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1. Introduction — Solar Thermal technology

1.1 Line- and point-focus technology

Several fields of trough collectors, built by LUZ Engineering, supply electricity to
the Southern California grid. These are 30 and 80 MWe hybrid plants, which use
natural gas when the available solar power is insufficient. The next generation trough
designs would improve cycle efficiency by Direct Steam Generation (DSG) inside the
collection tubes, and other improvements of reflecting surfaces, selective coating of
the central pipe and other components. Nevertheless, the trough concentrates
sunlight in two dimensions; thus, the maximum concentration ratio which can be
reached with trough collectors is about 100 (i.e., at optimum conditions, normal solar
radiation is concentrated 100 times when it reaches the carrier tube at the trough's
focus). The concentration ratio in presently operating plants is 15-30, and working
temperature is below 400°C. This temperature is relatively low and is compatible
only with steam turbines, whose thermal efficiency is about 35%; the overall cycle
efficiency is 11% or less in existing plants. The maximum efficiency expected with the
aforementioned improvements is 15%.

A promising technology for the next decade is that of a central solar receiver
stationed on a solar tower, at the focus of an array of concentrating heliostats. In this
method sunlight is concentrated in three dimensions and much higher
concentrations may be reached (2000-10000). The high concentration available in
point-focus optics enables much higher temperatures than in line-focus technology.
Modern power generation and fuel production cycles require temperatures in excess
of 1000°C (present gas turbine inlet temperatures are up to 1350°C and soon will
reach 1500°C). To efficiently provide such power levels the concentration of sunlight
at the receiver aperture must be 5000 to 10000, i.e., 4-8 MW/m2. The ability of solar
thermal devices to reach these working conditions is a prerequisite to their
integration with efficient, state-of-the-art, industrial systems.

If the receiver was capable of operating at the temperature and pressure of
modern (aero-derivative) gas turbines, then it could be integrated with the most
efficient power cycles available (e. g. combined gas and steam turbines whose proven
thermal efficiency is over 50%). Such a plant could operate in a hybrid mode, using
the solar receiver and a combustion chamber in parallel. Natural gas would then
supplement solar power (when necessary), and with the exception of the receiver, the
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entire system would be based on industrially proven technology. Preliminary
analysis projects electricity production at an overall efficiency of 22% or more, at a
price which is comparable to that of fossil burning power plants. The carbon dioxide
emission of this plant would be about one-half that of presently operating combined
cycle plants, and NOX and SO2 emission would also be well below present standards.

Experimental solar towers have been built since the 1960's in France, Italy, Spain,
USSR (now Georgia), Japan, USA (3 facilities) and Israel (the Weizmann Institute).
The experience gained with them indicates that the central receiver is the key
component to the plant's performance.

1.2 Central Receivers for high temperature applications

The receiver absorbs concentrated sunlight and delivers its energy to a working
fluid in a thermal or thermochemical process, at high temperature (commonly 500 to
1000°C). There are two classes of central receivers, Tubular and Directly Irradiated
(also called volumetric). In a Tubular receiver the working fluid (or heat transfer
fluid) flows inside tubes located usually near the inner periphery of the receiver. The
solar radiation is absorbed in the tubes' outer surface; the enrgy is transmitted by
conduction through the tube walls and then by convection- to the fluid. The overall
resistance to heat transfer is therefore relatively high. In a Directly Irradiated receiver
the working fluid flows over an absorbing medium, on the same surface that is
irradiated by sunlight; thus the wall resistance to heat transfer is eliminated and
higher radiation fluxes can be absorbed.

The integration with a high-temperature gas turbine dictates the receiver's
operating conditions: exhaust gas temperature of 1200-1350°C, pressure of 10-25 bars
and solar concentration ratio of 5-10 thousands (i.e. energy fluxes of 4-8 MW/m2).
Although central receivers of various types were developed worldwide (mostly in
Europe and the USA) over the last twenty years, none of them could reach these
conditions and consequently they could only be used for lower efficiency, less
economical power production cycles. The latest examples of such solar driven power
cycles are:

• Solar II - a 10MWe pilot plant, which is under construction at Barstow, California.

It will heat molten salt to 500°C in a tubular central receiver to generate power for

a steam turbine.



