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ABSTRACT

This report uses experimental data to evaluate the performance of the 10
MW, Solar Thermal Central Receiver Pilot Plant receiver. Receiver performance
includes such receiver characteristics as point-in-time steady state efficiency, av-
erage efficiency, receiver life, start-up time, operations time, and operations dur-
ing cloud transients. The receiver peak steady state efficiency, calculated by two
different methods, before December 1985 was about 77%. After the receiver was
repainted in December 1985, the peak steady state efficiency increased to about
82%, near design predictions. The receiver average efficiency, although lower than
the peak by 5 to 10 percentage points, shows a similar increase after the repaint-
ing. Recelver thermal losses (radiation, convection, and conduction), calculated
by two different methods, are about 4.5-5.5 MW,. Receiver life — which includes
_ the effect of receiver start-up, operation time, operation during cloud transients,
and panel supports — is an area requiring further evaluation. Within two years
from the start of receiver operation, panel tube leaks began to occur. Receiver
panel deformations, which continue to occur, will have an adverse effect on the
receiver life.



FOREWORD

The research described in this report was conducted within the U. S. Depart-
ment of Energy’s Solar Thermal Technology Program. This program directs ef-
forts to incorporate technically proven and economically competitive solar ther-
mal options into our nation’s energy supply. These efforts are carried out through
a network of national laboratories that work with industry.

In a solar thermal system, mirrors or lenses focus sunlight onto a receiver
where a working fluid absorbs the solar energy as heat. The system then converts
the energy into electricity or uses it as process heat. There are two kinds of so-
lar thermal systems: central receiver systems and distributed receiver systems. A
central receiver system uses a field of heliostats (two-axis tracking mirrors) to fo-
cus the sun’s radiant energy onto a receiver mounted on a tower. A distributed
receiver system uses three types of optical arrangements — parabolic troughs,
parabolic dishes, and hemispherical bowls — to focus sunlight onto either a line
or point receiver. Distributed receivers may either stand alone or be grouped.

This report uses experimental data to evaluate the performance of the 10
MW,Solar Thermal Central Receiver Pilot Plant receiver. This receiver, which
has been in operation since February 1982, has provided the solar central receiver
program with the first opportunity to evaluate receiver performance over a five-
year period. After evaluating the receiver efliciency, start-up time, and operation
time, improvements were implemented which increased the receiver efficiency, re-
duced start-up times, and increased operation time. After finding receiver panel
tube leaks which reduce receiver life, modifications were made to the panels and
operation procedures to eliminate certain types of tube leaks. Comparisons be-
tween experimental results and design predictions showed agreement for steady
state efliclency, but the actual receiver life is expected to be well below the design

life.
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ILLUSTRATIONS

10 MW, Solar Thermal Central Receiver Pilot Plant
(Solar One) near Barstow, CA.

Receiver efficiency data fit line (solid line) and prediction
interval (dash lines) from the statistical method compared to the
efficiencies from the thermal loss test (®) on October 31,

1985, The two “X’s” are design values from Reference 10,

Photograph of the top portion of the receivers, showing the current
panel warpage and bowing. The radiation shields installed between

the panels protect the sides of the edge tubes from incident radiation.

Receiver performance includes several receiver characteristics
which are related.

Photograph of the Solar One receiver in operation on the top
of a steel tower. At the base of the tower is the thermal storage
tank, heat exchangers, and control building.

Drawing of the Solar One receiver on the top of the tower showing
physical dimensions and equipment locations.

Prediction of the front surface temperature (solid line) and
solar flux density (dash line) distribution for a representative
Solar One boiler panel.

Photograph of the receiver (not operating) at the 10 MW,
Solar Thermal Central Receiver Pilot Plant, Solar One,
near Barstow, CA.

Drawing of the Solar One receiver showing overall physical
dimensions and panel numbers.

Calculated receiver incident power versus calculated absorbed
power data (dots), data fit (solid line), and 95% prediction
interval (dashed lines). The two “X’s” are design values

from Reference 10.

Calculated receiver efficiency versus calculated absorbed
power data (dots), data fit (solid line), and 95% prediction
interval (dashed lines). The two “X’s” are design values
from Reference 10.

Solar absorptance measurement results from the Solar One
receiver. These values are the flat surface solar absorptance
measurements of the receiver Pyromark paint. The receiver was
repainted in December 1985 (month 48).
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Distribution of the frequency of occurrence of the receiver
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least squares analysis.

Histogram of receiver start-ups for the time period from
January 1983 through November 1985.
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(long dash line).

Receiver panel back surface temperature data during a thermal
loss test. The “x” and “+” are the two half-power data and the
“0” is the full power data.

Receiver efficiency data fit line from Figure 13 (solid line) and
efficiencies (normalized to give the same efficiency at 2 m/s) using
the Siebers (-) and Siebers and Kraabel (x) convection heat transfer
correlations.

Receiver efficiency data fit line (solid line) and prediction

interval (dash lines) from Figure 11 compared to the efficiencies
from the thermal loss test (®) on October 31, 1985. The two “X’s”
are design values from Reference 10.

Receiver efficiency data fit line (solid line) and prediction
interval (dash lines) from Figure 11 compared to the efficiencies
from the thermal loss tests (®) on March 19 and 20, 1986. The two

“X’s” are design values from Reference 10.

Clear day receiver operation data showing site insolation
(solid line), receiver outlet steam temperature (small dash

line), and number of heliostats tracking the receiver (long
dash line).

Receiver operation after start-up with intermittent cloud
transients showing site insolation (solid line), receiver
outlet steam temperature (small dash line), and number of
heliostats tracking the receiver (long dash line).
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Summary

This report uses experimental data to evaluate the performance of the 10
MW, Solar Thermal Central Receiver Pilot Plant (Solar One) receiver. Qur re-
ceiver performance evaluation included such receiver characteristics as point-in-
time steady state efficiency, average efficiency, receiver life, start-up time, oper-
ation time, and operations during cloud transients. The Solar One pilot plant,
shown in Figure 1, is located near Barstow, California and began operation in
February 1982.

Figure 1. 10 MW, Solar Thermal Central Receiver Pilot Plant (Solar One) in
operation near Barstow, California.

The receiver at Solar One sets on top of a 64 m steel tower near the center of a
surround heliostat field. Shown in Figure 1 as a bright glow, the receiver is just
above the white trapezoidal targets near the top of the tower. At the base of the
tower, inside the inner ring of heliostats in Figure 1, are the thermal storage sub-
system, turbine/generator, and plant control building. Outside of the heliostat
field in Figure 1 are administration and office buildings.

The receiver at Solar One is a 360° external type consisting of twenty-four 70
tube panels. Six of the panels are water preheat and eighteen are water-to-steam
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boiler panels. The maximurm peak solar flux density on the north boiler panels
is 0.3 MW;/m? and this flux density reduces to 0.1 MW/ m? on the south water
preheat panels.

We evaluated each receiver performance characteristic using measured data
from summary data tapes of receiver operations. These data tapes covered the
time period from December 1982 to December 1986. In addition to the data tapes,
we used photographs of test specimen and receiver panels, results from analyses,
and laboratory tests to evaluate some performance characteristics. We discussed
problems and solutions and compared our results using different evaluation tech-
niques to design prediction.

We found that our results for the peak receiver point-in-time efficiency, be-
fore the receiver was repainted in December 1983, was 76.7% £ 4%, nearly the
same as earlier reported in References 4 and 5. This receiver efficiency and those
reported in References 4 and 5 used a statistical method of least squares evalua-
tion of steady state data for the receiver absorbed and incident powers. We used
a different method to calculate the receiver point-in-time efficiency, independent
of the receiver incident power. We found that this different method, thermal loss
tests, gave a receiver efficiency of 76.1% + 2.6% at a slightly lower value of the
receiver absorbed power than the peak from the statistical method. We compared
the results from both methods of calculating the receiver efficiency with the de-
sign predictions in Figure 2.

The two results using experimental data, data fit line and thermal loss test
in Figure 2, gave nearly the same efficiency at the same value of the receiver ab-
sorbed power. However, both experimental results were lower than the design
prediction, shown as “X’s” in Figure 2. We found the difference between the ex-
perimental results and predictions could be accounted for, in part, by the differ-
ence in the value of the receiver surface solar absorptance. Measurements showed
the receiver solar absorptance was less than 0.88 before December 1985 while pre-
dictions assumed a value of 0.95.

After repainting the receiver in December 1985, the measured receiver solar
absorptance increased to 0.97, a value near that used for design predictions. We
used the thermal loss test method to experimentally determine the receiver steady
state efficiency after repainting the receiver. We found the receiver steady state
efficiency, after repainting the receiver, increased to about 82%. This value is near
the design values shown in Figure 2.

Our evaluation of the receiver average efficiency and operation time showed
that these receiver characteristics increased each year of operation as we gained
experience in receiver operation. Before the receiver was repainted, the receiver
- average efficiency was about 10 percentage points below the peak steady state
efficiency. After repainting, the difference between the average and peak efficiency
decreased to about 5 percentage points.

12
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Figure 2. Receiver efficiency data fit line (solid line) and prediction interval
(dash lines) from the statistical method compared to the efficiencies
- from the thermal loss test (@) on October 31, 1985. The two “X’s” are
design values from Reference 10.

The improvement in receiver average efficiency and operation time, before re-
painting, reflects experience in reducing receiver start-up time and an increasing
receiver operating time. After repainting the receiver, we implemented improve-
ments in the receiver start-up heliostat field aimpoints, which decreased start-up
times even more than before repainting, The increased receiver solar absorptance,
after repainting the receiver, also helped reduce start-up time and increase opera-
tion time,

We performed receiver thermal loss tests to further understand the receiver
performance and verify the results of the statistical method of least squares analysis
evaluation. The agreement between the receiver steady state efficiency using the
statistical method and loss tests was shown in Figure 2. We found the distribu-
tion of the frequency of occurrence of the receiver thermal loss using the statis-
tical method had the general shape of a normal distribution. The mean value
1s 4.74 MW, with an estimated standard deviation of 1.2 MW;. The thermal
losses from the thermal loss tests ranged from a low of 4.36 MW, to a high of
- 5.56 MW;. These experimental results and the design predictions were all of the

same order of magnitude.

We used a qualitative approach to evaluate receiver operation during cloud
transients. We examined data plots of receiver operation on cloudy days and
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compared these to the operation on a clear day. We found the receiver could con-
tinue to operate through large and continuous changes in the insolation if there is
some time delay between these changes. However, associated with these changes
in insolation, the receiver tube metal temperature experienced rapid changes.
These temperature changes could affect the receiver life by low cycle fatigue and
high thermal stresses.

