describe the situ
ation, since the tlow behaves very similar to a purely stratified case 

Since we know by now that the liquid film in '.he upper part of the pipe - if existing - is very lhin. 
it is clear where we have to look in order to make sure that the unavoidable measurement errors 
do not lead to a wrong flow pattern evaluation. It should be noted that we are talking about 
signals in the order of magnitude of 0 4 % (40 mV of 10 V full range) for a 0 25 mm tilt- which 
is of course very close to the limits of any instrument for measurements 

The main topics of interest aie 



216 

. Calibration Measurement 
At the beginning of each day of measurements, the densitometer is calibrated with sub-
cooled water and superheated steam. From the pressure and temperature readings, the 
densities (by using water steam tables) and a calibration curve are calculated. Any error in 
temperature and/or pressure at the densitometer position (errors of the sensors, heat losses, 
pressure losses), especially for the steam calibration, disturb the accuracy of the measure
ment 

• Drift of the densitometer components: 
Although all components are electronically stabilized, they suffer a drift within a measured 
day. mainly due to the unavoidable temperature rise. A temperature correction curve as well 
as regular checks of the calibration will help 

• Distinction between mist in the gas section and a liquid film 
If there are dispersed water droplets in the steam, the X-ray beam experiences the same 
weakening as if there was a liquid film The film thickness may serve as a criterion for the 
distinction between these situations. 

• Mechanical stability 
Any movement of the densitometer relative to the pipe may produce a large error The nain 
reason is the attenuation coefficient, which is much larger for steel than for water. A liquid 
film of 0 3 mm thickness produces about the same change in the signal as a change in the 
length of the beam through the steel pipe wall (due to some displacement) of 0 03 mm 

We are now redoing some measurements in order to make sure where the transition between 
"stratified" and "stratified with film" is located and how the film thickness depends on the thermo-
hydraulic parameters 

The third point to consider is the model established by Pr if. Taitel Again, the main point of 
interest is the transition from stratified flow The calculation procedure consists of two independ
ent parts 

• The first step calculates the liquid height of the two-phase flow assuming that it is stratified, 
fig. 11. This is done by a momentum balance for each phase. Since the pressure drop has to 
be the same for each phase, a complete set of equations is obtained. 

• In the second step, a stability criterion decides whether the stratified flow is still stable In 
the stability criterion, some empiricism is involved There is a major dr^endence of the 
transition to the liquid height calculated in step one 

14 
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Due lo the faci that the procedure is split into two steps, it is possible to check intermediate 
results A comparison of the calculated liquid heights with the measurements shows that they 
usually are very much overpredicted, which is one reason for the very small region of stratified 
flow in the calculated map By some simple analysis, it can be shown that the interfacial friction 
affects the liquid height very- much By the use of friction coefficients for rough pipes instead of 
those proposed in the model, we found very good agreement between measurement and calcula
tion For the "roughness" we assumed the measured height of the waves. 

This modification increases the interfacial friction by a factor of 2 to 10, which seems to be 
reasonable for the different system of water and steam instead of water and air. 

Questions four and five ask for predictions of flow patterns in pipes with large diameters and 
after injection nozzles Again, no information from other projects is available since nobody had to 
handle caporation tubes with large diameters yet The results from the ZSW experiments and 
analysis show that we are very close to the stratified/annular transition. Since the transition 
depends on the equilibrium liquid height, the interfacial shear stress and the height of the waves 
respectively, these may be the most crucial parameters. Up to now, no model for these parameters 
in water/steam flow in large-diameter pipes is available or validated Since we are close to the 
transition anyhow and a displacement of the transition due to heat transfer is suspected, it is not 
clear whether stratified or annular flow should be expected Note, however, that forced annular 
How may be provided by the injection process with injectors close enough to each other and an 
optimum geometry 
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WALL TEMPERA TIRE MEASUREMENTS 

Since it is already clear that the film - if present - is only in the range of a few tenths of a milli
metre, the question rises, whether this film causes a different behaviour of the pipe in comparison 
to the purely stratified case. Due to the heat transfer to the pipe, it is very likely that the liquid film 
disappears by evaporating. This should of course depend on 

• the heating capacity and the heat distribution, 

• the film parameters (thickness, velocity), 

the mechanism how the liquid is transferred to the film. 

We got some first hints on the influence of the film parameters from the readings of 6 thermo
couples placed at the circumference of the pipe. Their signal is meaningful only if heat is trans
ferred to the pipe and the different heat transfer coefficient of liquid and gas results in different 
temperatures of the pipe, therefore the heating wires were switched on The maximum tempera
ture difference of the thermocouples was found to be in the range of 4 to 18 K, fig. 12 The 
tendency of the temperature differences indicates a film thickness decreasing towards lower liquid 
velocities, probably vanishing at very low values. 

It should be mentioned that this evaluation has been done for only very few measurements yet, 
and a lot more investigation is necessary in this field. The result is still very promising and should 
be correlated to densitometer measurements 

16 
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Fl RTHFR EXPERIMENTS AND FOCUS OF INTEREST 

Ai present, mo d:!Verent experiments are planned. 

• The DLR.'K VVL7ZSW laboratory experiments for the injection process in series of pipe dia
meters 

• The Sde Boker experiment for studying both processes under solar conditions and providing 
some insight into the flow distribution in the parallel channels. 

In order to validate the feasibility of the processes with respect to flow patterns, both experiments 
are highly recommended The instrumentation should consists of 

• one mobile densitometer which can be moved to different locations of the evaporator tube 
Free space at the tube for the densitometer should be provided at various locations 

• thermocouples for the measurement of the temperature profile. At least 6 thermocouples 
should be soldered to the outer surface of the tube in one cross section. Thermocouple meas
urements at various locations provide some insight into the dryout process due to insolation. 

For slug detection, for more accurate temperature distribution measurements and for measure
ments under transient conditions, two additional measurements are suggested 

• differential pressure measurement over a short distance of the pipe 

• temperature measurement at the inner surface of the pipe ("thermo wall") 

As a closing remark, the importance of investigation of parallel-row phenomena should be men
tioned. A computer simulation of two parallel evaporator tubes one of which is less insolated than 
the other shows a dramatic change of outlet temperatures, even for minor disturbances, as fig 13 
The Sde Boker experiment provides an important tool to check the computations against meas
urements 
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FIG. 4: 
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FIG. 6: 

EXPERIMENTS AT THE 
HIPRESS TEST FACILITY 
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FIG. 8: 

TEMPERATURE DISTRIBUTION IN THE 
ABSORBER PIPE WALLS 



FIG. 9: 

FLOW PATTERN MAP FOR THE 
HIPRESS EXPERIMENTS 
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Flow Pattern Map {Takers Modell 
100 bar. d323.4mm, 6* inclined, water/steam 
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FIG. 10: 

DISTRIBUTION OF 
LIQUID AND GAS IN ANNULAR FLOW 
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FIG. 1 1 : fliPSW 
COMPUTATION OF THE 
STRATIFIED TRANSITION 
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FIG. 12: 

MEASURED TEMPERATURES AT THE 
HIPRESS EXPERIMENTS 
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Parallel Row Mass Flow Rates And Outlet 
Temperatures at Differing Incidence 
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30 +160 bar 
20 K 
20 K 

below saturation * 
above saturation 

x = 0+ 1 
15 + 350 kg/h 

TABLE 1 IMPRESS,Technical Data 

Oil loop for evaporator heating 

thermal oil: Monsanto VP1 
temperature: max. 400 °C 
heating capacity of the burner: 20 - 200 kW, continuously adjustable 

Water/steam loop 
(for DSG experiments only; 
for heat storage experiments, some values exceed the data given here) 

Pressure range: 
Temperature range: 

Range of steam quality: 
Range of muss flow: 

Oil loop for condensator cooling 

thermal oil: Monsanto VP1 
t e m pe ra t u re: max. 350 °C 
cooling capacity: 250 kW 

TABLE 2 Design data of the side channel pump 

Pressure: max. 160 bar 
Temperature: max. 350 °C 
Head: 210 m 
Volume flow: 1 m3/h 
Stages: 3 + 1 inducer 
Required NPSH: 2 m 
Drive system: E-motor, with magnetic clutch 



f 
I ABI.I-: 3 

Layout Data of the DSG Pipe of first experimental series 

Length of the inclined part 12 m 
Heated length 10 m 
Inner diameter DN 25 ( = 23 mm) 
Inclination 8° (may be changed easily) 
I Icating capacity 0 + 40 kW 

(0 + 40 kW/m2, if the whole circumference 
is heated, otherwise more 

Number of heaters 12 
Adjustment of heat flax 
and distribution 0 + 6 kW for each heater separately 
Injection not yet installed, but prepared 
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Abstract 

Data resulting from the operation of the Solar Central Receiver Steam 
r'roduction System at the Weizmann Institute of Science was compared to data 
calculated from modelling computer codes on receiver tube surface 
temperatures, absorbed power, efficiency and steam quality. Hood 
correspondence was shown between calculated and observed data. 

Extrapolation to higher flux inputs and lower circulation rates using the 
models indicated that the heat flux on the evaporation panels could safely be 
raised to 900 kw/sq.m. and to saturated steam temperatures of 260°C from the 
original designed 300 kw/sqm and 200°C respectively. Furthermore a 
preliminary economic analysis indicated that this cavity - receiver system could 
be operated competitively at levels of 10-100 megawatts thermal equivalent 
steam production. 



Water/Sleain Solar Receiver System 

1. General Description 
The Solar Central Receiver Steam Production System 1 was operated from 

March 1989 to June 1992 at various power levels ranging up to 2 megawatts, 
producing saturated steam close to 100% quality, at 200°C and 15 atm (g) at rates 
up to 2300 kg/hr , at an energy flux on the receiver evaporating panels of 300 
kw/sqm. Input power was provided by a field of up to 64 computer-controlled 
heliostats encircling the north side of the 53 meter high "Solar Tower" which 
contained the solar steam receiver at the 27 meter -high experimental level. The 
receiver was a hexagonal shaped cavity with 3 active solar absorbing panels 2x2 
meters, 2 1 / 2 x 2 1 / 2 meters and 2 x 2 meters respectively. Figure 1 is an 
unfolded schematic showing the cavity dimensions while Figure 2 shows a cross-
sectional view of the receiver. The three active panels accommodated a total of 
246 vertical tubes of 1 inch nominal, schedule 40 carbon steel pipe through which 
water was pumped at a controlled rate. Each tube v/as free to move and expand, 
there being no welding connection among the tubes to create a so-called "water 
wall" panel. 

The steam generation system is shown in the schematic drawing (Figure 3). A 
pair of centrifugal pumps (one on standby) recirculated saturated water mixed 
with cold feed at various rates ranging from 70 m 3 / h r down , into the three 
active receiver panels. The subcooled water and the two phase mixture passed 
up through the vertical tubes absorbing energy from the solar flux directed into 
the cavity receiver by the helioslat field. The steam-water mixture was collected 
in a steam drum from which after passing through entrainment separators it was 
removed as process steam. The volume of the steam drum is relatively small 
(equivalent to only 10 minutes of full load operation) to reduce the amount of 
"parasitic" water circulated in the system and thus to reduce the startup time. 
Nevertheless the controllability of the system (level of the water in the drum and 
feedrate) was good. 

''I his research uas supported ti\ the Israel Ministry of lincrg} and 
lnlrus(ru< Uiiv Contract K')-1 -811. 



Surface thermocouples were mounted at various heights on the vertical tubes 
in the absorber panels to monitor for hot spots and provide data for comparison 
to the temperatures calculated by the computer models. 

2. Operation 

Table 1 is a summary of operations showing representative runs for 
appreciable production periods from March 19, 1990 to November 11, 1991. 
These runs ranged from 410 minutes (7 hours) to 240 minutes (4 hours). Steam 
production ranged from about 6500 to 3400 kg per run at average steaming rales 
from about 1500 to 800 kg per hour with peak rates from 1900 to 900 kg per hour. 