• Phoebus - a 30MWe power plant, which is planned by a European consortium for
Jordan. It will heat air at atmospheric pressure to 700°C in a volumetric central
receiver to generate power for a steam turbine.

The efficiency of these plants is expected to be similar or slightly higher than that
of a DSG parabolic trough system (15-16%), which is considerably lower than the
projected efficiency of a solar driven combined cycle plant (22% or more).

Experience gained so far with Directly Irradiated receivers shows that they can
absorb radiation at concentrations of several hundred, at working fluid temperatures
of up to 1000°C, and pressure of up to 5 atmospheres. This is far short of the 10-25
atmospheres and the 1350°C requirements. Existing central receiver technology can
therefore supply moderate temperature at high pressure and low efficiency (tubular
receivers) or moderate temperature at low pressure and moderate efficiency (existing
volumetric receivers).

1.3 Advances in central receiver components

Three major components of a volumetric receiver determine its performance:

• A secondary concentrator, which increases the concentratidh of the light reflected
from the heliostats to that required at the receiver's aperture.

• An absorbing matrix, which absorbs the concentrated solar flux and transports its
energy to the working gas.

• A window, transparent to sunlight, which must withstand the receiver's working
pressure and temperature.

Recent.work at the Weizmann Institute indicates that the development of a
receiver capable of integrating with a combined gas/steam turbine cycle is feasible.
These three required components and their integration into a receiver are now under
development:

• Secondary concentrators, which produce concentrations ratios of 10,000 and more
have been tested at WIS over the last three years. The present mission is to tailor
them together with the heliostats field to the specific optical requirements of the
receiver/gas turbine plant.

• A novel ceramic absorber nicknamed 'Kippod' has been'tested successfully at WIS
in similar (and more demanding) conditions to those required by the combined



cycle receiver. This absorber performed between 2 and 6 times better than all other
previously known absorbers.

• A unique transparent window, shaped like a tubular frustum (truncated cone),
with excellent thermal and optical properties was recently developed at WIS
where it was tested without heating under receiver's pressure of 55 bars. This
development is especially important since all previous efforts (mostly in Europe
and the USA) to fabricate a high pressure receiver's window failed at 5 bars or less.
Thus, the window was generally considered the one component which would
forever limit the receiver performance and usefulness.

Detailed description of these research studies is provided in the Israel Ministry of
Energy and Infrastructure Project Reports RD-06-91 and RD-22-91.

2. The DIAPR (Directly Irradiated Annular Pressurized Received program

2.1 Status of the DIAPR development

The breakthrough achievements in receiver component development led to the
present joint project of Rotem and WIS, which begun in January, 1992. Over the first
year of the project a 50kWth receiver, which includes the new absorber and window
was designed and fabricated. It was tested initially at the WIS solar furnace, where
the power input was about 11 kW. These low power tests were designed primarily to
verify the window's ability to operate at the required temperature gradients and
pressure. They were conducted at a working pressure of 15-25 bars, which is similar
to that of a high temperature gas turbine. The Solar Furnace is equipped with all the
infrastructure necessary for high temperature solar tests, at a pressure of up to 32
bars. In addition, the installation of a secondary concentrator is not required.

The first DIAPR (Directly Irradiated Annular Pressurized Receiver) model is
shown in Figure 1. The receiver was designed, fabricated and assembled jointly by
Rotem and the Weizmann Institute. It has the following designed operating
conditions: nominal power of 50kWth; exhaust gas temperature of 1200-1350°C;
receiver pressure of 10-22 bars; solar flux of 4-8 MW/m at the receiver's aperture
(this flux is produced by sunlight concentration of 5-10 thousand).

Initial solar test began in July 1992 at the WIS Solar Furnace and continued until
the end of November 1992. The window was successfully tested under steep thermal
gradient and in many heating-cooling cycles, over the pressure range of 10-25 bars.
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The temperature gradients on the window exceeded those expected at full power.
The tests also indicated that some small modification of the receiver, which could be
made before the 50kW tests begin, may improve its performance.

Work on development of a numerical simulation package of the receiver energy
conversion processes continues. A two-dimensional simulation is now possible,
including approximate models for the flow, convection and radiation transfer inside
the receiver. The overall energy balances obtained from the simulation are consistent
with experimental results, although the simulation is not yet accurate enough for
detailed comparisons.