The contimuous operation of the Solar One receiver, since early February 1982,
has provided an opportunity to evaluate receiver life. We found that after 18
months of operation, boiler panel tube leaks occurred near a weld at the top of
the boiler panels. After 19 months, we found leaks on boiler panel north edge
tubes at the top 90° bend. We made modifications at the top of the boiler pan-
els and changed the operation procedures to eliminate these types of tube leaks.
Also, we observed that the receiver boiler panels were showing signs of panel warp-
ing (radial deflection in and out along the panel normal) and bowing (decrease
panel radius of curvature in the lateral or receiver circumferential direction). The
six receiver water preheat panels showed no signs of panel deformations or tube

leaks.

After 42 months of receiver operation, we found panel tube leaks on the back
of the boiler panels where clips are welded to the panels to attach panel sup-
ports. These clip weld leaks first occurred on the upper portion of the panels,
in the steamn superheat section. We believe that the clip weld leaks are caused,
among other factors, by thermal stresses in the weld region due to the tempera-
ture gradient between panel tube/clip weld and the clip material away from the
tube. These clip weld leaks continue to occur, and as long as we have these types
of clips welded to the panel, there is a chance we will have clip weld leaks. These
clip weld leaks are repaired through the use of a grind and weld fill method.

Like the panel clip weld leaks, the panel warping and bowing is continuing on
the boiler panels. The severity of the boiler panel deformation, shown in Figure 3
- a recent photograph of the top portion of several boiler panels, has increased
with time. This panel warpage and bowing does not limit receiver operation;
however, such deformations must be reducing the receiver life.

We believe this panel deformation is caused by the lateral temperature gradient
across the panel and the temperature gradient from the front to the back of the
panel. These temperature gradients are most severe in the upper portion of the
panels, superheated steam region, where the heat transfer between the tube wall
and steam is less than the subcooled water and boiling regions. Without a major
re-design and modification to the receiver panel supports, we will not be able to
eliminate all the problems affecting receiver life.

We have shown that our methodology for predicting receiver point-in-time
efficiency and thermal losses gave reasonable results when compared to experi-
mental data. However, improvement should be made in both the experimental

14



Figure 3. Photograph of the top portion of the receivers, showing the current
panel warpage and bowing. The radiation shields installed between the
panels protect the sides of the edge tubes from incident radiation.

and analytical techniques of evaluating these parameters. We believe it is un-
likely that the Solar One receiver will have a 30-year life. Because receiver life
is affected by receiver start-up, cloud transients, receiver shut down, and panel
supports, this is an area which requires further evaluation.
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10 MW, SOLAR THERMAL CENTRAL RECEIVER
PILOT PLANT RECEIVER PERFORMANCE
FINAL REPORT

Introduction

This report uses experimental data to evaluate the performance of the So-
lar One receiver. Receiver performance, shown pictorially in Figure 4, includes
such receiver characteristics as point-in-time steady state efficiency, average effi-
ciency, receiver life, start-up time, operation time, and operations during cloud
transients. Each of these characteristics and related items will be covered in some
detail in this report. Initial receiver performance, during the preoperation phase,
was reported in Reference 4 and updated, during the early part of the test and
evaluation phase, in Reference 5.

average
efficiency

receiver
life

steady state
efficiency

Receiver
Performance

start-up
time

cloud
transients

operation
time

Figure 4. Receiver Performance Includes Several Receiver Characteristics Which
are Related. '
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The sun’s energy, reflected from the heliostat field, was first incident on the
receiver at the 10 MW, Solar Thermal Central Receiver Pilot Plant (Solar One)
located near Barstow, California, on February 3, 1982. This marked the begin-
ning of the operation of the world’s largest Solar Thermal Central Receiver Plant.
The pilot plant continued to operate for over five years. Thus, Solar One is the
only central receiver plant to provide long-term receiver performance data includ-
ing receiver life.

The first operation phase was to check out the plant capabilities, develop op-
erating procedures, and demonstrate the integrated operation of the plant control
system. This preoperation phase at Solar One lasted for six months, until July
31, 1982, and the results are reported in Reference 1. Following the preoperation
phase, the plant began a two-year test and evaluation phase. Its primary objec-
tives were to characterize the operation and performance of all of the plant sys-
temns, for example, the heliostat field, receiver, thermal energy storage, and tur-
bine generator. Finally, after completing the test and evaluation phase, the plant
was operated in a utility environment for three years during a power production
phase until July 31, 1987. References 2 and 3 provide an overview of the results
from the test and evaluation and power production phases, respectively. Even
though the official five-year program for Solar One ended on July 31, 1987, the
plant continues to operate in a utility environment.

The primary source of experimental data for this evaluation is from “Sum-
mary Data Tapes”. These tapes are developed from the data tapes produced by
the Solar One Data Acquisition System (DAS). The data tapes contain data for:

direct normal insolation,

heliostats tracking the receiver,

wind speed and direction,

ambient air temperature,

receiver flow,

receiver inlet and outlet temperatures,
receiver metal temperatures,

receiver inlet and outlet pressures,

electric power production.

The DAS recorded data at sub-second intervals during the test and evaluation
phase and at several second intervals during the power production phase. These
DAS data tapes were processed and data at three minute intervals were written

18



to the summary data tapes. The summary data tapes for this report cover the
time period from December 1982 through December 1986. Summary data tapes
for year 1987 will be developed but were not available for this report. The sum-
mary data tapes do not contain all of the data during plant operations. During
the four years covered, there were times when DAS was not operable, not started,
or shut off early. The total hours of aoperation or total energies in this report may
be different from those reported by others based on another source of data. These
Solar One summary data tapes are available from Sandia National Laboratories,

Albuquerque, N.M.

Whenever possible, results from the evaluation of Solar One experimental
data are compared to predictions made by the plant designers. If differences ex-
ist, we attempt to understand those differences. The report first describes the re-
ceiver and the methods used to evaluate the data. Next, the performance results
are reported and then compared to results from a different evaluation method.
Finally, a narrative approach is used to discuss operation during cloud transients
and receiver life. Finally, the report discusses problems concerning the operation
and performance of the Solar One receiver and their solutions.

Receiver Description

This section provides a brief description of the Solar One receiver; more detail
can be found in Reference 6. The receiver at Solar One is a cylindrical external
receiver located near the middle of a surround heliostat field. The receiver surface
consists of twenty-four panels, six water preheat panels and eighteen boiler pan-
els. The boiler panels are once through water-to-steam; preheated water enters
the bottom of each panel and exits as superheated steam. Unlike the other type
of central receivers - cavity receivers - in which the heat absorbing surfaces are
inside an exterior enclosure, the external receiver has its heat absorbing surface
exposed to the environment.

Receiver Characteristics

The Solar One receiver is a right circular cylinder with a diameter of 7.01 m
and total height of 13.72 m. The active heat absorbing height of the receiver is
only 13.46 m since insulation covers a small portion of the top and bottom of the
receiver surface. The surface of the cylinder is made up from twenty-four heat
absorbing panel modules. The receiver is mounted vertically on top of a 64.31 m
steel tower; the centerline of the receiver height is 78.64 m above the ground. Fig-
ure 5 is a photograph of the supporting tower and the receiver in operation. Fig-

- ure 6 is a drawing of the receiver mounted on the tower. The receiver in Figure

5 appears to glow white like a giant light bulb, not because of its high operating
temperature but because of reflected sun light from its surface. At the base of the
tower in Figure 5 are the thermal storage system and the turbine/plant control
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building. The thermal storage tank is the large tank behind the tower, and the
thermal storage heat exchangers are to the right of the tower. The turbine/plant
control building is to the right of the tower and forward of the thermal storage
heat exchangers. The dark tank in the foreground is a water make-up tank.

In Figures 5 and 6 just below the receiver are four Beam Characterization
System (BCS) targets which are used to look at individual heliostat beams. Data
from the BCS are used for adjustment of the heliostat beams to reduce their point-
ing error. Instrumentation rooms located behind the BCS targets are shown in
Figure 6. About halfway up the tower in Figure 6, wind sensor booms (one on
the east and one on the west) have been installed to provide wind speed and di-
rection data. Figure 6 shows the overall dimensions of the tower and receiver.

An elevator for access to the receiver is located on the left side of the tower, and
stairs are in the center of the tower.

The design peak incident solar flux density on the Solar One receiver is 0.3
MW;/m? (300 times the intensity of the sun) and has a general trapezoidal distri-
bution along the length of the panels. This peak flux density only occurs on the
north most receiver panels and decreases to about 0.1 MW/m? on the south pan-
els. Peak solar flux densities on the intermediate panels varies between these two
values. The average solar flux density on the receiver at full power is about 0.16

MWt/mZ.

The receiver panels are once through water-to-steam; thus subcooled water
enters the bottom of the boiler panels and is heated by the solar flux. When the
water reaches its boiling temperature, it goes through a phase change, liquid to
steam, without an increase in temperature. Finally, the steam is superheated to
the desired outlet temperature. Figure 7 shows a prediction of the front surface
temperature (solid line) and solar flux density (dash line) distribution for a rep-
resentative Solar One boiler panel. We see in Figure 7 (solid line); starting at the
inlet (0 m), there is an increase in panel temperature, then a region of constant
temperature, boiling, and an abrupt change in temperature at the start of the
steam region, departure from nucleate boiling, with a further increase in tempera-
ture to superheat the steam. The slight decrease in the temperature at the top of
the panel corresponds to the decrease in the solar flux density at the top.

The solar flux density distribution in Figure 7 (dash line) has a general trape-
zoidal shape with three “humps”. These humps occur where there are three rings
of heliostat field aimpoints on the surface of the receiver. More information about
the heliostat field aimpoints can be found in References 4 and 15. The flux is
zero at the panel bottom, increases to its peak and is high along the length of
the panel, and decreases to zero at the panel top. This solar flux density distribu-
tion is the same for all receiver panels except the magnitude of the high portion
decreases from the north to the south side of the receiver.