The practical performance that is the steam production rate in kilogram per 
hour per heliostat per unit direct radiation in wa t t s /mete r square as 
continuously measured by a calibrated radiation monitor during operation 
showed rather consistent values ranging from a high of 0.0231 to a low of 0.0213. 
In the last column in Table I, the Performance Index (P.l.) normalized to 90% 
reflectivity shows a high of 0.0321 to a low of 0.02687 kilogram steam per hour 
per hcliostat per wa t t /m 2 direction radiation or a variation of about 17%. [1] [2] 

3. Application of Simulation Codes. 
Calculations of input power were made using the MIRVAL [3] code. This 

model offers a good estimate of the gross input power to the receiver cavitv. 

The computer codes designated SOCRATE [4] and SAPPHIR-WIS [5] (a 
modified version of SAPPHIR [6] [7] by Sandia -National Laboratory originally 
developed for external receivers) were used to calculate tube surface 
temperatures, fluid flow regimes, as well as absorbed power and output steam 
rate. SAPPHIR-WIS calculates the steady-state tube-side heat transfer to water 
and to two-phase water-steam mixtures in several flow patterns giving 
temperature ?nd absorbed power distribution which can then be related to 
individual tubes and to various elevations in the central panel of the receiver 
cavity. 

Table II is a summary of the measured and calculated temperal • es. 
Cr re l a t ion coefficients are shown from temperature scatter di. lams r 



individu.il runs. Comparing the set of nine calculations, runs designated Pl -
through I'9, and the set of nine pairs of temperature measurements one may 
compute an absolute (without regard to sign) average deviation of 5.1°C for the 
set of 81 data pairs. An average deviation (with regard to sign) of -1.8°C, as well 
as an average regression coefficient of 0.4 indicate a negative bias to the scatter, 
i.e. the measured temperatures are usually less than the calculated temperatures. 
In general, tube surface temperature ranged only from about 195 to 230°C. The 
average correlation coefficient is 0.82 for the complete data set. 

Figure 5 shows vertical temperature scans for a tube (located about 0.65 
meters from the east edge of the central panel) at four computed, absorbed 
power levels in kilowatts at constant recirculation rate. Also shown are 
corresponding heat transfer regions defined in Figure 4. Measured points are 
always shown as hollow circles, computed, as solid circles. Except for run P-6, 
correlations between measured and computed temperatures are fairly good with 
measured values ranging below computed values by less than 5°C. 

Comparing absorbed power computed by SAPPHIR-WIS at the nominal 
operating temperature of 200°C to the measured steam production rate using a 
scatter diagram indicate a regression coefficient of 0.90 and a correlation 
coefficient of 0.75. Interpreting the regression coefficient, i.e. the slope of the best 
line through the values for nine runs as output power divided by the absorbed 
input power to the bank of vertical lubes suggests an average SAPPHIR 
"efficiency" of 90%, namely 10% additional power loss occurs from the cavity and 
interior piping and equipment. 

The change in steam quality as circulation rate is decreased is shown in 
Figure 6 for both measured and for computed values for an absorbed power level 
in the range of 1100-1300 KWt. It will be noted that there is, as expected, a steady 
rise in steam quality as the circulation flow rale of water through the tubes in the 
evaporating panels decreases from 65,200 kg/hr to the lowest measurable figure 
of 11,300 kg/hr , where an average quality of about 13% is achieved. A transition 
flow Reynolds number of 2200 is calculated from a recirculation flow or about 
5200 kg/hr. From this level flow instabilities are expected to occur. 

Correspondence between calculated and measured steam quality is \ ry goi 1 
in the turbulent flow region 

http://individu.il


4. Parametric Studies 
The effect of increasing the flux on the water panels from the operating flux of 

about 300 k w / m 2 to over 1000 k w / m 2 o n the temperature on the surface of the 
tubes was calculated by the computer models. Also the change in steam quality 
at various recirculation rates while operating at the design pressure of 225 psia 
and at an increased pressure of 700 psia of equivalent saturated steam 
temperatures was considered. The calculated values are shown in Table III. 

Figure 7 is a graph of the results of the computations showing the change in 
steam quality as a function of steam output and power density on the tube 
surfaces. The limiting temperature are signaled by the "burnout" and "unstable 
flow" flags. As expected "burnout" (at critical heat flux), based on operating 
conditions limited by the ASME-Boiler code, occurs at lower flux levels as 
recirculation rates are decreased. Apparently operation at the higher pressure 
equivalent to 260°C compared to the design pressure equivalent to 200°C has 
little effect on the safe operating flux zone as depicted in the graph. It appears 
that the flux of the system could have been increased to over 900 k w / m 2 on the 
panels, and recirculation rates cut by about one half while still retaining stable 
flow conditions and tube surface temperatures well below burnout levels. 

5. Worst Case Calculation 
Figures 8 through 10 show the results of a "Worst Case Calculation". A single 

vertical tube is chosen which is located in the center of the middle (rear) panel. 
This location is normally exposed to the maximum solar flux at any given run. 
The total absorbed power for run #20 is 7630 Kw (which contrasts to the design 
power of 2000 kw) with a steam rate of 8517 kg/hr and a quality of 14.9% at a 
pressure of 700 psia. 

Figure 8 shows the variation in external tube surface temperatures and fluid 
temperatures as a function of tube elevation for the worst case (at a flux about 
four times the design value). The maximum wall temperature is about 360°C 
which is below the burnout temperature while fluid temperature is maintained at 
saturation temperature or at about 260°C. 

Figure 9 shows the variation of net heat flux (kw/m 2 ) , - .nd the overall heat 
transfer coefficient ( kw/m 2 /K) and also as a function of elevation aloi.g the pipe. 
The peaks in each parameter is shown to occur approximately at the 1.8 meter 
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elevation and the 2.3 meter elevation for the overall heat transfer coefficient and 
the heat flux, respectively: the peak heat transfer coefficient "leading" the peak 
heat flux. The use of the model equations permits a detailed almost microscopic 
analysis of the power transfer conditions along the height of the tube at any 
position. 

Finally, in Figure 10 we see the variation of Steam Quality as a function of 
tube elevation illustrating the uniformity and stability of steam generation 
predicted by the mode! equations. 

6. Economic Analysis - Solar Tower Technology 
A preliminary estimate is presented for the capital and steam production 

costs based on experience derived from design, construction and operation of the 
Central Receiver Steam Production Solar System at the Weizmann Institute of 
Science. The technical parameters are based on the extrapolation of actual 
operating conditions using the computer models to a plant of 10 MW equivalent 
to about 14 ton of steam per hour, at 40 bars using a solar field of 22000 m 2 . The 
analysts which is summarized in Table IV is based on the following 
considerations: 

6.1 The energy collection system is composed of a field of heliostats, 
associated wiring, and controls. The cost estimate of the heliostats for the first 
several commercial-sized plants range from 150-250 USD p-;r sq. meter. If 
demand for heliostats is sufficient for a mass production dedicated facility, the 
cost should drop to 80-105 USD per sq.m. The last values are based on the values 
given in table 7.2. reference [8] for three designs - a glass metal version and two 
stressed membrane designs. These data were from American publications and 
the Phoebus feasibility study phase 1 from December 1987. These costs were 
corrected for a variation of 5% per year in projected 1993 prices. Thus, a range of 
100-150 USD per sq. meter, installed cost, appears to be a usable figure. 

6.2. The receiver includes the absorber panels, insulating walls, circulation 
equipment and steam drum, structural components, instrumentation and 
controls. Us cost is based on the actual cost of the Weizmann Institute 
.valer/sleam receiver. 

6.3 The tower may be constructed from either steel or concrete. S> :cl is 
generally preferred for towers less than 120 meters, but a final decision on the 
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material of construction depends on local prices of steel or concrete structures. 
The tower cost is hugely affected by the height. 

6.4 The heat transport system is defined to include the riser and the 
downcomer sections within the tower plus the horizontal piping connecting the 
base of the tower with the existing mains of the customer plant's manifold. This 
system includes standard piping, fittings, valves, expansion joints, insulation, 
condensate return lines and piping drain devices. The heat transport system is 
built from standard materials and well established technology. 

6.5 The balance of plant (BOP) is a grouping of diverse plant elements which 
is required for plant operation. They include the following systems: 

- Auxiliary power supply: dicsel generators for plant electrical equipment, 
heliostats motors and an uninterrupted power supply required (or computers, 
critical control and instrumentation. 

- Compressed air for equipment and controls. 
- Cooling water to plant equipment such as mechanical seal cooling systems, 
etc. 
- Water supply including service water, fire water and potable water. 
- Water treatment system to provide demineralized water as feedwater to the 
solar boiler and for washing heliostats (including sampling and analysis). 
- Building and structures (including fire protection, communication, etc). 

The critical variable affecting balance of plant costs is the cost of land the 
amount of civil work required to prepare surfaces, roads, fences etc. Both are 
site-specific and therefore are not inclu'Ld in this analysis. All the balance of 
plant costs exhibit economics-of-scale. 

6.6. Operation and maintenance. 
These include direct operating and maintenance labor, materials and plant 

overhead. The approach used in this analysis is a fraction of the plant direct 
costs. A conservative figure of 5% is considered. 
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Conclusions 
The technology of water/steam systems for central receiver was tested 

successfully at the Weizmann Institute and elsewhere on 2-5 MWlh scale. The 
technology is matured for scale up. Its economy looks promising even for small 
systems of 10-30 MWlh when used as a "fuel saver" (not stand-alone) as a part of 
existing fossil steam production where no storage is required. Favorable 
conditions exist in Israel to implement this technology on a large scale. In the 
south of Israel where sun and land is plentiful there are several large consumers 
of steam (Dead Sea Works, Mishor Rotem and at the Ramat Hovav industrial 
zones) with total estimated demand of 350 tons per hour. Steam can be produced 
locally, distributed to the consumers over relatively short distances, i.e. 500-7500 
meters and can be integrated into their existing steam supply systems (fossil fired 
boilers) at competitive costs. 
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Steam quality X% 
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RUNPARAM-20 (TUBE 13) 
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Table I 
Performance of Solar Steam Generator 

19.03.90 to 11.11.91 

Run Date "Steaming" 

Hours 

OperaL 

Time 

Mm. 