2.2 Future development

In 1993 the DIAPR will be modified, installed at the WIS solar tower, and tested at
the 50 kW level. The development and validation of a numerical model, which will
be used in the design of larger receivers will continue. The next level of development
of the DIAPR technology should be a 200-500 kW receiver, to be built and tested at
the WIS tower. A larger (1-2 MW^) receiver prototype should than be tested
together with a power block in a new, larger solar tower facility, capable of
supplying several megawatts of solar radiation. A pilot plant and an industrial plant
of about 100MW can than be constructed using a modular design containing a
number of receivers, each supplying a few megawatts to the gas turbine.

The project's objectives for the next year are:

1. Prepare a 50 to 500kW working station at the WIS solar tower and modify the
receiver for 50 kW tests.

2. Develop' a numerical receiver simulation, which would be used in future large
scale design and performance analysis.

3. Design and fabricate a secondary concentrator for the 50kW receiver, tailored to
the optical conditions at the WIS tower.

4. Start the development of an optical model for primary (i.e., the heliostats field) and
secondary concentration of sunlight, which will be used in the design of multi-
megawatt solar power stations.

5. Test and select materials, coatings and cooling techniques to be used for the
window and the optical concentrators.
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6. Develop a conceptual cycle definition and power block design including the
interfacing between the receiver, combustion chamber and turbine.

7. Conduct a preliminary system analysis for a technical-economic assessment of
multi-megawatt solar thermal installation.

3. The DIAPR tests

The DIAPR is designed for a nominal power level of 50kW. Tests with the DIAPR
were conducted at the WIS Solar Furnace, where the power input into the receiver is
about 11 kW. The power absorbed by the working gas was 6-8 kW, depending on
flow rate, solar flux and other operating conditions. These tests correspond therefore
to about 15% of the receiver's designed power level. The receiver orientation should
be at an angle of 20° or more to the horizon, since a central receiver operating in a
solar tower or with a concentrating dish would work at such angles; at the Furncae
tests, the receiver is positioned horizontally. The test conditions are therefore very
different from the DIAPR's design point, and are not indicative of its efficiency or
maximum power and temperature at full load. They were conducted mainly to
determine the performance of the window and other key^receiver components in
many heating-cooling cycles at high pressure.

Until now, 40-50 hours of experiments including over 20 heating-cooling cycles
were conducted at a pressure of 15-25 bars. Four different 2.25±0.25mm thick quartz
windows have been used so far and none of them broke during a test. The first
window was used in solar tests for about 10 hours (about 5 heating-cooling cycles)
and then broke while the receiver was idle, cold and at ambient pressure. This
window was about 10mm shorter than the designed length of 210mm; the crack
pattern indicates that it probably broke because the seal material (Klingerit) shrunk
over time to the point where the bellows was at its neutral position and could not
support the window when the receiver was not under pressure (see Fig. 1). All the
windows withstood the receiver pressure while being exposed to high temperature
and large temperature gradients.

During the tests, the working gas (CO2) is supplied to the receiver at ambient
temperature and the designated working pressure, using the closed loop system
shown in Figure 2. In the first test run the working gas contained about 10% of
methane, which was accidentally left in one of the storage tanks (see Fig. 2).
Consequently, carbon particles formed from the methane in the heated receiver and



settled on the inner surface of the window creating a black, opaque layer over most
of its area. Only a region of about 10-15% of the window's surface area, which was
located where the window temperature was highest remained transparent. The
window therefore became the main "heating element" of the receiver and was
exposed to temperature gradients which greatly exceeded those in normal operating
conditions, especially near the boundary between the transparent region and that
coated with carbon. The receiver pressure was 20 bars and the test was conducted for
over an hour. Yet, the window did not break. On the following day we used air
instead of CO2 and heated the receiver at a 20 bar pressure until nearly all the carbon
burned away; tests were then resumed according to plan.

Figures 3,4 & 5 show typical temperature distributions obtained from different
test runs at the Solar Furnace. The data shown are at steady operating conditions.
x/L is the non-dimensional distance from the receiver's aperture (L is the total
absorber length). The symbols represent temperature measurements of (i) the
working gas at the inlet and exit; (ii) the absorber's tubular ceramic elements (top
middle & bottom); (iii) the front surface of the absorber's base, near the bottom of the
tubular elements.