The Solar One receiver was designed to provide flexibility regarding the out-
let steam temperature and pressure conditions. These conditions are determined
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Photograph of the Solar One receiver in operation on the top of a the
steel tower. At the base of the tower are the thermal storage tank,
heat exchangers, and control building.
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by how the receiver steam is used. Nominal steam conditions appropriate for tur-
bine start-up, normal turbine operations, and thermal storage charging are listed’
below. ‘

Temperature Pressure
(°C) (MP2)
Turbine Start-up 415 5.5
Turbine Operation 415-510 5.5-10
Thermal Storage Charging 340-510 9-10

The only limitation to these flexible receiver outlet steam conditions is the total
receiver flow. For example, the maximum flow limit to the turbine is 54,000 kg /hr
and to thermal storage is 59,000 kg/hr. Also, during receiver start-up, before

the receiver outlet steam has reached a superheated condition, the flow passes
through the receiver flash tank. This flash tank is limited to 18,000 kg/hr flow
and a pressure of 4.0 MPa. In general these flow limitations have not affected re-
ceiver operation at Solar One.

Table I summarizes the major characteristics of the Solar One receiver.
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TABLE I
SOLAR ONE RECEIVER CHARACTERISTICS

Receiver configuration 360° external cylinder
Receiver diameter (m) 7.01

Receiver active height (m) 13.46

Receiver active area (m?) 296.4

Receiver weight (kg) 150,000

Maximum absorbed power (MW,) 37.00

Peak incident solar flux (MW,/m?) 0.30

Average solar flux (MW,/m?) 0.16

Panel Characteristics

The receiver surface consists of twenty-four heat absorbing panel modules.
FEach panel module consists of seventy tubes welded together along their lengths
on the back surface. The exposed surface of each panel is coated with Pyromark
(Reference 7), a high temperature, nonselective black paint. Tubes of each panel
are welded into an inlet and outlet manifold, all made from Incoloy 800. Panel
tubes have an outside diameter of 12.70 mm and a wall thickness of 2.93 mm.
Each panel total width is 889 mm. Panel design features are covered in more de-
tail in the Receiver Life section of this report and in Reference 6. Of the twenty-
four panels, there are six water preheat panels and eighteen boiler panels. Pre-
heat panels are located on the south side of the receiver. The receiver is a once-
through water-to-steam receiver; subcooled water enters the receiver boiler panels
and exits as superheated steam.

Figure 8, a photograph of the receiver not in operation, and Figure 9, a draw-
ing, shows the receiver and gives the numbering scheme for the individual pan-
els. The insulation, covering a small portion of the top and bottom of each re-
ceiver panel, is shown in Figure 8. Also, a small gap (about 50 mm) between each
panel is visible in Figure 8. This small gap between the panels reduces the total
receiver absorber area about 3.8% from the total active exposed area.

Figure 9 shows the overall dimensions of the receiver and the numbering scheme
of the individual panels. Flow in all twenty-four panels is always upward from the
bottom to the top. Panels 1, 2, 3, 22, 23, and 24 are water preheat panels-all of
the water flow to the receiver flows first in three parallel paths through panels 1,

2, and 3 and then through panels 22, 23, and 24. The preheat panels are located
on the south side of the receiver. These preheat panels raise the inlet water tem-
perature several hundred degrees without allowing the water to boil. Panels 4
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Figure 8. Photograph of the receiver (not operating) at the 10 MW, Solar Ther-
mal Central Receiver Pilot Plant, Solar One, near Barstow, CA.
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Figure 9. Drawing of the Solar One receiver showing overall physical dimensions
and panel numbers.
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through 21 are boiler panels—the water from the six preheat panels flows in eigh-
teen parallel paths and exits each boiler panel as superheated steam. To achieve
the desired panel outlet temperature, each boiler panel has its own flow control
valve and a flowmeter. These are located between a ring manifold supplying wa-
ter to all of the boiler panels and the panel inlet manifold.

Table II summarizes the major characteristics of the Solar One receiver
panels.

TABLE II
SOLAR ONE PANEL CHARACTERISTICS

Number of panels 6 water preheat
18 boiler

Panel width (mm) 889

Panel active length (m) 13.46

Tubes per panel 70

Tube outside diameter (imnm) 12,70

Tube wall thickness (mm) 2.93

Tube material Incoloy 800

To achieve the desired flow and dynamic stability of the water/steam through
the individual boiler panel tubes, orifices are installed at the inlets of the tubes.
These orifices increase the single phase (water) pressure drop component of the
total pressure loss through the tube. The panel edge tubes do not have inlet ori-

fices. Depending on a panel’s location on the receiver, the size of the orifices varies.

The northernmost panels, 10 through 15, have the same single size orifices. East
and west panels have graduated size orifices, depending on the panel location.
The orifice sizes within a panel are used to adjust tube-to-tube flow rates accord-
ing to the incident solar flux distribution across the width of a panel. Mirror im-
age east and west panels have the same graduated size orifices. For example, pan-
els 4 and 21 have similar orifices as do panels 5 and 20. However, the large ori-
fices are on the right or north side of panel 21 as compared to those on panel 4
where the large orifices are on the left or north side. Most of the heliostats re-
flecting the sun’s energy toward the receiver are located north of the receiver.
The preheat panels have no orifices.

Instrumentation

_ The receiver description would not be complete without identifying some of
the instrumentation on the individual panels. Data from part of the panel instru-
mentation was used in the receiver performance evaluation. Each panel has three
flux gages which are exposed to the incident sclar power reflected from the helio-
stat field. These flux gages are located at three elevations along the height of the

27



panels and are centered in the lateral direction next to tube 35. The purpose of
these gages is to sense flux changes for receiver control.

All boiler panels, i.e, panels 4 through 21, have at least seven thermocouples
mounted on the back surface (not exposed to the incident power from the helio-
stat field). Three of these thermocouples are for control purposes and are located
at a panel elevation from the bottom of the panel at 11.71 m on tube 35 (center
of the panel). The other four or five thermocouples are located at an elevation of
13.28 m on tubes 1, 5, 35, and 65 and on tube 70 if the panel is on the west side
of the receiver. Panels 6, 12, 17, and 21 have even more thermocouples located on
their back surface than the seven or eight already noted. These additional ther-
mocouples are located at various panel elevations. Tubes 1 and 70 are panel edge
tubes, while the others are interior tubes. In general the panel edge tubes are ex-
posed to more incident solar radiation than the interior tubes since they are not
protected on one side by an adjacent tube. North panel edge tubes tend to oper-
ate at higher temperatures than the interior tubes.

Each preheat panel has a thermocouple to measure outlet water temperatures.
The ring manifold that connects to each of the boiler panels has temperature and
pressure instrumentation. Boiler panels 4, 5, 8, 10, 12, 14, 17, 19, and 21 have
thermocouples to measure inlet water temperature, and all boiler panels have
three thermocouples to measure their outlet steam temperature; however, only
one is recorded on DAS. Both the riser and downcomer, which connect to the re-
ceiver, have temperature and pressure instrumentation. Data from the ring man-
ifold, panels, and receiver inlet and outlet instrumentation are used in the evalu-
ation to calculate the panel and receiver absorbed power. More instrumentation
exists, but since it is not used extensively for the receiver evaluation, it will not

be described.
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Evaluation Method

The measured data used to evaluate the Solar One receiver performance comes
from the summary data tapes for the time period from December 1982 through
December 1986. These data tapes contain point-in-time data recorded at three-
minute intervals. In addition to the data tapes, measured data for the heliostat
field reflectivity as a function of the day of the year was provided by the staff at
Solar One. The data tapes contained site environmental data and receiver pa-
rameters for calculating the receiver absorbed power. The heliostat field perfor-
mance was based on calculations using the MIRVAL heliostat field performance
code developed by Sandia, Reference 8. The reflected solar power incident on the
receiver, receiver incident power, used a “field performance value” and measured
data including site insolation, mirror reflectivity, and actual number of heliostats
tracking the receiver. The field performance value is an output from the MIR-
VAL code for the measured Solar One heliostat characteristics and field layout.
By running MIRVAL for different sun positions, sun elevation and azimuthal an-
gles, we can create a matrix of field performance values. This matrix 1s used to
find the heliostat field performance value for any sun position—time of day—when
the receiver incident power is calculated.

When we processed the data acquisition system tapes to create the summary
data tapes, we flagged measurement gages which were either out of range or bad.
When we used the summary data tapes, these flagged measurements were set to
Zero.

We utilized several techniques to select the actual value of a parameter from
the summary data tape to be used in the performance evaluation. If there were
two values of a parameter available, we calculated the average of the two mea-
surements. We then checked to see if one of the values was within 5.0% of the
average. When this value was within 5.0% of the average, the average value was
used for this parameter. If the value was not within 5.0% of the average, the
highest value of the two parameters was used if no other checks were possible.

There were no redundant pressure measurements on the data tapes, but there
were pressure measurements at the receiver inlet, ring manifold, outlet, and base
of the tower. A check was made to see that each down-stream pressure was less
than the one before. If a pressure was less than the next down-stream value, we
used the down stream value. We assumed that at least one of the pressure mea-
surements was correct. Since enthalpy, used to calculate absorbed power, is not a
. strong function of pressure, a reasonable value for the pressure is adequate.

The ring manifold which feeds water to the eighteen boiler panels has a wa-
ter temperature measurement as do nine of the boiler panel inlets. These nine
inlet temperatures were sorted, low to high, and the fifth value was selected as a
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redundant measurement to the ring manifold measurement. The technique used
when there were two values for a parameter was applied to select the boiler pan-
els inlet temperature to be used in the performance evaluation. This tempera-
ture was also used to correct the flow measurement for each boiler panel since the
flowmeters were calibrated for a fixed temperature different from the actual oper-
ating conditions.

The total receiver flow and flow through each boiler panel were recorded on
the data tapes. We added the flow through the boiler panels and used this sum
as a redundant measurement to the total receiver flow. The technique used when
there were two values for a parameter was applied to select the total receiver flow
to be used in the performance evaluation. Once this value was selected, the indi-
vidual panel flows were adjusted proportionally so that their sum was the same as
the selected total receiver flow.

Receiver outlet temperature and individual boiler panel outlet temperatures
were on the data tapes. Using the panel outlet temperatures and adjusted panel
flows, we calculated a weighted average of the panels’ outlet temperature. This
temperature was assumed to be a redundant temperature to the receiver outlet
temperature measurement. Again, the technique for two measurements was ap-
plied to find the receiver outlet temperature used for receiver performance.

There are three values of direct normal insolation on the summary data tapes
from two separate measurement instruments. Two of these values are from the
same instrument but processed by different instrumentation systems. To select
the insolation used for the performance evaluation, we made several checks us-
ing the data. The first check was to insure that none of the values were above 50
w/m? before sunrise. If a measurement was above this value before sunrise, then
that measurement was omitted for that day. After this check, each measurement
value was considered redundant to the others, and the technique for two measure-
ments of the same parameter was applied. As soon as a value within the 5.0%
criteria was found, the process was terminated, and we used that average value.
If none of the values met the 5.0% criteria, the highest value was selected for the
performance evaluation.