Average 

Steam 

Rale 

kg/hr 

Peak 

Steam 

Rate 

kg/hr 

Average 

Steam 

Rate 

Relatjv 

to Peak 

Number 

of 

Heliostals 

Measured 

Reflectivity 

% 

AvJM.C) 

Normalized 

to 

90% 

Rcflecuvity 

15 19 03.90 09:45-15:00 315 1105 1159 0.95 45 77 .0321 
16 03. 07 91 10:23-14:13 "230 1397 1464 0.95< 62 81 .0308 
17 08.07.90 10:11-15:09 298 901 953 0.94. 45 81 .0268 
18 i0.07.90 10:08-14:08 240 12(10 1352 0.94' 65 
1 50 11.90 08:15-13:51 '306 1314 1398 0.86 63 82 .0191 

31.18.* 11:15-15:15 240 1020 1261 0.804 60-62 ' 82 .0264 

5 15 02.91 08:54-16:02 460 1509 1890 0.79r, 59-61 85 .0318 
4 19.01.') I QS.15-t5.45 442 12flt I49ii 0.802 55.60 ' 82 .0504 
5 08.08.01 08:40-15:20 400 857 984 0.87 63 75 .0271 
f) 13 08.91 08:45-15:45 420 911 1131 0.80" 61-63 74 .0292 
7 15 0891 09:13-15:33 380 1130 1400 0.80 1 63 74 .0288 
ft 27.08.91 10:17-16:07 350 1093 1310 0.83( 63 73 .0282 
9~ 05 09.91 09:50-15:40 350 1084 1194 0.901 50.63 75 .0289 
10 36 09.91 0918-14:37 319 775 9l0 0.85: 59.63 84 .0284 
l l 30.10.91 10:17-14:33 : 5 D 799 987 0.801 51.61 76 .0587 
1! 5910.91 09:09-15:16 367 1077 1378 0.78! 56.63 75 .0296 
13 07.11.91 09:41-15:34 353 1039 1393 0.74< 60-62 82 .0301 
14 11.11 91 09:30-15:21 j i l III ! 1502 U.74< 63 82 .0297 

1 

•P.I. = (kg sceam/hr) / (Direct Radiation - watts/m~/(Heliostat) = "Performance Index" 

Table II - Comparison of Measured Temperatures with SAPPHIR Computed far Various Flow Rates 

Centra] Panel Data 
TC No. Tube No. Elcv Im) Horizon) PI P2 P3 PI P5 

• " Tcalct T n W C Tc Tm Tc Tm Tc Tm Tc Tm 
T13 11 2.00 0.15 217 213 218 211 215 216 215 208 212 215 
T33 13 2.82 0.65 223 219 216 218 218 219 215 222 213 213 
T23 13 2.02 0.61 219 212 218 210 216 214 214 204 217 212 
T16 13 153 0.65 214 203 214 203 211 209 208 198 216 206 
T15 13 1.02 0.67 206 193 204 193 204 • 201 202 195 196 199 
TBI 16 2.85 1.35 218 218 215 217 217 218 215 219 213 213 
TB3 16 1.98 1.35 224 215 222 214 221 217 214 206 220 218 
TBS 16 0.08 1.35 201 199 199 192 198 197 198 196 198 198 
TB2 1? 1.98 1.59 218 217 214 214 215 219 207 207 217 220 

Av Deviation (T mcas • Tcalc),°C •5.7 -5.8 -0.50 -2.6 1 \ 
Av Deviation (Abs,),°C 5.7 6.2 2.1 5.4 29 
Regression Coef. (Scatter Diag., Tc, Tm 0.71 043 0.86 0.51 0.94 
Cue) of Correlation" d«? 0.85 0.95 0.76 0.86 
Recirculation now kg/hr 14366 ilWl 34856 3480 i520O 
Output Equivalent Power of steam, kw 1112 977 1146 941 1152 

• Distance from boiiom of Central Pane) 
" Distance from east edge of Central Panel 

http://i0.07.90
http://QS.15-t5.45
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Table II continued 
Comparison of Measured Temperatures with SAPPHIR Computed Temperatures for Various Flow Rates 

Central Panel Data 
TC No. Tube No Elev ( m l H o n z l m P6 P7 P8 P9 

- T c a l c t T r n e a s t Tc Tm Tc T m Tc T m 
TT' i l 2.00 0 15 211 233 212 221 217 212 218 213 
"H I 13 2.82 0.65 210 238 209 210 218 215 218 213 
T23 13 2.02 0.61 217 224 212 208 215 208 219 212 
T l h 13 1.53 0.65 206 210 209 205 208 201 211 205 
115 13 1.02 0.67 200 197 201 199 202 197 203 198 
THI l b 285 1.35 213 222 219 213 214 213 216 212 
1113 lb 1.98 1.35 218 209 217 211 215 209 221 217 
m^ lb 0.08 1J5 198 197 199 198 203 198 198 197 
;u: 17 1 96 1.59 212 214 208 212 207 211 215 219 

•w Deviat ion IT me-as - Tcalc),°C 6.4 -1.2 -3.9 -3.6 
Av l l cv ia t ion (Abs.),°C 9.6 4.2 4 £ 4.6 
Regression Coef (Scalier Diag., Tc, T m 0.28 048 0.77 0.91 
( <x1 ol Correlation" 0.59 0.74 0.85 0.91 
Recirculation Mow k g / h r 65201) 65200 65265 65200 
i l u t p u i Equivalent Power of sleam.2 kw 942 692 947 1064 

l>iM.ince lrom boltom ol Central Panel 
' Pittance from east edge of Central Panel 

March 21,12:00 
DATA FHW THE SAFaHB-MS U K OF TIE 

WIS Steam Receiver 

steam LondiDon Circulation tlownue 

|m 3/hr] Ike/hr) 

Inlet 
temperature 
to the receiver 

Total net power 
aborted 

Product steam 
rate 

Steam quality Kemarks 

l Q C | |KW1 Ikg/hr) 1*1 

jjturaicd 70 60843 196 1467 1750 2.9 
JI t o ban 61082 193 3011 3350 5.5 

61362 189 6062 6694 10.9 
61592 186 7642 8352 13.6 

50 43516 195 1475 1608 3.7 
43816 190 3026 3180 7,3 
44053 185 6065 6548 14.9 
44814 183 7647 8201 18.3 

30 26212 192 1470 1520 5.8 
26431 185 3015 3145 11.9 
26669 178 6064 6577 24.7 
26825 173 7644 8304 31.0 instable flow 

15 13216 185 1471 1522 11.5 
13428 
13534 
13639 

172 
165 
158 

3016 3150 23.5 
burnout 
twnuA 



1 
Steam Condition Circulation tlowrate 

[m3/hr| [kg/hr] 

Inlet 
temperature 
to the receiver 
[°C1 

Total nee power 
absorbed 

IKW1 

Product steam 
rate 

[kg/hrl 

Steam quality Kemarks 

Saturated 
at 48 bars 70 

50 

55195 
55730 
56746 
57109 

39577 
40125 
40873 
41201 

257 
252 
243 
237 

255 
247 
236 
232 

1443 
2991 
6049 
7633 

1467 
2991 
6049 
7637 

1724 
3417 
6757 
8516 

1652 
3250 
6797 
8762 

3.1 
6.1 
12.0 
14.9 

4.2 
8.1 
16.6 
21.3 instable flow 

30 

15 

23520 
24360 
22879 
25761 

12180 

12546 

13038 

13444 

250 
241 
273 
215 

241 

223 

196 

181 

1445 
2991 

7633 

1445 

2994 

1577 
3375 

8803 

1612 

3419 

6.7 
13.8 

34.2 

13.2 

27.2 

burnout 
instable flow 

burnout 

burnout 
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TABLE tV 

Strain Production by Solar Tower Technology 
Estimated Costs 
December 1992 

Technical Pararnejcrs 

Plant capacity 

Solar Held (reflective- area) 

Land required 

Conditions 

Beam insolation 

10 MW, n = 14 ton steam per hour 
at 40 bars 

22000 m 2 

86000 m 2 (about 300 x 300m 2) 

40 bar superheated 100°C (350°C) 

2500 k W h r / m 2 / y r normal to sun 

Efficiencies: 

Optical (cosine, reflectivity, blocking, 
shadowing, spillage etc.) 

Receiver efficiency 

Mechanical availability, other losses 

Net overall efficiency 

Operational hours: Solar: 2200 hr/yr; 

65% 

85% 
90% 

50% 

Kconomic assumptions: Interest rate: 10% and 6% (capital recovery factor 0.11 and 0.078 
respectively are used for 25 years lifetime expectancy) 

Case I: solar only 

" "Capital cost breakdown 
Heliostat field 

(USD millions) 
(100 $/m 2) 2.2 (150$/m2)3.3 

Receiver system 0.8 0.8 

Tower 0.5 0.5 

' < 'cist uf l.nul not included Also not included roads, fences and related land development costs. 



1 leal transport etc. 0.3 0.3 

BOP 0 9 0 9 

Total 4.7 5.8 

This indirect (10%) 5.2 6.4 

Capital (i) 10% 6% 10% 6% 
0.57 0.41 0.70 0.50 

O & M (5%) 0.24 0.24 0.29 0.29 
0.81 0.65 0.99 0.79 

Average steam cost: 
USD/ton 21.1 16.9 25.8 20.6 

Case II: Solar/Fuel-hybrid operation 

The solar plant serves as fuel saver. All the BOP exists as a part of the fuel plant.. 

Capital costs 

(150 $ / m 2 ) 
not included 
4.9 
5.4 

6% 10% 6% 

0.33 0.59 0.42 

0.19 0.25 0.25 
0.52 0.84 0.67 

13.5 21.9 17.5 

1 leliostats (100 $ /m 2 ) 
BOP not included 
Total 3.8 
Plus Indirect (10%) 4.2 

Capital MUSD per year 

at 10% 

0.46 

O & M 0.19 
Total 0.65 

Average cost of 
steam : USD/ton 16.9 
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COMMENTS on TECHNICAL PROGRESS at SEGSII I -VI I in 1992 
30 MWc Solar Truugh Plants at Kramer Junction, Calif. 

1992 SEGS Hl-VIl ELECTRICAL PERFORMANCE 
and 

RESULTS OK COLLECTOR TESTING 

Dr. David W, Kearney 
Kearney & Associates 

Del Mar, California, USA 

The operating SEGS plains in California, consisting in total of 354 MWe net, have been 
operating since late 1984 when SEGS I went into operation. All of the nine plants continue to 
generate electricity on a commercial basis. This brief report focuses on the performance of the 
five 3u-lvfWc plants located at the Kramer Junction site. 

Data is presented on the availability of the solar field and the generation of electricity for SEGS 
111 - SKGS Vll for 1992. The solar fields liad high availability, defined as the ability to track the 
sun when required. Furthermore, average mirror reflectivities were maintained by washing 
(typically bi-weekly) at 90-91%, wliich compares to new mirror reflectivities of about 93%. 
Both of these achievements point to tl - adequacy of the operation and maintenance practices at 
this site. However, spare parts availability and repair of damaged components at these solar 
fields are both suffering from the demise of T.uz, which was the supplier of all solar field spare 
parts. At this time, the owners of the SEGS plants are considering various options for supply. 

Solar insolation in 1992 was 15% lower than normal, reducing annual electrical generation by a 
slightly greater amount. These weather effects were a result of the significant eruption of Mt. 
Pinaliibo in tile Philippines in 1991, and the effects of the El Nino phenomenon on weather 
patterns in California. Because of the hybrid nature of the SEGS plants, which allows operation 
with natural gas (limited at 25% energy input by regulatory constraints), the reduction in 
performance was restricted to electrical production during less critical periods. By the nature of 
the SliGS contracts with the local utility, revenues arc considerably higher for electrical 
production during the on-peafc period, which occurs from 12 pm to 6 pm on weekdays from June 
through September. J he enclosed table on perfonnance shows that the plants were able to 
consistently operate the turbines at higher than rated capacity during the on-peak period, 
achieving vary high capacity factors. 

Collector Testing of SEGS Technology 

The attached table and selected figures show some results < an ongoing program on cost 
reduction of operation and maintenance practice at solar electric plants. This program is a 
cooperative effort between KJC Operating Company and Sandia National Laboratories. 'Jhe 
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information shown here has been extracts from Ref. 1, which fully discusses these issues. 
Several observations can be made about these results. The collector efficiency tests, which took 
place at both Sandia and the SEGS plants, show that the performance of collectors is good, and 
comparable to design values. The measurements on optical properties tend to confirm the initial 
design expectations,, though the cermet properties arc slightly lower than design (low omittance 
is desirable; low absorptance is not). 

Some results on collector efficiency variations due to loss of vacuum and loss of the glass 
enclosure are shown, including the impact of wind speed on bare tubes (no glass enclosure). 
Note that collector efficiency drops very rapidly under such conditions. A final set of plots 
shows the results of re-aligning a test loop of LS-3 collectors in the SEGS VH field. Two full 
loops of LS-3 collectors were utilized for this test. One was left untouched and used as the 
reference loop. The second was available for alignment procedures on the HCE tubes, sun 
sensor and truss structure and for other steps to improve efficiency. It can be seen that the 
improvement steps brought the test loop close to design efficiency level. (It should be noted that 
the remaining greater portion of SEGS VH has previously undergone a full re-alignment, but the 
test loops were left in "original condition" at that time.) 

Rcf. 1. Cohen, G., Price, H., Giblc, R., Dudley, V. and Mahoney, R., "Efficiency Testing of 
SEGS Parabolic Trough Collector", submitted to the American Solar Energy Society for 
presentational Soiar'93,April 1993,Washington,D.C. 