The horizontal position of the receiver and the relatively low flow velocity
produced strong natural convection currents and an asymmetric temperature field
inside the receiver's cavity and on the window. The receiver design provides for
circumferential control of the gas inlet. This flexibility was used to introduce all the
working gas through the upper region of the injection plate, rather than uniformly all
around. This change in the flow pattern reduced the temperature differences over the
absorber, and increased the exit gas temperature and power output, as seen in
figures 3-5. Nevertheless, the cold, heavy, inlet gas flowed down towards the lower
part of the absorber, which, therefore, was cooled more effectively than its upper
part. In general, the outlet gas temperature was 450-620°C and the absorber
temperature was 150-1100°C.

The relatively low temperatures measured in these experiments are expected to
increase substantially when the input solar power is increased from 10 kW to 50 kW.
The temperature differences over the absorber are expected to diminish, since the
effects of thermal emission at high temperatures and better control of the internal
flow pattern will both help to redistribute energy among the receiver internal
surfaces.



4. Simulation of heat transfer inside the receiver

A numerical simulation of the flow and heat transfer processes inside the receiver
is under development, based on the general-purpose CFD simulation package
PHOENICS. In addition to the built-in capabilities of this code, it is necessary to
construct several theoretical and numerical models to describe the transport
phenomena that take place in the receiver.

The penetration of incoming solar radiation into the receiver cavity was described
in a previous report (RD-22-91). The numerical approach is based on the Monte-
Carlo method. Further development of the radiation code also provides treatment of
the thermal emission from the hot internal receiver surfaces. A two-band spectral
approximation is used to reflect the sharp change in window transmissivity around
X=4.5um. The surface-to-surface radiation code is constructed as a subroutine, to be
called from the main PHOENICS simulation. The temperature distribution over the
receiver internal surfaces is passed to the subroutine from the main program; the
resulting net heat fluxes are passed back to the main simulation. The surface-to-
surface radiation module becomes therefore an interactive part of the simulation.

An example of results from a PHOENICS simulation wtth the radiation module
in place is presented in table 1. The radiation energy entering the receiver and the
temperatures of water-cooled surfaces are supplied as input to the simulation, and
the energy balance and temperatures of other surfaces are computed. Streamlines
and temperature contours are presented in figures 6 and 7, respectively.

The computed overall amount of energy transferred to the gas (9 kW) is higher
than that found in experiment under similar conditions (8.1 kW, figure 5). The range
of absorber temperatures is similar to that obtained in the experiment. The window
temperatures may be lower than expected, but there are no corresponding
measurements for comparison. Overall, the simulation gross features are fairly close
to the experimental results.

The differences between simulation and reality stem from several physical
aspects that are not yet fully implemented in the simulation. It is therefore not
possible yet to compare any details of the simulation results to corresponding details
in the experiment; only gross balances and value ranges may be compared. Examples
of physical aspects that remain to be implemented are: '
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• The simulation is still two-dimensional (axisymmetric) and cannot adequately
describe three-dimensional buoyancy-dominated flow;

• The physics of flow, convection and radiation in the spaces among the Kippod
absorber pins is only crudely represented by the current numerical models;

• The conduction and convection losses through the receiver envelope are not yet
fully represented;

• The convection between the internal surfaces and the working fluid is not yet
accurately represented.

Work is in progress on these and other features that are not yet implemented.

Table 1: Simulation results for the Solar Furnace radiation input of 11 kW,
mass flow rate 59 kg/hr of CO2, axisymmetric flow (no buoyancy).

Radiation Input

Losses

Energy to gas

Temperature range

Radiation

Water-cooled reflectors

External window jet

Other walls

Total losses

From absorber

From other walls

Total to gas

Window: min.

max.

Absorber: min.

max.

11.2 kW

0.7 kW

- 0.6 kW

0.3 kW

0.6 kW

2.2 kW

8.3 kW

0.7 kW

9.0 kW

70 °C

420 °C

300 °C

1010 °C
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Figure 1 Layout of the DIAPR (Directly Irradiated Annular Pressurized

Receiver).
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Figure 2 Flow chart of the pressurized closed loop gas supply system at the

Solar Furnace.
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Figure 6 Streamlines of flow simulalion for axisymmetric case (no buoyancy),
11 kW radiation input, mass flow rale = 0.0164 kg/s.
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Figure 7 Temperature contours of flow simulation (see figure 6 for details).
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