To select the site wind speed from four values on the data tapes, the data
were sorted, low to high. The lowest and highest values were omitted, and the
average of the two remaining values was selected.

The receiver point-in-time efficiency used steady state conditions for the re-
ceiver absorbed and incident power. Efficiency is defined as:

absorbed power

Receiver efficiency = (1)

incident power

The receiver absorbed power is calculated from measured temperatures, pressures,
and flow. In contrast, the incident power is calculated using measured insolation,
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number of heliostats tracking the receiver, and mirror reflectivity and a predicted
heliostat performance value.

To determine a steady state condition, data for several parameters over a
thirty-three minute time interval (eleven consecutive data values from the sum-
mary data tapes) were fit with straight lines using a least squares technique. We
compared each measured data value to the fitted value at the same instance in
time. If the difference between the measured and fitted value was less than a
specified amount, then a steady state condition was assumed to exist. For ex-
ample, eleven consecutive values for the receiver outlet temperature were calcu-
lated from the data tape. These eleven values were fit with a straight line, and
we calculated the average of the eleven values. If at each time step the differ-
ence between the measured value and fitted value was less than 1.0% of the calcu-
lated average temperature, we considered the outlet temperature to be at steady
state. We used the value from the data fit equation at the tenth time interval as
the steady state outlet temperature value. Parameters evaluated for steady state
during the same thirty-three minute time interval were the insolation, number of
heliostats tracking the receiver, receiver inlet and outlet temperatures and pres-
sure, and receiver mass flow. Also, this same procedure for finding steady state
was done for the calculated receiver incident and absorbed powers. All of these
parameters had to satisfy the steady state criteria before we assumed the receiver
to be at steady state. Receiver flow and inlet water temperature used 3.0% of the
average value during the thirty-three minutes, the power values used 2.0% of the
average, and all other parameters used 1.0% of the average for the steady state
criteria.

When a steady state condition was found, then the next eleven consecutive
data tape values were processed as before. If a steady state condition was not
found, then all the data was incremented by one data tape time step and were
processed as before. These steady state values were written to a file to be used in
the point-in-time evaluation.

As indicated above the Solar One data tapes were processed for steady state
conditions. These steady state data were written to a file along with relevant re-
celver and weather parameters. We searched this steady state file with selected
parameters having a specified range of value; i.e., outlet temperature, number of
heliostats tracking the receiver, and wind speed, and found data for the receiver
absorbed and incident power for similar operating conditions. We then evalu-
ated this data for similar operating conditions, using the method of least squares.
In general we found that, within certain limits, the relationship of the incident
power to the absorbed power did not change as the range in the parameters was
changed. Typical ranges used for the receiver inlet temperature were 115 - 190°C,
outlet temperature 415 - 460°C, heliostats tracking the receiver greater than 1000,
and insolation above 500 w/m? Although smaller ranges in the parameters were
investigated, the number of data points, when using a narrow range, did not cover
a board range in receiver power levels. The data tended to be concentrated in a
narrow range of operating power levels.
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The evaluation of the relationship between the receiver absorbed power and
incident power with the point-in-time steady state data was done using the statis-
tics method of least squares, Reference 9. We assumed that there is a functional
relationship between the receiver incident and absorbed power. We further as-
sumed that the values of the receiver absorbed power which are calculated from
measured data — measured temperatures, pressures, and flow — are more accu-
rate than the receiver incident power. As mentioned earlier, the receiver incident
power is calculated based on measured insolation, heliostats tracking the receiver,
and mirror reflectivity and a predicted heliostat field performance value. Thus,
the receiver absorbed power is considered the independent variable, more exact,
and the receiver incident power the dependent variable, less predictable, for the
evaluation.

The method of least squares evaluation of the steady state data allows us to
determine a linear fit of the data and prediction interval estimates for the inci-
dent power given the receiver absorbed power. The linear fit of the receiver in-
cident and absorbed power data provides an “expected value” of the receiver in-
cident power, given a value of the absorbed power. For this study we calculated
the 95% prediction interval for future values of the incident power corresponding
to a given value of the absorbed power. Thus, based on the data between Decem-
ber 1982 and December 1986, given a future value of the receiver absorbed power,
within the range used for the evaluation, the expected value of the incident power
would lie on the linear fit line and there is a 95% probability that the incident
power will be within the prediction interval. This prediction interval accounts for
random errors in the receiver absorbed and incident powers calculated from the
measured data. Bias errors, measurement instruments which always read either
high or low, could shift the results either high or low, but the trend in the results
would remain the same. Given the linear fit of the receiver absorbed and incident
powers and prediction interval, we used these results to calculate the receiver ef-
ficiency as a function of the receiver absorbed power and its prediction interval.
Unless otherwise indicated, the receiver efficiency is defined by Equation (1). Sim-
ilar evaluations were performed to show the relationship of the receiver efficiency
as a function of the site wind speed.

We used a two-step procedure to calculate a least squares fit of the data and
the 95% prediction interval. The first step was to use all of the data from the
steady state file within the limits of the selected parameters. This data was fit
using the method of least squares, and an estimate of the variability about the fit
line of the incident power was calculated. Using these results the original data
was edited by eliminating those data sets where the incident power was more
than twice the estimated variability from the fit line. The second step was to
use the edited data and calculate a new linear fit of the data and 95% predic-

tion interval. This process accounted for less than 10% of the original data being
deleted.

Receiver average efficiency was determined by calculating the receiver ab-
sorbed and incident power at each instance of time on the data tapes. Receiver
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absorbed power was calculated when the receiver delivered superheated steam to
the bottom of the tower. This definition for the receiver absorbed power was se-
lected since it is only when superheated steam is delivered to the bottom of the
tower that this energy can be used to drive the steam turbine/generator or charge
thermal energy storage. Receiver incident power was calculated when ever there
were heliostats tracking the receiver. Thus, there is a time interval difference be-
tween the receiver absorbed and incident powers. Again, the receiver incident
power was calculated using the MIRVAL field performance values. The receiver
absorbed and incident powers were integrated over time for each day to calculate
the daily average receiver performance. The daily energies were summed to find
the receiver average performance values for some number of days. We define the
average receiver efficiency as

average absorbed energy
average incident energy

(2)

Average receiver efficiency =

We performed receiver thermal loss tests to further understand the receiver
performance and verify the results of the statistical method of evaluation. These
receiver thermal loss test results were used to evaluate the receiver thermal loss
and part load performance. In this report thermal loss includes receiver losses
from emitted radiation, convection, and conduction while reflected radiation is ac-
counted for by an effective receiver solar absorptance. Once we determined the
receiver thermal loss from these loss tests, we calculated the receiver efficiency in-
dependent of knowing the receiver incident power. This receiver efficiency, found
independent of the receiver incident power, was compared to the results from the
statistical method which used the receiver incident power, Equation (1).

For each of the loss tests the receiver was operated at three different power
levels by selecting the number and location within the heliostat field of which
heliostats were tracking the receiver. The receiver inlet and outlet temperatures
were near their normal operating conditions during the test. The heliostats se-
lected to track the receiver were distributed throughout the heliostat field so the
distribution of the incident power on the receiver was the same for each power
level but the magnitude changed as a function of the number of heliostats track-
ing the receiver. The selection of which heliostats tracked the receiver is the key
to the evaluation of the receiver performance for these tests. Appendix A shows
the development of the equations used for the evaluation of these receiver thermal
loss tests.

One of the three power levels used all available heliostats tracking the re-
ceiver, full power. The other two power levels are less than full power, and we used
. complementary numbers of heliostats to track the recesver. Thus, the sum of the
heliostats tracking the receiver for the two reduced power levels is the same as
that for the full power level — all available heliostats. The tests at the three dif-
ferent power levels are done on the same day, and we assumed that the heliostat
field reflectivity was constant during that day. The tests are performed near solar
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noon using one of the reduced power levels before noon, full power at noon, and
the other reduced power after noon. The receiver is kept at each power level long
enough for a steady state condition to be reached before changing to the next
power level. By being near solar noon, the heliostat field performance value is
nearly constant during the test. This test procedure allowed us to calculate the
receiver thermal loss, efficiency, and part load efficiency, as a fraction of the full
power efficiency, without knowing the receiver incident power while the receiver is
operating at near normal conditions.

Performance Results

Receiver performance will be discussed in this and the next three sections
of the report. This section is divided into three subsections covering point-in-
time efficiency, average efficiency and operation time, and receiver start-up. To
evaluate the receiver point-in-time steady state efficiency, we used data from the
steady state file created from processing the summary data tapes. Average effi-
ciency and operation time are from integration of the data on the summary data
tapes. Receiver start-up is from the summary data tapes.

Point-In-Time Efficiency

The most often referred to receiver efficiency is a point-in-time efficiency at
some reference point. The reference point is usually a particular day of the year
and a time during that day with a specified value for the insolation. For the So-
lar One receiver the reference point is considered to be equinox noon with an in-
solation of 973 w/m?. It is important to know how this point-in-time efficiency
changes with time and insolation, that is, the value of its part load efficiency. A
receiver which has a high peak efficiency and low part load efficiency may not
produce as much annual energy as one which has a lower peak efficiency but good
part load efficiency. Experience at Solar One has shown it is only on the clear
days that the insolation exceeds 950 w/m?, so the receiver seldom operates at its
design reference point conditions.

To find the receiver steady state point-in-time efficiency, defined by Equation
(1), we had to find steady state values for these two parameters. The steady state
file was searched for receiver conditions where the wind speed was less than 6.7
mps (15 mph), inlet temperature between 115°C and 190°C, outlet temperature -
between 415°C and 460°C, and outlet pressure between 9.0 MPa and 10.3 MPa.
There were 948 steady state data sets of receiver absorbed and incident power
which met these conditions. We evaluated this data using the statistical method
to find a linear fit of the data, 95% prediction interval, and variability of the data
from the data fit line. The data was again evaluated after those data sets were
deleted which had the receiver incident power more than twice the variability
from the fit line. The final data set contained 898 data pairs which is 94.7% of
the original data.
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Using the evaluation method of least squares analysis, Figure 10 shows the
receiver incident and absorbed power steady state data points (dots), linear fit of
the data (solid line), and the 95% prediction interval for future observations of

the incident power corresponding to a value of the absorbed power (dashed lines).