1992 ANNUAL PERFORMANCE of SEGS DI-VD 

Parameter m IV V VI vn 
Solar Field: 

Availability, % 
Avg. Reflectivity, % 

97 
91 

97 
91 

98 
91 

100 
91 

100 
90 

Electrical Output: 
Gross MWh 
NctMWh 

79,400 
74,200 

80,900 
74,700 • 

81,000 
72,700 

75,200 
£6,800 

75,000 
67,200 

Capacity Factors: 
.~.On-Pcak, % 
—Mid-Peak, % 

OfT-Pcak, % 

107 
SS 
15 

107 
S3 
14 

104 
U 
14 

102 
49 
13 

103 
49 
13 
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ASPECTS OF 1992 PERFORMANCE of SEGS m-VII 

• Flails Constructed in 1986-88 

• Plants Operating Reliably and on Normal Schedule 

• Solar Field Operating Availability High - 97-99% average 

• Sular Field Sparc Parts Tor Receiver (I1CE) and Increasing Problem 

• Direct Normal Annual Insolation 8S% of Average 

• Electrical Production Close to Warranted Values, though diminished by 
damaged HCE's, low Insolation, and power block reliability 

• Electrical Capacity Factor during Crucial On-Pcak Period 102-107% 
based on Rated Turbine Capacity 

• Data on SEGS 1/11 and 80 MWe Plants at Harper Lake Not Known, but 
Performance Lags Consistently Good Production at Kramer Junction 

COLLECTOR TESTING at SAKDIA NATIONAL LABORATORIES 
and at the SEGS VII TEST LOOP 

MEASURED LS-2 COLLECTOR EFFICIENCY for VARIOUS OPERATING 
CONDITIONS: 

- Small Collector Segment Tested 

- 1ICE Conditions: Good Condition 
Loss of Vacuum 
Broken Glass Enclosure 

OPTICAL PROPERTY MEASUREMENTS SIMILAR TO LUZ DESIGN 

LS-I COLLECTOR EFFICIENCY CLOSE TO LUZ DESICN VALUE 

WIND HAS VERY STRONG IMPACT ON EFFICIENCY ON DAMAGED HCE 
EFFICIENCY 

261 

REALIGNMENT OF AS-CONSTRUCTED COLLECTORS IN FIELD TEST 
LOOP IMPROVED PERFORMANCE SIGNIFICANTLY 
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Solar Direct Steam Generation 

K. Hennecke, W. Kastner, K. Laufs, J . Rheinlander 

Joint Research Project (GUDE) sponsored by the 
Federal German Minister for Research and Technology 

Introduction 

The purpose of this project is the systematic investigation of the 
thermohydraulic characteristics of a solar heated evaporator tube with water 
injection. It is carried out in cooperation between 

German Aerospace Research Establishment (DLR) 
Siemens AG Power Generation Group (KWU) 
Solar and Hydrogen Energy Research Centre (ZSW), and 
Technical University Munich (TUM), 

and sponsored by the Federal German Minister for Research and Technology. 

Motives 

The project contributes to the development of a hybrid combined cycle / solar 
power plant concept that can be realized within the 1990's. Such a plant should 

provide reliable electricity supply to the grid, 
have a high conversion efficiency from fossil to electric energy, and 
allow for a significant solar contribution to the overall electricity 
production, to provide environmental benefits. 

The hybrid power plant could be designed to operate in a fuel saver mode, or to 
provide peaking capacity. 

The plant concept will be based on proven technologies in order to meet the 
near term goal, and to minimize technical development risks. Figure 1 shows the 
basic concept for such a plant. Natural gas or oil is burned to drive a 
gasturbine/generator. The energy of the exhaust gases is recovered in a waste 
heat boiler, to generate steam which in turn drives a steam turbine/generator. 
Additional steam, generated by a solar field, is fed to the appropriately sized low 
pressure casing of the steam turbine. It is expected that in this concept the solar 
contribution could be up to 30 % of the plant peak capacity, or up to 10 % of 
the annual electricity production. It should be borne in mind that at a later stage 
further developed and improved concepts with higher solar contribution may be 
considered based on the experience gained with such a first approach. 
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Figure 1: Hybrid combined cycle/solar power plant 

The plant combines the following technologies, which are considered mature in 
their relevant present applications: 

Gas-fired combined cycle processes achieve efficiencies of up to 52 %. The 
technology has a good reliability record worldwide. In future, advanced high 
temperature materials may allow a further increase in efficiency. 

At present parabolic troughs are the only solar thermal concentrating technology 
that achieved large scale commercial application. In the LUZ SEGS plants in 
California, 350 MW e installed capacity provide valuable operating experience for 
future developments. Direct steam generation in the absorber tube is seen as the 
next step to achieve cost reductions and improved efficiency. 

Steam cooling by water injection is a proven technology in power plant and 
process engineering. In the proposed solar application high steam qualities can 
be achieved for the whole length of the absorber tube (figure 2), avoiding 
potentially problematic two-phase flow conditions. It is expected that by 
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controlling the quantit ies injected in sections of the collector loops, fast 
response to changing insolation can be achieved, and in particular, steam 
conditions at the field outlet can be matched to the requirements of the 
conventional steam cycle. However, no experimental data are available for the 
relevant parameter ranges to allow reliable numerical predictions of the 
thermohydraulic behaviour of the steam. 

Enthalpy 

0 500 1000 m 
Path along absorber tube 

Figure 2: Evaporation path along absorber tube 

Objectives 

The main aim of the project is to understand the thermohvdraulic behaviour of 
the proposed steam generator - a solar heated horizontal evaporator tube fed by 
a water injection system. In particular, the influence of the large pipe diameter, 
low heat flux and low mass f low rates on f low patterns, heat transfer and 
pressure drop shall be investigated. Additionally, stability aspects such as 
transient response, interference between subsequent injectors, or control system 
failures will be studied. 

The results shall be used to develop design criteria for the solar steam generator 
subsystem of the proposed hybrid power plant. This includes also a basic 
control concept and operating strategy. 

On that basis the technical and economic potential of the solarized combined 
cycle power plant concept shall be assessed, and recommendations for further 
development and/or market introduction shall be made. 

Approach 

Due to the injection of water at several locations along the tube, favourable f low 
patterns may be expected on the evaporation path. This allows for an 
experimental setup that investigates, single tube sections between subsequent 
injectors, rather than a complete loop. This reduces the cost of the test 
equipment, as well as operating costs. The relatively short test sections can be 
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easily replaced 10 investigate different diameters, or the use of internal 
structures. 

The test sections will be electrically heated to simulate the circumferentially 
nonuniform solar irradiation. Pressure, flow rate and quality at the inlet as well 
as the heat flux to the test tube can be precisely adjusted to the required values 
according to the test matrix. The sections will be instrumented to measure f low 
rates, temperatures of fluid and tube wall, pressure drops and additional 
information on f low patterns. 

Existing test facilities will be used, which condition the steam flow to the test 
sections to model any history in the evaporation path. Characteristic technical 
data of the facilities are given in Table 1 . 

Test facilities 

BVS HIPRESS TUM 

Fluid Water/ 

steam 

Water/ 

steam 

F:eon 12 

(modeled values) 

t ength of test section m 30 10 8 

Power for steam flow 
conditioning 

kW 1320 250 140(2450) 

Electrical power for heating 
of test section 

kW 300 50 30(530) 

Quality % 0... 100 

Pressure bar max. 330 max. 160 max. 40(210) 

Temperature °C max. 600 ma:. tSO max. 110(370) 

Table 1: Test Facilities 

The "Benson-Versuchs-Strecke" (BVS), located at Siemens, Erlangen, will be 
used for the majority of high pressure water/steam experiments wi th larger 
diameters and f low rates. The 30 m long test sections used there will also 
enable the investigation of interferences between several injectors. 

The test facility for "High PRessure Experiments on Solar Steam" (HIPRESS), 
located at ZSW, Stuttgart, allows to investigate smaller diameters and f low rates 
wi th water/steam as the working fluid, at reduced operating costs. The 
emphasis of experiments carried out here wil l be places on the flow pattern, 
heat transfer and pressure drop in the very first sections of a loop, with low 
flow rates. Options to enhance heat transfer by internal structures will be 
investigated. 

Freon 12 will be used for the experiments at TUM. A wide range of steam 
parameters can be modelled with this fluid at relatively low temperatures and 
pressures in the test setup. This enables the direct observation of the 
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evaporating fluid, and special measurements to study details of the injection 
process, for example the influence of droplet size distributions. 

Table 2 shows the planned variations of parameters during the test program. 
They cover a range relevant for the solar application. The results will enable the 
development of correlations for the thermohydraulics, and the definition of 
criteria for future plant design and operation. 

lube inner diameter mm SO, 75, 100 

Pressure bar 25, 50, 100 

Mass flow rate at inlet —4-
(based on absorber tube 
cross-section) 

« 0, 10, 30, 75, 150, 300, 500 

Quality at inlet — ft: 1 

Heat flux (lower half of ^ 
inner perimeter) 

20, 40, 60, 80 

Injection mass flow rates —f-
(based on absorber tube 
cross-section) 

2, 5, 10, 20 

Table 2: Test Matrix 

The anticipated duration of the project is 3 years. Final funding approval is 
expected within this month. Detailed planning of the test programme, and test 
preparations shall be completed by end 1993, the majority of testing will take 
place in 1994 up to mid 1995. Evaluation and documentation will be completed 
by the end of 1995. 



The effect of tilted axes on the seasonal energy collection of 
E->W tracking linear concentrators at Almeria and Sede Boq 

David Faiman and Peter Ibbeteon 

Jacob Blaustein Institute for Desert Research 
Ben-Gurion University of the Negev 

Sede Boqer Campus, 84993 Israel 

Kev Observations for Sede Booer (lat 30.87 degN) 

(a) Annual Insolation incident on collector aperture 

1. An 8 degree tilt-angle gives 50% of the maximum possible improvement 
obtainable by tilting the collector tubes. 

2. The increase in incident energy is 3.3% on a yearly basis 
(0% in June/July and +10% in January) 

(b) Including Empirical Incident Angle Modifier 
K(9) = cos9 [1 + Sin3e] 

1. An 8 degree tilt-angle gives 53% of the maximum possible improvement 
obtainable by tilting the collector tubes. 

2. The increase in collectible energy is 3.9% on a yearly basis 
(-1.1%, a decrease!, in June and +12.9% in December) 

Kev Observations for Almeria (lat 36.85 degN) 

(a) Annual Insolation incident on collector aperture 

1. A 10 degree tilt-angle gives 50% of the maximum possible improvement 
obtainable by tilting the collector tubes. 

2. The increase in incident energy is 5.2% on a yearly basis 
(0% in June/July and +17.6% in December) 

(b) Including Empirical Incident Angle Modifier 
K(G) = cose [1 + sin3e] 

1. A 10 degree tilt-angle gives 54% of the maximum possible improvement 
obtainable by tilting the collector tubes. 

2. The increase in collectible energy is 6.2% on a yearly basis 
(+1.4% in July and +26.7% in December) 
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Monthly incident beam radiation on tilted east-west trackers [kWh/sq.m/day] 

Sde Boqer 1989, Latitude = 30°52'N, Longitude, = 34°47'E 

Tilt 0" 2" 4° 6* 8° 10° 12° 14° 16° 18° 20° 22° 24° 26° 2£ 

j an 
fcb 

2.9 3.0 3.1 3.1 3.2 3.3 3.3 3.4 3.5 3.5 3.6 3.6 3.7 3.7 3.8 j an 
fcb 4.5 4.6 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.2 5.2 5.3 5.3 5.4 5.4 

5.4 5.4 5.5 5.5 5.6 5.7 5.7 5.7 5.8 5.8 5.9 5.9 5.9 5.9 5.9 
dpi" 
may 
jun 
3Ul 

6.7 6.7 6.7 6.8 6.8 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9 dpi" 
may 
jun 
3Ul 

7.5 7.5 7.6 7.6 7.6 7.6 7.5 7.5 7.5 7.5 7.5 7.4 7.4 7.3 7.3 dpi" 
may 
jun 
3Ul 

9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.C 9.0 8.9 8.9 6.8 8.8 8.7 8.6 
dpi" 
may 
jun 
3Ul 9.4 9.4 9.4 9.4 9.4 9.3 9.3 9.3 9.3 9.2 9.2 9.1 9.1 9.0 8.9 
aug 8.3 8.4 8.4 8.4 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.4 8.4 8.4 aug 

7.4 7.5 7.6 7.6 7.7 7.7 7.8 7.8 7.9 7.9 7.9 8.0 8.0 8.0 8.0 
5.1 5.2 5.3 5.4 5.S 5.5 5.6 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.0 
4.3 4.4 4.5 4.6 4.7 4.8 4.9 5.0 5.0 5.1 5.2 5.3 5.3 5.4 5.5 

doc 3.3 3.4 3.4 3.5 3.6 3.7 3.S 3.9 3.9 4.0 4.1 4.1 4.2 4.3 4.3 
Annual total [kWh/sq.m] 
2250 2271 2291 2309 2326 2341 2354 2366 2377 2366 2393 2398 2402 2404 240S 

Number of missing days:-
jan feb mar apr may jun iul aug sep oct nov dec 

0 0 2 1 0 1 4 

The Effect of Tilting the Axis of an 
E->W Tracking Linear Concentrator 

at Sede Boqer (1988 data base) 

__„ 
/ 
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£ 
/_ 
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r 1 
10 20 

Axil Tilt Angl . [d.g] 
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Monthly incident beam radiation on tilted east-west trackers [kWh/sq.m/day] 
with incidence angle modifier 

Sde Boqer 1989, Latitude = 30°S2'N, Longitude = 34°-?7'E 
ilt 0° 2° 4° 6° 8° 10° 12° 14° 16° 18° 20° 22° 24° 26° 28° 
jan 2.8 2.9 3.0 3.0 3.1 3.2 3.2 3.3 3.4 3.4 3.5 3.5 3.6 3.6 3.7 
feb 4.4 4.5 4.5 4.6 4.7 4.8 4.9 4.9 5.0 5.0 5.1 5.2 5.2 5.3 b.3 
mar 5.2 5.3 5.4 5.4 5.5 5.5 5.6 5.7 5.7 5.7 5.8 5.8 5.9 5.9 b.y 
apr 6.6 6.6 6.7 6.7 6.8 6.8 6.8 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9 
may 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.4 7.4 7.3 7.3 7.2 7.2 
jun 9.1 9.1 9.1 9.1 9.0 9.0 9.0 8.9 8.9 8.8 8.7 8.7 8.6 8.5 8.4 
jul 9.3 9.3 9.3 9.3 9.3 9.3 9.3 9.2 9.2 9.1 9.0 9.0 8.9 8.8 8.7 
aug 8.2 8.3 8.3 8.4 8.4 8.4 8.5 8.5 8.5 8.5 8.4 8.4 8.4 8.3 8.3 
sep 7.3 7.3 7.4 7.5 7.6 7.6 7.7 7.8 7.8 7.9 7.9 7.9 8.0 8.0 8.0 
oct 5.0 5.1 5.2 5.3 5.3 5.4 5.5 5.5 5.6 5.7 5.7 5.8 5.8 5.9 5.9 
nov 4.1 4.2 4.3 4.5 4.6 4.6 4.7 4.8 4.9 5.0 5.1 5.1 5.2 5.3 5.3 
dec 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.8 3.9 4.0 4.0 4.1 4.2 4.2 

Annual total [kWh/sq.m] 
2207 2231 2253 2274 2292 2308 2322 2335 2345 2353 2359 2364 2367 2368 2368 

271 

Number of missing days:-
j an feb mar apr may jun 

0 
jul 
0 aug 

2 
sep 
1 

oct 
0 nov 

1 
dec 
4 

Annual Improvement due to Axis Tilting 
(Including Incidence angle modifier) 

Sede Boqer (1989 data bate) 

s' 
7 7 

/ 

. z._ 
. / 
. / 
J 

10 20 

Axis Tilt Angl. [d . B ] 
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tfonthly incident beam radiation on tilted east-west trackers [kWh/sq.m/day] 
Almeria 1989, Latitude = 36°51'N, Longitude = 2°26'W 

Tilt 
jan 
feb 
mar 
apr 
may 
jun 
jul 
aug 
sep 
oct 

2.1 
2.9 
4.5 
5.9 
5.6 
6,3 
7.0 
5.3 
4.3 
3.8 

2.2 
3.0 
4.6 
6.0 
5.6 
6.3 
7.0 
5.3 
4.3 
3.8 

2.2 
3.1 
4.7 
6.0 
5.6 
6.3 
7.0 
5.3 
4.4 
3.9 

6° 
2.3 
3.1 
4.7 
6.1 
5.6 
6.3 
7.0 
5.4 
4.4 
4.0 

2.3 
3.2 
4.8 
6.1 
5.7 

10° 12° 
2.4 
3.2 
4.9 
6.1 
5.7 
6.3 
7.0 
5.4 
4.5 
4.1 

2.5 
3.3 
4.9 
6.2 
5.7 
6.3 
7.0 
5.4 
4.5 
4.2 

14° 
2.5 
3.4 
5.0 
6.2 
5.7 

16° 18° 
2.6 
3.4 
5.0 
6.2 
5.7 
6.3 
7.0 
5.5 
4.6 
4.3 

2.6 
3.5 
5.1 
6.2 

4.3 

20° 
2.7 
3.5 
5.1 
6.2 
5.7 
6.2 
7.0 
5.5 
4.7 
4.4 

22° 
2.7 
3.6 
5.2 
6.3 
5.7 
6.2 
7.0 
5.5 
4.7 
4.4 

24° 
2.8 
3.6 

26° 28° 
2.8 
3.7 
5.2 
6.3 
5.6 
6.1 
6.9 
5.5 
4.7 
4.5 

2.0 2.1 2.2 2.2 2.3 2.3 2.4 2.4 2.5 2.5 2.5 2.6 2.6 2.7 
dec 1.7 1.8 1.8 1.9 1.9 2.0 2.0 2.1 2.1 2.2 2.2 2.3 2.3 2.4 

2.9 
3.7 
5.2 
6.3 
5.6 
6.1 
6.9 
5.4 
4.7 
4.6 
2.7 
2.4 

Annual total [kWh/sq.m] 
1565 1583 1600 1616 1632 1646 1659 1671 1682 1691 1700 1707 1713 1718 1722 
Number of missing days:-
jan feb mar apr may jun jul 
1 0 0 0 0 8 0 aug 

1 
sep 
1 

oct 
1 

nov 
0 

dec 
0 

The Effect of Tilting the Axis of an 
E->W Tracking Linear Concentrator 

at Almeria (19B9 data base) 

S* 
71 

/ 

7 
7 

7 
" 7 7 X X 

10 20 
Axis Tilt Angle [dsg] 

5* 



Monthly i n c i d e n t beam r a d i a t i o n on t i l t e d e a s t - w e s t t r a c k e r s [kwh/sq .m/day] 
w i th i n c i d e n c e ang le m o d i f i e r 

Almeria 1989, L a t i t u d e = 36°51 'N, Long i tude 

T i l t 12° 16° 18° 20° 

jan 1.9 2.0 2.1 2.2 2.2 2.3 2.4 2.4 2.5 2.6 2.6 2.7 2.7 2.8 2.8 
feb 2.8 2.9 3.0 3.0 3.1 3.2 3.2 3.3 3.3 3.4 3.4 3.5 3.5 3.6 3.6 
mar 4.4 4.5 4.6 4.6 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2 
apr 5.8 5.9 5.9 6.0 6.0 6.1 6.1 6.1 6.2 6.2 6.2 6.2 6.2 6.2 6.2 
may 5.5 5.5 5.6 5.6 5.6 5.6 5.7 5.7 5.7 5.7 5.6 5.6 5.6 5.6 5.5 
jun 6.2 6.2 6.3 6.3 6.3 6.3 6.3 6.3 6.2 6.2 6.2 6.1 6.1 6.0 6.0 
i"l 6.9 6.9 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 6.9 6.9 6.9 6.8 6.8 
aug 5.2 5.2 5.3 5.3 5.3 5.4 5.4 5.4 5.4 5.5 5.5 5.5 5.4 5.4 5.4 
sep 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.7 
oct 3.6 3.7 3.8 3.9 3.9 4.0 4.1 4.1 4.2 4.2 4.3 4.4 4.4 4.4 4.5 
nov 1.9 2.0 2.1 2.1 2.2 2.2 2.3 2.3 2.4 2.4 2.5 2.5 2.6 2.6 2.6 
dec 1.5 1.6 1.7 1.7 1.8 1.9 1.9 2.0 2.1 2.1 2.2 2.2 2.3 2.3 2.4 

Annual t o t a l [kwh/sq.m] 

1526 1547 1567 1586 1603 1620 1634 1648 1659 1669 1678 1685 1691 1695 1698 

Number of m i s s i n g d a y s : -
jan feb mar ap r may jun j u l aug sep o c t nov dec 

1 0 0 0 0 8 0 1 1 1 0 0 
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Annual Improvement due to Axis Tilting 
(Including Incidence angle modular) 

Almeria (1989 data base) 

S* 
7 f1 

y 
/ 

f 
? 7 1 

Axl» Tilt Angla [dig] 



few"' ' t - ^ J 

274 

SITEi SHE BOBER 
VEARi 1989 
U T I 1 U E 30 .9 '« 
LONGITUDE 34.8 'E 

S O - * RADIATION ON VARIOUS TRACKIN6 AM) STATIONARV P L A * SURFACES 
(ASSUESi ISOTROPIC SKY MODEL, GROUND ALBEDO > 0.30) 

CKHt/Sa.R/OAYl 

HMK 
( T i l TRAOCINB 

I2-AIES] 
BEAD DIFF TOTAL 

POLAR HUNT 
CI - AXIS! 

BEAK DIFF TOTAL 

N-SAIIS 
CI - AXIS) 

BEAK DIFF TOTAL 
E-M AXIS 

I I - AXIS] 
EEAK DIFF TOTAL 

TILT-LATITUDE 
WM-TRACKle 

BEAU DIFF TOTAL 
HORIZONTAL 

KN-TRAKINS 
BEAH DIFF TOTAL 

1/198! 4.0B 0.89 9.20 3.82 1.03 4.98 2.93 1.04 4.09 3.39 0.93 4. S3 3.06 1.12 4.24 1 .90 1.20 3.10 
2/19Q9 5.63 1.11 7.03 3.48 1.21 6.B3 4.51 1.23 5.90 4.48 1.19 5.88 4.26 1.33 5.68 3.00 1.43 4.43 
3/1999 5.97 1.64 7.90 5.9S 1.68 7.89 S.36 1.75 7.31 4.46 1.83 6.44 4.4! 1.87 6.42 3.68 2.01 5.70 
4/19B9 6.94 2.07 9.28 6.86 1.97 9.18 6.66 2.10 9.00 5.14 2.S5 7.56 4.99 2.25 7.40 4.81 2.42 7.23 
5/1989 7.62 1.93 9.90 7.21 1.79 9.40 7.52 1.94 9.70 5.69 2.17 7.90 4.98 2.07 7.21 5.51 2.23 7.74 
4/1989 9.24 1.46 10.96 8.50 1.33 10.28 9.13 1.47 10.85 6.97 1.64 8.65 5.69 1.58 7.44 6.71 1.70 8.41 
7/1989 9.46 1.20 10.92 8.82 1.10 10.36 9.35 1.21 10.81 7.13 1.37 8.53 6.02 1.32 7.52 6.89 1.42 8.31 
8/1989 8.53 1.26 10.06 8.30 1.18 9.B6 8.32 1.27 9.83 6.33 1.46 7.84 5.92 1.39 7.47 6.06 1.50 7.S6 
9/1989 B.OO 1.11 9.41 7.98 1.10 9.39 7.41 1.15 8.78 5.99 1.28 7.39 5.95 1.27 7.36 5.26 1.37 6.63 