The two “X’s” shown in Figure 10 are September 1982 (Revised December 1985)
design values before the plant began operation from Reference 10. These design
values were based on a receiver outlet temperature of 515°C and a receiver solar
absorptance of 0.95 for the Pyromark paint.
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Figure 10, Calculated receiver incident power versus calculated absorbed power

data (dots), data fit (solid line), and 95% prediction interval (dash
lines). The two “X'’s” are design values from Reference 10.

Comparing the data (dots) to the design values in Figure 10, we see that:

the maximum receiver absorbed power is over 10% less
than predicted,

the predicted incident power at an absorbed power near the
experimental data is within the lower 95% prediction interval
calculated by the statistical method of evaluation.

This latter point implies, based on a single design value, that the predicted part
load performance of the receiver is near the measured values, but the incident
power for this value of the absorbed power is lower than the expected value from
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the data, linear fit line. The difference between the data and prediction concern-
ing this point will be shown to be in part accounted for by the difference between
the actual measured solar absorptance and the value used for the design predic-
tion.

Using the data, linear fit, and prediction interval from Figure 10, Figure 11
shows the steady state point-in-time receiver efficiency versus the receiver ab-
sorbed power. The dots, solid line, dashed lines, and X’s have the same meaning
as in Figure 10. From Figure 11 at an absorbed power of 34.0 MW, the expected
receiver efficiency, linear fit line, is 76.7% with a 95% probability that the receiver
efficiency will be between 72.9% and 80.8%. This expected value and 95% proba-
bility interval compares well with earlier test results from Reference 4 (1983) and
Reference 5 (1985). There the receiver efficiency was reported to be near 76.0%.
The predicted efficiencies from Reference 10 at an absorbed power of 34.2 MW,
and 40.8 MW, are 81.2% and 81.9%, respectively. The predicted efficiency at the
lower absorbed power is near the 95% probability interval shown in Figure 11 but
on the high side. As will be shown, this difference in receiver efficiency between
the design prediction and measured values can be accounted for in part by the
receiver solar absorptance.

100.0

90.0

Y I
80.0 AR

70.0 = —{rh g
//_‘-_‘. _____
60.0 - e

50.0

40.0

30.0

RECEIVER EFFICIENCY (%)

20.0 —]

-10.0

0.0

0.0 10.0 20.0 30.0 40.0 50.0
RECEIVER ABSORBED POWER (MWth)

Figure 11. Caleculated receiver efficiency versus calculated absorbed power data
(dots), data fit (solid line}, and 95% prediction interval (dash lines).
The two “X’s” are design values from Reference 10.
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The maximum measured receiver absorbed power in Figure 11 is about 34
MW;, and the expected value of the receiver efficiency from the linear fit line
is 76.7%. The part load efficiency at three quarters of the maximum absorbed
power, 25.5 MWy, is 74.7% and at half load, 17.0 MWy, is 71.4%. We see in Fig-
ure 11 that most of the steady state data is above the three quarters maximum
value. Considering only insolation, the three quarters value of the reference point
insolation, 973 w/m?, would be about 730 w/m? and half about 487 w/m? The
drop in receiver efficiency from maximum absorbed power, 76.7%, to half power,
71.4%, of just 5.3 percentage points is considered good since almost all receiver
operation is above this value.

As indicated, during the design prediction of the performance of the receiver
(Reference 10) the Pyromark paint covering the receiver absorber surface was as-
sumed to have a solar absorptance of 0.95. We measured the receiver solar ab-
sorptance in November 1982 {month 11 - 0.92), December 1983 (month 24 - 0.90),
and September 1984 (month 33 - 0.88) as reported in Reference 11. Months are
counted from Janmuary 1982 with January 1982 being month 1. In addition to
the measurements reported in Reference 11, we made solar absorptance measure-
ments, using the techniques described in Reference 11, in March 1986 (month 51 -
0.97), August 1986 (month 56 - 0.97), and October 1987 (month 70 - 0.96). These
last measurements were made after the receiver was over-coated, repainted, with
Pyromark paint in December 1985 (month 48). Figure 12 shows the results of
all of the solar absorptance measurements made on the Solar One receiver. The
values shown in Figure 12 are the flat-surface-solar-absorptance values of the Py-
romark paint on the receiver surface and can be compared to the value used for
the design predictions. If we assumed that the solar absorptance degraded in a
linear relationship with time as shown in Reference 11, then the solar absorptance
in December 1985 before repainting the receiver would have been about 0.86. We
see in Figure 12 that the month to month change in the solar absorptance after
repainting is considerably less than before. We are still trying to understand the
Pyromark paint degradation processes.

If we compare the measured flat surface values of the solar absorptance with
the design predictjon value, then the measured values are less than the design
value by 3.1% (1982), 5.2% (1983), 7.3% (1984), and 9.5% (estimated 1985). Most
of the data used in Figures 10 and 11 were from the latter part of 1983 through
1985 since plant operation improved with experience. Thus, part of the differ-
ence between the design prediction and data shown in Figures 10 and 11 can be
accounted for by this difference in the receiver solar absorptance.

Another factor which may or may not have been included in the design pre-
diction is the correct area of the receiver. We made measurements of the receiver
~ circumference at the top, middle, and bottom. Based on these measurements we
calculated an average receiver circumference. We also measured the receiver panel
width and found that when all twenty-four panels are included the active receiver
area is 3.8% less than the measured receiver exposed surface intercepted by the
heliostat field reflected power. This means that the incident power calculated and

37



0.98 A
0.96 4
0.94 A
0.92 »

~

0.90 - .
0.88 g v
0.86

SOLAR ABSORPTANCE

0.84 1

0.824

0‘80 \‘ I 1 i I { 1 ] ! T T l 1
O 6 12 18 24 30 36 42 48 54 60 66 72
MONTHS AFTER JAN 1982

Figure 12. Solar absorptance measurement results from the Solar One receiver.
These values are the flat surface solar absorptance measurements of
the receiver Pyromark paint. The receiver was repainted in December
1985 (month 48).

used in Figures 10 and 11, which was for the exposed surface, was incident on
3.8% nomn-active surfaces and 96.2% active surfaces. This reduced receiver area
also accounts for some of the difference between the design predictions and data
in Figures 10 and 11. The approach to calculating the receiver incident power
using the total receiver exposed surface is consistent with previous calculations.
Present heliostat field performance codes cannot account for small gaps between
receiver panels. The codes do account for the incident power on non-active sur-
faces at the top and bottom of the receiver and that power which ;nisses the re-
ceiver at the major diameter. This power is considered as spillage.

Taking into account the active area of the receiver and the tube geometry
of the panels, we calculated an effective receiver solar absorptance. Reference
12 gave the following equation to account for the tube geometry of the receiver
panel,

T'ube solar absorptance (o) =
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where “¢” is the measured flat surface solar absorptance and 7 equals 3.1416.

For the Solar One receiver the effective solar absorptance (o¢fy) is then 96.2% of
the tube solar absorptance (¢t} to account for the reduced area from exposed to
active. Table III gives the results from the measurement, tube solar absorptance,
and Solar One receiver effective solar absorptance.

TABLE III
SOLAR ONE SOLAR ABSORPTANCE CORRECTIONS

Month  Measured Solar Tube Solar Effective Solar
Absorptance Absorptance  Absorptance

(o7) (o4) (0ers)

design - - ' - 0.95
11 0.92 0.95 0.91
24 0.90 0.93 0.90
33 0.88 0.92 0.89
48 0.86 (est) 0.91 0.87
51 0.97 0.98 0.94

- 56 0.97 0.98 0.94
70 0.96 0.97 0.94

Recall that we made no measurement in December 1985 (month 48) and the
value listed in Table III is an “estimate” from the equation in Reference 11. From
Table IIT we see that the reduction in the effective solar absorptance from the
first measurement, December 1982 to December 1985, is about 4.4%. We assumed
that this reduction is within the uncertainty of the data used in Figures 10 and
11 and was not taken into account. However, the increase in the effective solar
absorptance of 8.0% after repainting should be reflected in the data. This will be
shown later in the report in the Receiver Thermal Loss section.

If we take into consideration the actual receiver solar absorptance and area
factor, then the measured and predicted receiver point-in-time efficiencies are
close. This indicates, at least for a surround external water/steam receiver, that
design prediction can be in reasonable agreement with measured values.

To investigate the change in the receiver steady state point-in- time efficiency
as a function of site wind speed, we used data from the steady state file. The pro-
cedure used was similar to that for the receiver incident versus absorbed power
and efficiency versus absorbed power. In this case we used the same conditions as
before on the receiver inlet and outlet temperature and outlet pressure. However,
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Figure 18. Receiver panel back surface temperature data during a thermal loss
test. The “x” and “+4+” are the two half power data, and the “o” is the
full power data.

fit for these same time intervals were the site insolation, receiver inlet and out-
let temperatures, wind speed, and ambient air temperature. We used Equation
(A-17) to find both the panel thermal losses and the receiver thermal loss.

Another parameter required for the solution of Equation (A-17), if it is not
assumed that the receiver thermal losses are independent of receiver power level,
is an estimate of the receiver thermal loss at each power level. These estimates
of thermal loss are used as a ratio of the thermal loss at each reduced power level
to the thermal loss at the full power level [see Appendix A Equations (A-14) and
(A-15)]. Two critical issues in making these estimates of thermal loss are the re-
ceiver front surface temperature during the test and the convection heat transfer
correlation. To make these estimates of the thermal loss at each power level, we
developed a simplified theoretical model of the receiver panels, see Appendix A,
to calculate the receiver panels front surface temperature. Knowing the front sur-
face temperatures from this model, we estimated the thermal loss.

The estimated thermal loss included only emitted radiation and convection
losses, we assumed the conduction loss negligible. Emitted radiation loss calcu-
lated for each panel was based on the average front surface temperature of the
three unique heat transfer regimes existing in the panels, i.e. subcooled water,
boiling, and superheated steam. The convection loss calculated was based on the
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average receiver front surface temperature and a heat transfer correlation devel-
oped by Siebers (Reference 16). Another convection heat transfer correlation in-
vestigated was that by Siebers and Kraabel (Reference 17). One difference be-
tween these two correlations is that the Siebers correlation evaluates air proper-
ties at ambient temperature, and the Siebers and Kraabel correlation evaluates
the forced convection correlation air properties at a film temperature. This film
temperature is a function of both the ambient air temperature and front surface
temperature. Since the front surface temperature is only estimated, preference
was given to the Siebers correlation.

The investigation, before selecting the Siebers correlation, included calculat-
ing the receiver thermal loss using these two convection heat transfer correlations
and comparing the results. The thermal loss calculation in this case used the de-
tailed predicted front surface temperature distribution from Figure 7 for emitted
radiation and an average front surface temperature for convection. Based on the
thermal loss using each correlation, we calculated a receiver efficiency for various
wind speeds using Equation (A-19). These efficiencies were normalized to give
the same efficiency at a wind speed of 2 m/s as we determined in Figure 13, data
fit line. Figure 19 shows the data fit line from Figure 13 and the results from the
calculations using the two convection heat transfer correlations. We see in Fig-
ure 19 both correlations give nearly the same efficiencies, and both are slightly
higher than the data fit line at the higher wind speeds. As was pointed out ear-
lier, the data in Figure 13 did not consider wind speed effects on the receiver
incident power and the efficiencies may actually be slightly higher at high wind
speed. Thus, the selection of the Siebers correlation is justified although either
correlation would have been acceptable.

To present the data from the thermal loss tests we defined the following nomen-
clature to use as headings in the tables:

TIME - solar time in hours (12.0 is solar noon)

INSOL - measured direct normal insolation

ABSPOW - calculated receiver absorbed power

TIN - measured receiver inlet water temperature
TOUT - measured receiver outlet steam temperature

HEL - number of heliostats tracking the receiver

WIND SP - measured wind speed

EFFIC | - receiver efficiency — as a fraction of the full power

FRACTION receiver efficiency
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One of the thermal loss tests was done before the receiver was repainted, Octo-

ber 31, 1985.

Table VII gives data from this receiver thermal loss test.

TABLE VII

DATA FROM THE RECEIVER THERMAL LOSS TEST
ON OCTOBER 31, 1985

TIME INSOL ABSPOW TIN TOUT HEL WIND 5P EFFIC
(w/m?) (MW,;) (°C) (°C) (m/s) FRACTION
11.64 850.1 11.32 156.04 425.80 890 5.56 0.843
11.87 8829 28.24 186.36  442.89 1802 4.41 1.000
12.31  904.7 13.46 159.13  430.96 917 4.92 0.914

Table VII shows that the insolation and wind speed were not constant during the
test. This shows the importance of using Equation (A-17) in Appendix A for cal-
culating the thermal loss since this equation accounts for changes in these param-
eters. The results in Table III show that the receiver effective solar absorptance
for October 31, 1985, was 0.878.
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We used Equation (A-17) to calculate the thermal loss from each receiver
boiler panel and the combined preheat panels. For the boiler panels we used the
panel inlet and outlet temperatures and pressures and panel flow to calculate the
panel absorbed power. The preheat panels were combined to calculate the ab-
sorbed power for all preheat panels. These panel thermal losses were added giving
a total thermal loss at the full power level of 3.959 MW,. Also, we used Equa-
tion (A-17) to calculate the thermal loss for the receiver. For this case we used
the receiver inlet and outlet temperatures and pressures and total receiver flow
to calculate the receiver absorbed power. The resulting receiver thermal loss at
full power, measured loss, is 4.360 MW,. Appendix B gives the results of an un-
certainty analysis we performed for the thermal loss tests. The root-sum-square
of the receiver thermal loss precision and bias errors is & 1.28 MW, Appendix
B. The receiver thermal loss is nearly the same as the sum of the panels thermal
loss.

We assume the receiver thermal loss is more accurate since the total receiver
flow used included data from both the receiver and panels and is more accurate
than an individual panel low. The measured thermal loss, 4.360 MW + 1.28
MW}, is slightly less than that calculated from the statistical method of least
squares, 4.74 MW, with an estimated standard deviation of 1.2 MW}, shown in
Figure 14. When we consider the errors in both methods of determining the ther-
mal loss, the results are the same. However, the thermal loss test was done on
one day while the statistical method used data from many days to get the same
nominal value of the thermal loss. For a receiver which will be operated for only a
limited amount of time the thermal loss test is a method to get loss data.

The solution of Equation (A-17) requires an estimate of the panel or receiver
thermal loss at both the part and full power levels. We used the sum of Equa-
tions (A-24), (A-25), and a fraction of (A-27) for the estimate of the panel ther-
mal loss and Equation (A-28) for the estimate of the receiver thermal loss. These
estimates used measured absorbed powers to calculate the panel front surface
temperatures, see Appendix A, rather than the incident power which is normally
used by designers. The result from Equation (A-28) for the estimate of the re-
ceiver thermal loss at full power, predicted loss, is 3.630 MW,. This receiver pre-
dicted loss is 83.3% of the measured loss at full power. Results from Equation
(A-28) for the part power levels showed the part power predicted thermal loss is
about 87.6% of the full power predicted loss. Again, this shows the importance of
using Equation (A-17) in calculating the measured thermal loss since it accounts
for changes in the part power loss estimates.

A summary of the results of the calculations for the different thermal losses
from the data in Table VII are:

Sum of the panel measured thermal losses - 3.958 MW,
Receiver measured thermal loss - 4.360 MW, £ 1.28 MW;
Predicted receiver thermal loss - 3.630 MW,

55



We calculated the receiver efficiency using Equation (A-19) for both the pre-
dicted and measured full power losses. The receiver efficiency using the predicted
loss is 77.8% and the measured loss is 76.1%. If we use the receiver measured
loss, the root-sum-square of the receiver efficiency precision and bias errors is &

2.57%, Appendix B.

The predicted loss which is 83.3% of the measured loss gives a receiver efi-
ciency which is only 2.2% higher than the measured loss efficiency. In this case a
20% difference in thermal loss results in only a 2% difference in receiver efficiency.
We used Equation (A-5) to calculate the fraction of the full power efficiency for
each of the part power levels. These results are shown in the last column of Table
VII. We see from this last column that the receiver efficiency at part power, less
than half of the absorbed power, is over 84% of the efficiency at full power. Note
that the wind speeds during the part power portions of the test are higher than
at full power.

The efficiency results from the measured thermal loss data are compared to
the results of the statistics method of least squares in Figure 20. Figure 20 shows
the receiver efficiency data fit line (solid line) and prediction interval (dash lines)
from Figure 11 compared to the efficiencies from the thermal loss test (®). The
two “X’s” are design values from Reference 10. The data in Figure 11 was col-
lected before the receiver was repainted. We see from Figure 20 the results from
the thermal loss test are nearly the same as the expected value, data fit line, of
the receiver efficiency from the method of least squares. Both the peak value of
the efliciency and part power values follow the trend in the efficiency as a fune-
tion of receiver absorbed power determined from Equation (1) using the least
squares method of evaluation. Thus, by using a different method to evaluate the
receiver efficiency, independent of the receiver incident power, the same results
were found before the receiver was repainted.

The receiver incident power value for the thermal loss test was not needed for
the evaluation of the losses. However, it was calculated for the full power case for
information. The receiver efficiency using the absorbed and incident powers for
this case was 71.8%. We see from Figure 20 that this value of the receiver effi-
ciency would lie on the lower 95% prediction interval line. This agrees with the
definition of the prediction interval; given a value of the receiver absorbed power,
there is a 95% probability that the receiver efficiency will be within the prediction
interval.

A summary of the results of the calculations for the different receiver efficien-
cies from the data in Table VII and incident power calculation are:

Receiver efficiency for the measured thermal loss - 76.1% + 2.57%
Receiver efficiency for the predicted thermal loss - 77.8%

Receiver efficiency using incident power - 71.8%
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from Reference 10.

We performed two thermal loss tests after the receiver was repainted. These
tests were done in March 1986. Table VIII shows the data from the thermal loss
test on March 19, 1986.

TABLE VIII

DATA FROM THE RECEIVER THERMAL LOSS TEST
ON MARCH 19, 1986

TIME INSOL ABSPOW TIN  TOUT HEL WIND SP EFFIC
(w/m?) (MW, (°C) °C) (m/s)  FRACTION
11.48 979.2 16.10 16222 421.37 880 3.90 0.889
1197  982.7 36.96 18897 42029 1790  3.61 1.000
12.48 9802 1687 16298 42173 913 5.73 0.894

The receiver effective solar absorptance for March 19, 1986, was 0.937 from the
" data in Table IIT affer the receiver was repainted. In this test the direct normal
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insolation was nearly constant during the test and higher than for the test in Oc-
tober 19853. As a result of the higher insolation the receiver absorbed power for
each power level was higher.

We used the same equations and procedures to calculate the different thermal
losses from the data in Table VIII as we used for the data in Table VII. A sum-
mary of the results of the calculations for the different thermal losses from the
data in Table VIII are:

Sum of the panel measured thermal losses - 5.035 MW,
Receiver measured thermal loss - 4914 MW; 4 0.48 MW,
Predicted receiver thermal loss - 3.728 MW,

The root-sum-square of the receiver measured loss precision and bias errors is +
0.48 MWy, Appendix B. As was the case for the data in Table VII, the sum of the
panel measured thermal losses and the receiver measured thermal loss are nearly
the same. We again assume the receiver measured thermal loss is more accurate.
In this case the measured thermal loss, 4.914 MW, is higher than that found in
October 1985, 4.360 MW,. Part of the difference between the two measured loss
tests can be accounted for by the higher absorbed power causing higher front sur-
face temperatures. The predicted receiver thermal loss for March 19 is 75.8% of
the measured thermal loss compared to 83.3% for the data in Table VII. This in-
dicates the model does not accurately describe the front surface temperatures or
losses. However, the model is used only to calculate the ratio of the losses at part
power to the loss at full power required for the solution of Equation (A-17).

A summary of the results of the calculations for the different receiver efficien-
cies from the data in Table VIII and incident power calculation are:

Receiver efficiency for the measured thermal loss - 82.7% + 0.65%
Receiver efficiency for the predicted thermal loss - 85.1%

Receiver efficiency using incident power - 8L7%

The root-sum-square of the receiver efficiency, using the receiver measured loss,
precision and bias errors is + 0.65%, Appendix B. The receiver efficiency, using
the measured thermal loss for March 19, after the receiver was repainted, is about
8% higher than that found in October 31, before repainting. This increase in re-
ceiver efficiency is nearly the same as the increase in effective solar absorptance
after repainting the receiver. Even though the predicted thermal loss is about
76% of the measured thermal loss, the receiver efficiency is only 3% more. Again,
this shows the relative insensitivity of the receiver efficiency to small differences
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in the calculated receiver thermal loss. For the data in Table VIII, the receiver
efficiency using the incident power, Equation (1), is about the same as that from
the measured thermal loss, Equation (A-19), independent of incident power. The
data in the last column of Table VIII shows that the part power efficiency - as a
fraction of the full power efficiency - is about 89%.