10/1989 6.15 1.20 7.64 6.06 1.27 7.55 5.14 1.30 6.63 4.81 1.30 6.32 4.68 1.41 6.i9 3.49 1.52 5.01 
11/1999 5.B7 0.79 6.94 5.S5 0.90 6.61 4.30 0.90 S.35 4.89 0.84 5.96 4.47 0.99 5.54 2.B7 1.06 3.93 
12/1989 4.93 0.76 5.01 4.42 0.89 5.43 3.28 0.89 4.28 4.07 0.79 S.10 3.60 0.97 4.64 2.13 1.04 3.17 

TOTAL RADIATION FOR THE YEAR 1989 CKW/SQ.H/YEAR] 

2504 470 3072 2402 470 2976 2250 495 2817 1928 522 249S 1766 535 2346 1593 575 2168 

AVG. INPUT COMPONENTS ON A TOTAL . RADIATION ON TOTAL RADIATION ON TOTAL RADIATION ON 
MONTH DATA S-f ACIM3 SURFACE VERTICAL SURFACES 60 DEE INCLINED PLANES 30 DEB INCLINED PLANES 

BEAH GLOB CT BEAN DIFF REFL S N N E S N N E S N N E 

1/1969 
2/1989 
3/1989 
4/1989 
5/1989 
6/1989 
7/19S9 
8/1989 
9/19B9 

10/1989 
11/1989 
12/1989 

4.08 3. 
S.63 4. 
5.97 5. 
6.94 7. 
7.62 7. 
9.24 8. 
9.46 8. 
8.53 7. 
8.00 6. 
6.15 5.i 
5.87 3. 
4.80 3. 

10 0.53 
43 0.62 

.70 0.65 

.23 0.71 

.74 0.64 
41 0.73 
31 0.73 
56 0.71 
63 0.71 
01 0.66 
93 0.64 
17 0.57 

2.79 
3.29 
2.47 
1.73 
0.76 
0.46 
0.68 
1.52 
2.79 
3,27 0. 
3.92 0, 
3.47 0. 

1.60 0.46 
71 0.66 
.01 0.65 
.21 1.08 
12 1.16 
85 1.26 
71 1.25 
75 1.13 
68 0.99 
76 0.75 

0.59 
0.47 

3.66 1.96 
4.67 2.74 
4.33 3.47 
4.02 4.17 
3.04 4.33 
2.57 4.81 
2.64 4.75 
3.40 4.33 
4.47 3.96 
4.78 3.00 
5.04 2.41 
4.46 2.07 

1.07 2.08 
1.38 2.88 
1.B6 3.52 
2.33 4.24 
2.5B 4.44 
2.77 4.52 
2.48 4.39 
2.03 4.17 
1.69 3.72 
1.51 3.19 
1.12 2.52 
1.(0 2.02 

4.50 2.44 
5.75 3.49 
5.92 4.49 
6.24 5.50 
5.48 5.77 
5.25 6.42 
5.40 6.34 
5.95 5.77 
6.57 5.21 
6.09 3.89 
5.92 3.09 
5.0B 2.62 

1.13 2.63 
1.40 3.64 
1.99 4.53 
3.30 5.60 
4.61 5.92 
5.43 6.13 
5.00 5.99 
3.53 5.60 
1.86 4.93 
1.S2 4.09 
1.09 3.23 
1.02 2.56 

4.22 2.B6 
5.66 4.09 
6.42 5.31 
7.41 6.66 
7.25 7.10 
7.49 7.84 
7.57 7.76 
7.50 7.01 
7.36 6.23 
6.18 4.61 
5.52 3.63 
4.61 3.01 

1.50 2.99 
2.40 4.22 
3.95 5.33 
5.72 6.73 
6.7B 7.20 
7.67 7.61 
7.38 7.49 
6.11 6.90 
4.5B 6.03 
2.92 4.76 
1.67 3.73 
1.27 2.96 

TOTAL RADIATION FOR THE TEAR 1989 [KNH/SB.H/YBRl 

2504 2168 823 288 325 1436 1279 664 1269 2072 1676 973 1670 2348 2013 1584 2007 

NUMBER OF NISSIN6 DAYS 
JAN FEB MAR APR MAY JUN JUL AUB SEP OCT NOV DEC 

0 0 0 2 3 0 0 2 1 0 1 4 
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SITEl MJERIA 
VEMi 1969 
LATITUDE 36.8'K 
W6ITUTE 2.4'« 

SOLAR RADIATION ON WKIDUS TRAOCIK3 MO STATIONARY PLANE SURFACES 
(ASSIES: ISOTROPIC SKY MOB., GROUND ALBEDO • 0.30) 

UW/S9.H/DAY1 

FULL TRACKING FOUR (OKI N-B AXIS E-NAXIS TILT^ATITUDE HORIZONTAL 
IWTH [ 2 - A X E S ] [ - A X I S ] [1 - AXIS] C -AXI81 KM-TRAOCMB KM-TRAKIJ6 

BEAK DIFF TOTAL BEAU DIFF TOTAL BEAU DIFF TOTAL BEAM DIFF TOTAL BEAN OUT TOTAL CAM DIFF TOTAL 

1/1989 3.31 0.59 4.09 3.09 0.70 3.89 2.11 0.70 2.90 2 . 8 8 0.62 3.66 2.60 0.75 3.43 1.37 0.84 2.21 
2/1989 3.92 0.79 4.93 3.B3 0.87 4.85 2.93 0.90 3.95 3.22 0.84 4.24 3.09 0.96 4.14 1.96 1.07 3.01 
3/1989 5.34 0.9S 6.54 5.32 0.97 6.52 4.54 1.02 5.71 4.12 1.07 5.35 4.10 1.10 5.33 3.12 1.22 4.34 
4/1989 6.13 1.40 7.78 6.04 1.33 7.69 5.78 1.44 7.43 4.38 1.62 6.07 4.19 1.53 5.B9 3.95 1.70 5.66 
5/1989 5.75 1.69 7.65 5.47 1.52 7.35 5.59 1.70 7.49 4.27 1.90 6.23 3.78 1.77 5.73 4.06 1.97 6.02 
6/1989 6.35 1.92 8.49 3.84 1.70 7.96 6.25 1.93 8.39 4.87 2.14 7.(6 4.00 1.98 6.19 4.69 2.20 6.B9 
7/1989 7.11 1.73 9.08 6.64 1.55 8.62 6.97 1.75 8.94 5.40 1.95 7.40 4.60 1.82 6.63 5.19 2.02 7.21 
8/198! 5.50 1.7S 7.4B 5.33 1.62 7.30 5.27 1.79 7.25 4.16 1.98 6.20 3.88 1.86 5.92 3.89 2.06 5.95 
9/1989 4.67 1.34 6.24 4.65 1.33 6.23 4.17 1.42 5.76 3.4B 1.51 5.11 3.46 1.50 5.10 2.88 1.66 4.54 

10/1969 4.7B 0.84 5.86 4.71 0.90 5.79 3.76 0.94 4.84 3.81 0.91 4.90 3.71 1.00 4.B2 2.51 1.11 3.62 
11/1989 2.93 0.72 3.84 2.80 0.84 3.74 2.01 0.85 2.95 2.49 0.75 3.41 2.32 0.91 3.29 1.32 1.01 2.33 
12/1989 2.B1 0.47 3.43 2. SB 0.56 3.22 1.70 0.56 2.34 2.47 0.48 3.10 2.20 0.61 2.86 1.09 0.67 1.77 

TOTAL RADIATION FDR THE YEAR 1989 ttW/SO.H/YEARl 

1785 432 2297 1714 423 2228 1557 457 2070 1387 481 1910 1277 481 IBM 1098 534 1632 

AVG. iwur COMPONENTS O N A TOTAL RADIATION ON TOTAL RADIATION ON TOTAL RADIATION « 
MONTH DATA S-fACINS SURFACE VERTICAL SURFACES 60 DEB IWUNB FLAMES 30 DEB N U N S ) PLANES 

BEAD GLOB KT BEAD DIFF REFL S N N E S 8 N E S N N E 

1/1989 
2/I9B9 
3/1989 
4/1989 
5/1989 
6/1989 
7/WB9 
8/1989 
9/1989 

10/1989 
11/1989 
12/1989 

3.31 2.21 0.45 
3.92 3.03 0.49 
5.34 4.34 0.54 
6.13 5.66 0.57 
5.75 6.02 0.54 
6.35 6.89 0.53 
7.11 7.21 0.63 
5.50 5.95 0.58 
4.67 4.54 0.52 
4.78 3.62 0.53 
2.93 2.33 0.45 
2.81 1.77 0.41 

2.52 0 
2.53 0 
2.67 0 
1.75 0 
1.02 0 
0.69 1 
0.98 1. 
1.34 1, 
1.93 0. 
2.84 0, 
2.09 0, 
2.20 0. 

.42 0.33 

.53 0.45 

.61 0.65 

.85 0.85 

.98 0.90 

.10 1.03 
,01 1.08 
.03 0.89 
.83 0.68 
55 0.54 
50 0.35 
34 0.26 

3.27 1.40 
3.52 1.82 
3.93 2.48 
3.45 3.05 
2.90 3.16 
2.82 3.47 
3.07 3.94 
3.26 3.24 
3.44 2.60 
3.94 2.18 
2.95 1.45 
2.81 1.07 

0.75 1.47 
0.99 1.99 
1.26 2.80 
1.76 3.91 
2.05 3.B3 
2.45 4.23 
2.35 4.11 
1.98 3.59 
1.52 2.99 
1.10 2.40 
0.85 1.54 
0.60 1.24 

TOTAL RADIATION FOR THE YEAR 1989 CKHH/SO.K/YEAR] 

1785 1632 685 267 245 1197 910 53B 1038 

3.66 1.78 
4.20 2.35 
5.11 3.24 
5.16 4.01 
4.74 4.24 
4.92 4.72 
5.34 S.31 
5.06 4.31 
4.70 3.37 
4.82 2.78 
3.41 1.84 
3.09 1.37 

0.79 1.83 
1.03 2.53 
1.24 3.60 
2.23 4.94 
3.22 4.98 
4.19 5.62 
4.03 5.48 
2.83 4.74 
1.63 3.81 
1.10 3.02 
0.93 1.94 
0.64 1.55 

3.27 2,05 
4.02 2.78 
5.26 3.91 
5.98 4.94 
5.91 5.29 
6.46 5.99 
6.89 6.56 
6.05 5.34 
5.10 4.07 
4.70 3.30 
3.18 2.17 
2.71 1.60 

0.87 2.11 
1.52 2.90 
2.59 4.17 
4.28 5.63 
5.04 5.B5 
6.07 6.68 
6.16 6.69 
4.77 5.64 
3.17 4.40 
1.88 3.48 
1.14 2.23 
0.67 1.74 

1198 728 1341 1813 1463 1164 1569 

NUMBER OF HISSING DAYS 
JAN FEB I W APR l*W J l * JUL AUG SEP OCT NOV BEC 

2 O 0 1 1 II 0 1 3 1 1 0 
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AN INVESTIGATION INTO THE POSSIBILITY 
OF SUPPRESSING THE DEPOSITION OF DUST 
ON THE COLLECTORS OF SOLAR POWER STATIONS. 

A COMPUTERIZED SYSTEM FOR SURFACE STUDIES• 

S.Biryukov, A.Goldfeld 

Ben-Gurion National Solar Energy Center, 
The Jacob Blaustein Institute for Desert Research, 
Ben-Curion Universi t\i of the Negev, Sede Boqer Campus, Israel 

The accumulation of dust on the collector surfaces of solar 
power stations causes the reduction in their energy output. 

Regular cleaning of mirrors with de-ionized water is very 
expensive for large scale systems in arid and semi-arid zones. 

We started investigations of repulsive forces of various 
origin for developing of effective surface protection. 
The main parameter which determines interaction of airborne 
particle with surrounding media and with the surface is its 
size. 

So, the main quantitative measure of any kind of surface 
protection or/and cleaning must be its efficiency e vs particle 
size 6. 

v - v 
Here £ - , and v and v are particle accumulation 

o 
rates, without and with protection, respectively. 

The practical effect may be estimated as relative gain in 
a specular reflectivity. 

For such measurements we developed a computerized sv.stem 
based on a microscope (shown in Fig.l). 
Video Microscope "MonoZoom-7" from Cambridge Instruments 
keeps focus when magnification changes 7 times and provides 
a possibility of experiments under direct observation due to 
a large space between its objective and a sample. 



) « l - « -

For data processing special software was developed which 
fits our studies. Its first version "Zoom" is a C++ code for 
Windows 3.0. Its main functions are : 
Picture visualization (with possibilities of pseudocoloring); 
Calculation of pixel brightness frequency distribution 
(amplitude characteristic); Background subtraction and 
Contrasting; Particle recognition; "Zoom"-window; 
Cursor-coordinatograph; 
Comparator of Pictures - logical separation of "remained", 
"blown away", and "new" particles; 
Production of "combined" pictures 

(An "exposition" of N pictures; a picture with "blown" 
particles only; with slightly shifted particles; 
with "newcomers" only); 

Scaling; 
Particle areas and diameters Frequency Distribution; 
Printing out of results. 

Figures 2-3 give examples of system application • 
Fig.2 - regular use of Pixel Brightness Distribution (PBD) 

for background subtraction, 
Fig.3 - result of a "dust-protection" experiment 

( v (<5), v{6) and £(<5) ). Decoagulation of clusters 
results in negative e for <5 ~ 5 pm. 

This system provides a possibility of quantitative 
studies of particles with size 3+4 A/m and higher on the mirror 
surface. It is a perfect tool for visual studies of processes 
on the surface also. 
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Multiple time constants of pyrheliometers and how to correct for them 
when measuring rapid changes in direct beam insolation. 

0. Feuermann and A. Zemel 
Center for Energy and Environmental Physics, 

The Jacob Blaustein Institute for Desert Research, 
Ben Gurion University of the Negev, Sede Boqer Campus 

(Contribution to the 5th Symposium on solar electricity production, 
Sede Boqer. Israel) 

This study is carried up as part of a large scale project to 
investigate the time-space correlations of solar radiation. The 
importance of a proper description of the rapid changes in solar 
radiation intensity during very short time intervals is widely 
recognized. At the same time, it has also become clear that standard 
thermal solar sensors are not well suited for Instantaneous radiation 
measurements due to their thermal inertia. An example of this effect is 
displayed in Figure 1, in which the response of a Normal Incidence 
Pyrheliometer (NIP) operated at the Ben Gurion National Solar Energy 
Center at Sede Boqer is compared with the actual variations in the 
direct beam radiation incident at the same time. To obtain the latter 
data, we have constructed another tracking instrument, subtending the 
same solid angle covered by the NIP, but with its sensitive element 
replaced by a fast responding solar cell. The two instruments were 
operated side-by side, and their relative calibration was determined 
during periods of stable radiation intensity. For a short period after 
calibration, the differnt wavelength response of the solar cell has a 
negligible effect, so the latter instrument can serve as a reliable 
reference to test the NIP response. 

It is clear from Figure 1 that the NIP fails to follow the rapid 
Intensity variations, its response lagging behind the actual radiation 
curve. Evidently, some procedure to correct the delayed response of 
such instruments is necessary. The well-known Suehrcke correction 
scheme [1] is applicable only to systems characterized by a single time 
constant. However, for Eppley's NIP our response measurements show 
three components with distinct characteristic times. This is evident in 
Figure 2, in which the measured NIP response the a step input is 
compared to results of a nonlinear fit program with one. two and three 
components. While all the curves practically coincide with the measured 
response for the early phase of the decrease (t<10 s, not shown in the 
figure), the single exponential curve falls to follow the tail of the 
response and even the two component fit exhibits significant deviations 
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The curve corresponding to three exponentials provides an accurate 
description of the NIP response, and attempts to increase the number of 
parameters do not provide any new time constants. The following values 
for the three time constants and the relative intensities of the 
corresponding components have been obtained in this way: ti = 1.96±0.01, 
11.811.2 and 270±30 s and a, = 0.962±0.004, 0.02S±0.003 and 
0.0l3iu.001S. Similar components have been observed for other thermal 
sensors [2-43. 

A numerical scheme to correct for the delayed response of instruments 
uith any number of time constants has been developed [5], and applied to 
the measured response of the NIP. Examples of the performance of this 
scheme are presented in Figures 3 and 4, which compare the delayed 
instrument's response with the reconstructed driving signal for a step 
input and a fast periodic input, respectively. Since it is our aim to 
verify that the effect of the longer components is well accounted for, 
ue have arbitrarily enlarged the coefficients of these components and 
simulated an hypothetical instrument characterized by a, = 0.6, 0.3 and 
o.i. Even with t.nese enlarged coefficients, the delay due to the long 
components is .-amoved and the reconstructed full solution is hardly 
distinguishable from the actual input. 
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ONGOING SILICON SOLAR CELL TECHNOLOGY INVESTIGATIONS 
AT THE JERUSALEM COLLEGE OF TECHNOLOGY 

J. Ma,ndelkorn, J. Broder, L. Krein. n, and N.P. Eisenberg 

ihlFUplJiLLIjaN 

The- 'jeneral objective of the Jerusalem College of Technology solar 
c<;i 1 program is to create facilities and to investigate technology 
for 5 11 icon solar cell fabrication. A specific goal of the 
program is to fabricate a high concentration solar cell having an 
efficiency above 20'/. and a lifetime of 30 years, at a cost 
suitable for economical generation of electric peaking power. 

It i^ recognized today that cell efficiencies above 20/1 can only 
be achieved by reducing power losses caused by minority carrier 
recombination at the cell surfaces and beneath the cell contacts. 
Tuo different approaches to accomplish surface passivation Are: 
use of a silicon diox Je layer on the cell surface; forming a 
back surface field, BSF, within the cell. At present, silicon 
dioxide passivation shows instabilities and achieving a 30 year 
lifetime with this approach is problematical and doubtful. On the 
other hand, bad; surface fields, as presently made, are leas 
effective than silicon dioxide in reducing surface losses. 

The investigations at the Jerusalem College of Technology AYE 
based upon: 
1. Improving the performance of the BSF". 
2. Substituting Aluminum Oxide for silicon dioxide to achieve 

more stable surface passivation. 
Emphasis is placed on the BSF approach because there is no 
question about long term reliability using the bl'f for 
passivat ion. 
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DESCRIPTION OF INVESTI6ftTIONS 

THE fll+B BSF 

A modified BSF fabrication process, the aluminum + boron buried 
BSF, is undergoing investigation at the Jerusalem College of 
Technology. This process evolved from the invention and 
development of the BSF cell in the 1'370's1. 

The lirat BSF cells were made as shown in Fig. 1. An N* 
diffused layer with its corresponding diffusion oxide was formed 
on one surface of a silicon wafer; then a layer of pure aluminum 
was formed on the opposite surface by vacuw.n evaporation. The 
wafer was heated in a diffusion furnace at a temperature of 800°C 
for 4 hours; the aluminum alloyed anci diffused into the back 
surface of the wafer, forming a BSF. This process yielded cells 
with high minority carrier base lifetimes; presumably the molten 
aluminum formed during heating "gettered" undesirable impurities 
from the silicon. However, the process had a fundamental 
limitation, the comparatively low solubility of aluminum in 
si 1 icon. 

Since boron has a higher solubility than aluminum in silicon, 
boron diffusion was substituted for aluminum diffusion, as shown 
in Fig. 2 1 . In this process, diborane gas is flowed over the 
back surface at a temperature of 1000"C for a time of one hour. 
It was found that the borer: diffusion process badly degraded the 
base minority carrier lifetime of cells, presumably because of 
undesirable impurities in the diborane. 

Thereafter, a combination of the two processes was made 2, as 
shown in Fig. 3, in the hope that the molten aluminum formed 
during the high temperature processing would remove (segregate) 
the undesirable impurities in the diborane. The environmental 
conditions for formi.ig the Al+B BSF result in the diffused back 
surface region, w:thin the silicon wafer, being covered by a 
heavily doped, oxiued, silicon layer which probably aliso contains 
hydrogen. To differentiate thii 1<SI- from the standard BSF, we 
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hewn cier.i t i n a t p d i t a " b u r i e d BSF", BBSF. The method was 

s. i ' . e ss i f u l in t h a t v s r y h igh m i n o r i t y c a r r i e r base l i f e t i m e s as 

wr>l ! as v t ' r y h igh o p e n - c i r c u i t v o l t a g e s were reproduc i b l y a c h i e v e d 

i l - h i e 1 ' . 

A-. ̂ enticr-cd iri the i n I r oduc t i on , the present standard method of 
t-'.r T ••rmation, which uses only aluminum, does not reduce surface 
1 •:•• -.us '̂f cells adequately. However, the Al+B BSF is superior to 
fi" r.l-only BSF, and has the advantage of long-term reliability 
•: Tiii/ired to silicon dioxide. 

The .'i !' approach is to investigate variations of the conditions of 
tin- •! \i'ii r.f the buried BSF so as to optimize cell performance. 
Design? using the buried BSF on front surfaces and beneath 
con'.i.cts will also be investigated. 

The 'it", ond technology effort at the JCT is the formation of 
efft -tivp, citable, aluminum oxide passivation for cells. Effective 
pacciv^t icn is critically dependent on the means and method used 
to f.-ii-m the passivation layer. It has been 
demonstrated that aluminum oxide can passivate silicon surfaces 
and aluminum oxide passivation appears to be stable. However, 
much worh needs to be done to optimize aluminum oxide passivation 
and then test its stability. This work is underway at the 
Jerusalem College of Technology. 

In conclusion, the new method of BSF fabrication can result in a 
reliable, effective means of reducing surface losses of solar 
cells, replacing silicon dioxide. 

Aluminum oxide is a contendor for surface passivation worthy of a 
technological study. 

The Jerusalem College- of Technology efforts are based upon these 
premlses. 
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DSG WORKSHOP 

chaired by 

Irving Spiewak 
Ministry of Energy and Infrastructure 

Spievak: The purpose of this workshop is to discuss what are the important 
questions that should be answered by the Direct Steam Generating facility 
and whether they appear to be adequately covered by the proposed project 
that is being set up here at Sede Boqer. In particular, we should like to hear 
about new suggestions that may not have been considered when the project 
was first planned. To begin with I would like to call upon Eldad Dagan and 
Juha Ven to review the chief items from the papers they gave two days ago. 
The floor will then be open for anyone who wants to ask clarifying questions. 
After the coffee break we shall invite suggestions from the floor. 

Dagan (Reviewed the paper printed in full in these proceedings) 

Ven (Reviewed the paper printed in full in these proceedings) 

Spievak: Before starting the discussion does anyone wish to ask any 
clarifying questions? 

Roy: What are the physical dimensions of the LS-4 collectors we are talking 
about? 

Ven: The Sede Boqer project employs LS-3 collectors (originally designed, 
and currently used in California for oil heating) that have been modified for 
the steam project. Each unit consists of six tubes and each tube is about 4m 
in length. The tilted units in each line are separated from one another by 
about 3m. 

Spievak: I have a question about the 6 tubes you propose to instrument for 
temperature measurement. Can you be a little more specific about the 
location of the sensors? 

Ven: In the horizontal sections temperatures will tie measured every 50cm 
along the tubes. At each location there will be 4 sensors: one on either side 
of the tube, one underneath and one on top. The sensors will be embedded 
in the steel inner tube with connecting wires in the vacuum space. Perhaps 
Eldad would like to add something about the instrumentation of the tilted 
sections. 