The last thermal loss test we performed was on March 20, 1986. Table IX
shows the data from that test.

TABLE IX

DATA FROM THE RECEIVER THERMAL LOSS TEST
ON MARCH 20, 1986

TIME INSOL ABSPOW TIN TOUT HEL WIND SP EFFIC

(w/m?) (MW, (°C) °C) (m/s)  FRACTION
11.51  980.5 15.97 161.25 436.16 880 4.43 0.891
12.01 983.8 36.70 199.73  434.00 1796 4.42 1.000
12.51 980.6 16.55 163.31 436.56 916 5.32 0.887

The receiver effective solar absorptance is the same as for March 19, 1987. The
direct normal insolation on March 20 was about the same as that on March 19

and higher than that for October 1985. The receiver absorbed powers for March
20 are similar to those on March 19. Receiver outlet steam temperatures on March
20 were about 15 °C higher than on March 19.

We used the same equations and procedures to calculate the different ther-
mal losses as before. A summary of the results of the calculations for the different
thermal losses from the data in Table IX are:

Sum of the panel measured thermal losses - 5.740 MW
Receiver measured thermal loss - 5.564 MW, £ 2.33 MW,
Predicted receiver thermal loss - 3.915 MW;

The root-sum-square of the receiver measured loss precision and bias errors is +
2.33 MWy, Appendix B. The measured thermal loss for March 20, 5.564 MW,
with its higher steam outlet temperature, is higher than that for March 19, 4.914
MW;. It is doubtful that this difference in thermal loss is attributable to the in-
creased outlet temperature. The error analysis for this test, Appendix B, shows

_ the largest errors for the thermal loss tests. For the March 20 data, the predicted
thermal loss is only 70% of the measured loss.
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A summary of the results of the calculations for the different receiver efficien-
cies from the data in Table IX and incident power calculation is:

Receiver efficiency for the measured thermal loss - 81.4% =+ 4.13%
Receiver efficiency for the predicted thermal loss - 84.7%

Receiver efficiency using incident power - 81.0%

The root-sum-square of the receiver efficiency, using the receiver measured loss,
precision and bias errors is + 4.13%, Appendix B. These efficiency results are
similar to those from March 19. The difference between the measured and pre-
dicted thermal loss efficiencies for March 20, 4%, reflects the 70% difference be-
tween the measured and predicted losses. The part power efficiencies — as a frac-
tion of the full power efficiency — in Table IX, are about the same as those in Ta-
ble VIII. The efficiency calculated with the incident power is the same for March
19 and March 20 for the same absorbed powers.

To show the increase in the receiver efficiency after repainting the receiver,
we compared the efficiencies using the receiver measured thermal loss data for
March 19 and 20 to that shown in Figure 11. Figure 21 shows the receiver effi-
ciency data fit line (solid line) and prediction interval (dash lines) from Figure
11 compared to the efficiencies from the thermal loss tests (®) on March 19 and
20, 1986. The two “X’s” are design values from Reference 10. We see in Figure
21 the receiver efficiencies after repainting the receiver are higher than those be-
fore repainting. These latest efficiencies are nearly the same as the design values
from Reference 10. After repainting the receiver, the measured flat surface solar
absorptance was the same as that used for the design prediction of efficiency. The
trend in the receiver efficiency as a function of absorbed power is the same as be-
fore repainting with the after repainting data being higher.

The three thermal loss tests gave receiver measured thermal losses ranging
from 4.4 MW to 5.6 MW,;. The error analysis in Appendix B for the measured
losses shows the precision errors ranged from 0.3 to 2.3 MW, and the bias errors
ranged from 0.4 to 0.7 MW;. These values of measured loss are of the same or-
der as that found from the statistical method of least squares, about 4.7 MW;
with an estimated standard deviation of 1.2 MW¢, shown in Figure 14. All of
these thermal loss values determined from the experimental data are near that
predicted by the receiver designer in Reference 10 for higher receiver outlet steam
temperatures. Although much is still to be learned about the details of receiver

thermal losses, this data shows that predictions are of the same order as measured
data.

The receiver efficiency using the measured thermal loss data, Equation (A-
19), before repainting the receiver was nearly the same as that found using the
statistical method of least squares, Equation (1). The efliciencies after repainting
were higher than before repainting by about the same amount as the increase in
the effective solar absorptance. After repainting, when the solar absorptance was
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Figure 21. Receiver efficiency data fit line (solid line} and prediction interval
(dash lines) from Figure 11 compared to the efficiencies from the ther-
mal loss tests (@) on March 19 and 20, 1986. The two “X’s” are design
values from Reference 10.

the same as that used by the receiver designers, the receiver efficiency was about
the same as the design prediction, Reference 10.
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Cloud Transients

It is difficult to quantify in exact terms receiver operation during cloud tran-
sients. However, how well the receiver can operate during cloud transients will
directly affect the amount of solar energy the receiver collects. The approach we
took for this evaluation was to examine data plots of receiver operation during
cloud transients and draw general conclusions about how well the receiver oper-
ated through the cloud transients examined. We used data for this evaluation
from the summary data tapes recorded at three minute time intervals so there
may be insolation changes occurring that are not known. Reference to time is
in minutes from midnight. The parameters we considered are site solar insola-
tion, number of heliostats tracking the receiver, and the receiver outlet steam
temperature. As mentioned in the Receiver Description section, each panel has
three flux gages mounted at different elevations at the center of the panel. To fur-
ther understand how clouds affect the receiver, we examined data from panel flux
gages representing four quadrants of the receiver, southeast (SE), northeast (NE),
northwest (NW), and southwest (SW). Thus, when the site insolation changed,
we could see if similar changes occurred on the various quadrants of the receiver.

For future comparison with data of operation during cloud transients, a plot
for a clear day is shown in Figure 22. Figure 22 shows that all available heliostats
began tracking the receiver just after sunrise; insolation was about 150 w/m? and
the time was 377 minutes. As the insolation increased, the receiver outlet tem-
perature increased through its sequence of set temperatures, pausing first at just
over 200°C and again at over 300°C; reaching a final outlet temperature of 415°C
when the insolation reach 750 w/m?. The receiver outlet temperature remained
nearly constant throughout the day until the insolation decreased to about 600
w/m? When the insolation reached about 600 w/m?, the operator began to de-
crease the receiver outlet temperature until it was below 315°C; then he removed
the heliostats tracking the receiver, 1146 minutes and insolation below 150 w/m?
in Figure 22. The four quadrants of the receiver had similar, but reduced, profiles
of insolation as did the site insolation during heliostat tracking of the receiver.

Figure 23 shows a case where the receiver start-up was delayed from sunrise
and began at an insolation value of 470 w/m?, 380 min, when most available he-
liostats began tracking the receiver. We sequenced through the set receiver start-
up temperatures. Because of the flow limitation of the receiver flash tank, the
number of heliostats tracking the receiver had to be reduced until the downcomer
could be conditioned and superheated steam flow was directed to the downcomer.
After that was completed, the receiver was operating as it would on a clear day,
Figure 22. At about 600 minutes, Figure 23, a cloud transient caused a significant
change in the magnitude of the site insolation, 98.0%. The heliostat reflected so-
lar flux density on the southwest (SW) quadrant of the receiver reduced 75.0%,
northwest (NW) 91.0%, northeast (NE) 37.0%, and southeast (SE) 0.0%. Within

one data tape time step, 3 minutes, the site insolation was back at the clear day
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Figure 22. Clear day receiver operation data showing site insolation (solid line),
receiver outlet steam temperature (small dash line), and number of
heliostats tracking the receiver (long dash line).
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value. Since each boiler panel has its own flow control valve to control the panel
outlet temperature, the receiver outlet temperature swing was only about 4.0%.
Since not all of the receiver quadrants were affected by the cloud, the receiver to-
tal flow decreased only about 30% and the plant steam turbine continued opera-
tion. After this cloud passed the receiver had over 20 minutes of clear day opera-
tion before the next cloud.

At 633 minutes, Figure 23, another cloud caused an 87.0% decrease in site
insolation. Again not all receiver quadrants were affected the same by this de-
crease in site insolation, SW 26%, NW 88%, NE 44%, and SE 18%. Total re-
ceiver flow decreased about 34%, and the turbine continued operation. Again this
cloud transient was one data tape time step in duration. About 9 minutes later,
645 minutes, another cloud transient of longer duration caused a maximum de-
crease in site insolation of 94% with each receiver quadrant flux density decreas-
ing around 80%. The total receiver flow decreased about 90% from that before
the cloud, and the turbine was taken out of operation. The receiver continued op-
eration after the cloud passed with outlet temperature oscillation of + 9%.

In general, the insolation shown in Figure 23 seemed to drop and rise very
quickly, except on one occasion at 645 minutes, and then stay nearly constant
for a few minutes. The rapid 50% to 90% reductions and increases in the insola-
tion did cause the receiver outlet temperature to oscillate a few degrees around its
nominal value. At 645 minutes in Figure 23, the large drop in insolation was not
followed by an immediate increase and the outlet temperature showed its largest
oscillation, and the turbine was shut down. Late in the afternoon, 885 minutes,
the insolation decreased to 0.0 w/m? (100%) with each receiver quadrant experi-
encing similar decreases. This zero insolation lasted two data tape time steps, 6
minutes, and the receiver outlet temperature dropped over 100°C (30%). When
the insolation increased back to its original value the receiver outlet temperature
increased 100°C (30%) over its nominal value of 410°C. Within another 6 minutes
the insolation decreased again, this time for 9 minutes, and the receiver was shut
down, heliostats removed from tracking. This case showed that if the site insola-
tion change was of short duration and had a small time delay between significant
changes in insolation, although they may continue to occur, the receiver outlet
temperature changes are small. However, at Solar One with the steam direct from
the receiver to the turbine, if the total receiver flow is reduced significantly, the
turbine will be taken out of operation.