Dagan: We also have 6 tubes with temperature sensors similarly located to 
those mentioned by Juha . We have not yet made a final decision as to where 
these tubes will be located. Presumably, they would be placed near the ends 



ot !; rows - where there is a concern that dry-out may be occurring, rather 
1t,,.ii .ii places where there would always be liquid present. But we are open 
(o •-•.'"Hcstions from the experts. 1 might arid that, based upon Dave 
Kc ..; .ley's report about differences of only some 15% between the efficiency 
of vacuated tubes and those with air in them, it may be worthwhile to 
pro.'ucc some additional instrumented tubes with moveable glass sleeves 
tii .1 would enable us to add thermocouples at will. 

Yoft-v: ! did not understand this 15% you mention. 

Dagan: Non-evacuated tubes lower the field efficiency by 15%. If we 
deliberately insert one or two such tubes into our test loop they will have a 
in-;.Heinle effect on the system performance, affecting, if at all, the heat 
t.-;ci.-!'.-r within these elements themselves. 

Feiman: The kind of non-evacuation that has been assessed is air infiltration. 
!:i M:hk Koltuns lecture, yi s'-rday. we learned of peculiar effects the 
Soviets noticed in space, caused by the chemical decomposition of polymers. 
'Hie insulated sleeves of al! of your thermocouples .nay cause similar effects 
within <he vacuum tubes. 

Dagan. Tbeoe kind of mca-'iremerifs have beer, c.'i." . -d cut by Luz for many 
years and the results were always found to be in general accordance with 
our simuiatk. . pre.dirtiius. hi any event, some tests will be carried out on 
individual components oe'bre construction of the present project is 
completed so there will be ample opportunity to check that the actual 
tempera; ures are what we think we are measuring. 

Rosh: LO'V will you shield the thermocouples from incident radiation? 

Dagan: ir. the past we have found it sufficient to employ small reflc tive 
r.i<;iat'~IP shields, but in th" prtsent ease the steel inner tube is of sufflck'it 
thickness that we could, in principle, embed the thermocouples in the tube 
materirl itself. 

Faiman: In winter time, owing to the Sow solar angle at noon, a considerable 
portion of the southern-most tube in each row of a conventional SEGS plant 
is not illuminated. Similar lack of illumination occurs at the northern ends 
on summer mornings and evenings. Since the entire row is very long this, 
presumably, has only a small effect on plant performance. With tilted 
collectors, however, each row contains only 6 tubes so this kind of non-
unilbrnnty will have a proportionately larger effect. It may. in particular. 
distort your tempeiature measurements. 

Dagan: Our temperature sensors will be located some 30cm from the ends of 
the tubes. This will hopefully be far enough so as not to encounter an*-
shading problems. 
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K;.irney: I didn't quite understand the progression of tests that would be 
p< viormed on the water injection system, and the degree of super heating 
!.• lore coming into the test loop. 

Ven: We shall first test water injection in a single collector. In the second 
static two sets of injectors will be tested. We super heat by 30°C. 
Carmel: Can you tell us something about the control system: To what extent 
is it -luiomatic and to what extent will manual intervention be necessary? 

Pagan We a heady know enough, based on our Jerusalem experiments, to 
fle .̂1'11 a control system for the Sede Boqer DSG loop. This will include 
various fail -sate devices that would defocus the collectors if a critical event 
were to occur. It was also decided that the DSG and VSS loops will have 
independent control systems, the latter taking advantage of the specialized 
knowledge of BII. A certain lack of independence among the two control 
systems will, of course, be necessary since both systems employ the same 
feed water supply and it will be necessary to ensure that experiments on one 
system will not interfere • 'ith those on the other. 

Roy: Will there be sensors, or at least wells into which sensors could be 
placed in the future, that will enable temperatures to be measured for each 
tube? 

Degan: buch collector unit will have a platinum resistance thermometer. 
Since thus is a boiling system there is no need to measure the temperature 
at eacli lube. However, it may indeed be desirable to allow for DT 
measurements along each tube, during periods before steam is produced, so 
as to examine such properties as collector efficiency, etc. 

Faiman: In order to make How measurements it is proposed to cool the fluid 
down so as to be able 10 employ How meters that operate at low 
temperatures and then to re-heat the fluid electrically. Are there no 
methods of making these measurements at high temperatures? 

Hets ioni : A sc.mi-ilippani reply is that such metering is standard equipment 
in nisclcar reactors. Instruments of this kind cost about $0.5M a piece. More 
seiicusly. we started to develop a 4-phase flow meter for the oil industry: i.e. 
one that can measure the oil content of a mixture of oil, gas, sand and sea 
water. This research is not yet completed but some kind of extension to that 
project could come up with the kind of instrument you need. 

Taitel: We talked about the desirability of measuring void fraction. How will 
this be done? 

Miiller: This will be done with the densitometer we. developed a' ZSW. The 
instrument comprises a 160 keV X-ray source a i d 5 detectors which latter, 
together, cover (he entire cross-section of the pipe. Calibration is performed 
by tilling the tube uh>-. .iiively with water and with steam. Each detector 
gi\es the water density ... that part of the tube that it covers and the total 



void fraction is obtained by a suitably weighted average of the outputs from 
tin* 5 detectors. At present our test rig uses a pipe with 5mm wall 
thickness, but for the 8mm thick DSG tubes a gamma ray source will be 
necessary since a more powerful X-ray tube would be prohibitively expensive. 

Question: How much does die present densitometer cost? 

Miiller: Including only the X-ray source, the detectors, the electronics, the 
rigid support structure and the radiation shielding • about $250,000. 

Yogev: Did you consider inserting a transparent section in the steam line 
which would enable one simply and literally to "see" what is happening 
inside? 

Dagan: We did not think about this possibility but perhaps we should. 

Gordon: I'd like to understand something about the organizational structure 
for this project. Specifically, what roles will be played by the various 
institutions that are involved: Namely, BH/Solel who own the equipment, the 
Ministry of Energy who established the National Solar Energy Center, Ben-
Gurion University who run the Center, the IEA, ZSW, etc., etc. and to what 
extent will the equipment become available to scientists from the various 
universities, for scientific research after the present project is completed? 

Spievak: This is a subject that is still, to a large extent, under discussion. 
There will be single technical organization responsible for this project, i.e. 
for defining the details of the test program, for obtaining funding (from 
various sources here and abroad) and for carrying out the project. Pen-
Gurion University, in the guise of the Center staff will supply support, b< ih 
in terms of logistics and research. These personnel will be augmented from 
outside institutions as the need may arise. The roles of the IEA and the 
Ministry of Energy are largely to supply funding and overall direction. The 
actual scientific program, which is still subject to more precise definition, is 
in the hands of a technical and scientific committee. I hope this answers the 
first part of your question. 

Ven: Regarding the second part, I would like to see this expensive 
equipment remain here otter the initial test period is over so that it can 
serve as an experimental facility for future research. In fact I have already 
suggested, at the last meeting of the technical committee, that we should 
try and make as many provisions in the test rig for later experimental 
programmes. 

FOLLOWING THE COFFEE BREAK AND INSPECTION OF THE FSG FACILITY 

Spievak: I would now like to call on the audience - in particular our 
distinguished two-phase-flow specialises - to offer criticisms and suggestions 
for improving the test program that has been discussed. 
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Barnea: I believe that the following problems need to be investigated more 
thoroughly. First, it is important to check that there will be an even 
distribution of two-phase flow among the parallel tubes. II think this will be 
the case but it has not been proved]. Secondly it is important to develop a 
simplified numerical method for predicting transient flow. This will be 
needed for studying start-up, shut-down and other perturbations to the 
steady state. Third, we need to extend our flow pattern prediction models 
for handling situations in which there is condensation or evaporation. This 
may affect the transition borders in a large pipe. Fourth, interfacial sheer 
stress is, at present, an unknown parameter which might also affect the flow 
pattern transitions. 

Hetsroni: I agree that achieving a full understanding of the various flow 
regimes that can exist in the DSG pipe under various circumstances is 
indeed the major problem. Fortunately, however, there is a considerable 
amount of locally available know-how to lend a hand. Over the years I have 
been quite involved with the Luz people; Elias, also at the Technion, is a 
specialist in the kind of instrumentation needed for studies of this kind; 
and, of course, the contributions of our Tel-Aviv colleagues have been quoted 
several times during the past two days. I am less familiar with the work at 
the Weizmann and other institutions but clearly there is every reason for 
Scde Boqer to remain the focal point of this international effort. 

On a technical note someone asked me why a simple infra-red camera could 
nol be usefully employed for studying tbe flow regime. If the flow is stratified 
- which hopefully it will not be - then such a camera would indicate 
temperature differences between the bottom and top of the pipe. But for any 
of the more complex flow patterns the infra-red images would not be very 
useful. 

Taitel: To start on a personal note, my first contacts with Luz began about 5 
years ago. ( I might mention, parenthetically, that at that time I was rather 
surprised to learn that they were heating oil instead of water. In fact no one 
has ever explained to me why Luz did not employ DSG right from the start.) 
At that time they worried that severe slugging might occur but I was able to 
set their minds at rest that, owing to the high pressures and type of pipe, 
this would not happen. After this I became involved in writing a calculation 
procedure that they would be able to use for simulating the process. Now 
this brings me to what I believe is a task of prime importance that should 
accompany the experimental program we are discussing: Namely, the 
development of a - simple - computational tool for (a) interpreting the 
experimental data that will be generated by the Sede Boqer system, (b) 
enabling the system to be upgraded to larger test scales and even 
commercial plants. 

Faiman: Is there any useful information that can be extracted from the 
steeply inclined sections that link the successive 8° inclined pipes? 



Taitel: No. Such downward flow situations are sufficiently well documented 
that we think we understand everything that is happening in these parts of 
the line. 

Kroizer: In answer to Taitel's query about why we started with oil; it was 
simply because in those days the necessary technological progress had not 
been made that could enable steam to be directly produced in the collectors. 
For example, pressure was a major unsolved issue. There was no way to 
handle even 10 atmospheres not to mention 100. On the other hand oil was 
cheap in 1984 - about $1 per gallon - and all the necessary technology for 
handling it in lines was already available. We were, however, thinking about 
DSG but back in the early 1980s we could not see how such a system could 
be built in an economically advantageous manner. I might add that even at 
the time of Luz's collapse we had not taken a final decision as to what kind 
of collector tracking mechanism would be more profitable: one in which the 
(large) collector tracks around a stationary pipe or one in which they both 
track around their mutual center of gravity. 

Wolf: What would you say were the major factors that made Luz decide that 
the economics now fcvor DSG? 

Kroizer: First, the oil system was a major part of the system cost -
particularly as the move to higher temperatures forced us to use an oil 
costing more like $10 per gallon and one that was classified as an 
environmental hazard! Second was the opinion that tilting the collectors 
would not involve any added cost but would increase the collectible energy 
significantly. There were also some further possibilities of economies of 
scale by moving to yet larger collectors but the first two items were probably 
the ones that changed Luz's thinking away from continuing with oil. 

Roy: I should like to hear more about the early history of Luz. 

Kearney: Some years ago a very fine history of the computer industry was 
written by an author called Tracy Kidder. Perhaps we need someone of that 
nature to write the history of Luz's success. I emphasize the word "success" 
since, on the one hand, a very thorough analysis of Luz's ultimate failure has 
has already been written by Lotke as a Sandia report. And on the other, we 
should not forget that all 9 SEGS plants are still operating. 

Perhaps one not widely appreciated virtue of Luz was their ability to make 
strong cases at various regulatory committee hearings. Not a few decisions 
went, rather surprisingly, in Luz's favor because they were able to persuade 
the committees that such decisions would help promote the use of 
renewable energies in the United States. Unfortunately these kind of 
arguments still constitute an uphill struggle. 

Spievak: On that cautionary note it would seem appropriate to wind up our 
workshop. 
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