Figure 24 shows a case of early morning start-up with low insolation and
cloud transients which lasted until after noon. This case has a high frequency in-
solation oscillation along with a low frequency oscillation of the mean value of the
insolation. Each quadrant of the receiver had similar oscillations in its solar flux
density. Initially over half of the heliostats began tracking the receiver and then
even more were put in track. The outlet temperature began to increase through
its start-up sequence but at a slower rate because of the low insolation. During
this start-up, changes in insolation of & 50% of a nominal 150 w/m? were occur-
ring and the outlet temperature was oscillating. During this phase of the receiver
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start-up, the receiver flow is constant, so the outlet temperature will change with
insolation. As the insolation began to increase, so did the outlet temperature.
When the outlet temperature reached about 240°C, 508 minutes, a few heliostats
were removed from tracking to reduce the total receiver flow until the receiver
reached a steam condition and the downcomer is opened.
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Figure 24. Receiver operation with cloud transients during morning start-up show-
ing site insolation (solid line), receiver outlet steam temperature (small
dash line), and number of heliostats tracking the receiver (long dash
line).

Once the downcomer was open, all heliostats were put in track and receiver
flow was changed to maintain a set outlet temperature. The insolation began to
decrease, 540 minutes Figure 24, with some oscillation and the outlet temperature
began to oscillate. When the insolation reached about 300 w/m?, there was a de-
crease to 150 w/m?, 605 minutes, followed by an increase to over 300 w/m?. The
outlet temperature peaked at around 484°C, 620 minutes, on the increase in in-
solation before it returned to near 410°C with smaller oscillations. Each receiver
quadrant was experiencing similar changes in its solar flux density. The increase
in insolation from 300 w/m? to over 750 w/m?, 683 minutes, had very little ef-
fect on the outlet temperature. A decrease in insolation from 750 w/m? to 375
w/m?, T10 minutes, caused the outlet temperature to oscillate. The subsequent
increase in the insolation to over 800 w/m?, 770 minutes, again had little effect on
. the outlet temperature. At this time large changes in the insolation stopped, and
the rest of the day was similar to that shown in Figure 22. For the case shown in
Figure 24, an overall reduction in the insolation with oscillations seems to have
a greater effect on the receiver outlet temperature than an overall increase with
oscillations. When the insolation decreases, the receiver flow also decreases, and
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insolation oscillation at low flow condition seems to affect the receiver outlet tem-
perature more than at high flows.

Figure 25 shows a case where, after a typical clear day start-up (Figure 22)
and the receiver outlet temperature had reached its nominal 415°C value, there
was a large, 80%, decrease in the insolation. Each receiver quadrant had decreases
of 69% (SW), 26% (NW), 20% (NE), and 80% (SE) in solar flux densities. How-
ever, the receiver quadrants NW, NE, and SE continued to stay low or go even
lower, all near 60%, even though the site insolation increased back to around 775
w/m?, This reduced flux density on these three receiver quadrants caused the to-
tal receiver flow to reduce, and the turbine was taken out of service. The site in-
solation then began a series of large and continuous changes, starting at 595 min-
utes, lasting for several minutes. Heliostats were removed from tracking the re-
ceiver to try to keep the receiver in operation, but this failed and the receiver was
shut down at 604 minutes. After several minutes the insolation became more con-
stant, and a mid day receiver start-up was initiated. During this receiver start-up
the insolation again began to have large and continuzous changes and the start-up
was aborted. This case shows that large and continuous changes in the insolation,
with almost no time delay between the changes, will force the receiver to shut
down if it is operating and also, the receiver can not sequence through its start-up
with such large and continuous changes in the insolation.
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Figure 25. Receiver operation after normal start-up with cloud transients hav-
ing large and continuous changes showing site insolation (solid line),
receiver cutlet steam temperature (small dash line), and number of
heliostats tracking the receiver {long dash line).
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These three cases of receiver operation during cloud transients, each having
its own characteristics, demonstrate a range of cloud transients for the receiver at
Solar One. Only large and continuous changes in the insolation with very small
time intervals between the changes kept the receiver from operating (Figure 25).
After the receiver has completed its start-up, it can operate through large changes
in the insolation if there is some time delay between these changes (Figures 23
and 24). This is in part because each boiler panel flow control valve will control
the flow through its panel to maintain its set outlet temperature. Cloud tran-
sients even at low insolation with some time delay between insolation changes did
not keep the receiver from starting up or keep it from operating (Figure 24).

Even though the receiver could operate through cloud transients with large
chenges in insolation, which result in large changes in water/steam flow through
the receiver, the turbine/generator set could not continue to operate. Also, as-
sociated with these changes in insolation, the receiver tube metal temperature is
experiencing high ramp rate increases and decreases. These temperature changes
could affect the receiver life by low cycle fatigue and the panel structures by high
thermal stresses,

Receiver Life

Receiver life includes the performance of the panel mechanical supports and
the occurrence of panel tube leaks. The continuous operation of the Solar One
recelver since early February 1982, when the sun’s reflected energy was first inci-
dent on the receiver, has provided an opportunity to evaluate receiver life. The
receiver has been in operation seven days a week, from sunrise to sunset, for five
years, except when weather or hardware problems limited operation.

The Solar one receiver is designed to have a 30-year life. All twenty-four re-
ceiver panels are the same design. The only differences between the panels are the
inlet orifices and instrumentation. The panels are designed to be flat in the ver-
tical direction , see Figure 8, and have a radius of curvature equal to the receiver
radius in the lateral direction.

A T0-tube receiver panel consists of seven subpanels of ten tubes. The sub-
panel tubes are welded together along their entire length; then the subpanels are
welded together. Attachments are welded on the back of the panel to carry the
panel loads. Figure 26, a schematic of a receiver panel, shows the tube bends at
the top and bottom of the panels (a), the inlet and outlet manifolds, panel mod-
ule support, and the panel support at levels 1-6 (b). The weight of the panel is
carried by supports under each subpanel at the top of the panel, level 7 in Figure
26. After the subpanel tubes are welded together, the tube ends are bent to an
appropriate shape. The first bend at both the top and bottom is approximately
a 90° bend toward the core or inside of the receiver with about a 38 mm bend ra-
dius, diagram (a) in Figure 26. The lengths of the subpanels and the tube shapes
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after the first bend on each end are different to allow the tubes to be welded to
the panel inlet and outlet manifolds.

The welds between the subpanels are referred to as the panel “interstice welds”.
An interstice weld is terminated at the top and bottom of the panel by extending
the weld along the shortest subpanel and wrapping it over about one inch on the
front of the panel. The small portion of insulation at the top and bottom of the
panel cover the interstice weld termination. Figure 27, a photograph of the top
portion of a panel, shows the subpanels (a), supports under the subpanel first 90°
bend (b), and interstice welds on the front of the panel (¢). The insulation at the
top of the panel has been removed to expose this area of the panel. We can see
in Figure 27 the different lengths of the subpanels (a) and the supports at level
7 (shown in Figure 26), under each subpanel (b), which carry the weight of the
panel. The interstice weld termination between subpanels, one inch long welds on
the front of the panel, can be seen in Figure 27 (c). The wires in Figure 27 across
the top of the subpanels are used to hold the insulation, white material above the
subpanels, in place.

Figure 27. Photograph of the top portion of a panel, showing the subpanels (a),
supports under the subpanel first 90° bend (b), and interstice welds on
the front of the panel (¢).
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After the subpanels have been welded together, the inlet and outlet manifolds
are welded to the tubes. The panel is then connected to the panel module sup-
port. Attachment brackets welded to the back of the panel, diagram (b) in Fig-
ure 26 at levels 1 through 6, are on each side of the panel, around tube 10 on one
side and tube 60 on the other side. These brackets are connected to the panel
module support with rollers, not shown in Figure 26. The rollers connected to
the panel module and panel brackets are free to move as the panel changes tem-
perature. Thus the panel, at levels 1 through 6, is free to move vertically on the
panel module structure relative to level 7. These roller supports are designed to
keep the panel from warping (radial deflection in and out along the panel normal)
and bowing (decrease panel radius of curvature in the lateral or receiver circum-
ferential direction). Level 7 (Figure 26), the top subpanel tube bend supports,
is fixed and carries the panel weight. The panel module structure supports the
panel weight, lateral (side to side), and radial (in and out) loads of the panel.

The first visible change we saw on the receiver was slight panel warpage in
March 1982 after just two months of operation. A photograph of the receiver,
Figure 28, shows the top portion of several receiver panels with areas of slight
panel warpage identified. This warpage has no effect on receiver operation. Ex-
cept for one panel, we believe this warpage is caused by lateral temperature gra-
dients across the panel. Back surface metal temperature data at the top of each
panel indicates that the north side of the panel is hotter than the south side. The
hot side of the panel wants to expand more than the cool side of the panel. Since
the tubes are welded together, the cool tubes restrain the expansion of the hot
tubes and warpage occurs. The design of the panel supports and rollers may con-
tribute to panel warpage by constraining the uneven panel growth. The excep-
tion is one panel which apparently overheated from loss of water flow. This panel
expanded so much that it hit the bottom of the panel module support at level
1, Figure 26. To preclude this happening to other panels, we modified the mod-
ule support on each boiler panel by extending its length to allow for more panel
expansion. In 1982 we decided not to make any modifications to the panels to
reduce the lateral temperature gradient or to the rollers to accommodate the un-
even panel growth.

Since most of the heliostats in the heliostat field are north of the receiver,
there is a lateral incident solar flux gradient across most of the panels. This flux
gradient changes on the north panels as the sun moves from east to west. The
tube orifice sizes on the east and west panels were selected to provide a flow dis-
tribution in these panels which would limit the lateral temperature gradient. Since
the flux gradient changes on the north panels, these panels have uniform orifice
sizes. To reduce the panel temperature gradient these tube orifices would need to
be changed. The data which shows the panels have lateral temperature gradients
~ also shows the panel north edge tube has the highest tube metal temperature.
There are no orifices in the panel edge tubes. The space between adjacent panels
allows the panel edge tubes to be exposed to incident radiation over about 270°
around the tube while interior tubes are exposed over about 180°.
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WARPAGE

Figure 28, Photograph of the top portion of the receiver showing two panels with
slight panel warpage.

After eighteen months of operation, July 1983, we found the first receiver
tube leaks. These leaks occurred at the top, superheated section, of one panel on
each side of the center subpanel at the interstice weld. In August 1983 we found
a second type of tube leak. This new leak, on a different panel, was also at the
top of the panel but on the panel north edge tube at the crown of the first 90°
bend. This interstice weld and tube bend area of the panel is covered with insu-
lation and is not exposed to the incident solar flux. Figure 29 shows a drawing of
the top portion of a panel and the location of the leaks at the tube bend (a) and
interstice weld (b). The subpanel tube bends are toward the inside (core side) of
the receiver away from the incident solar radiation reflected from the heliostat
field. The center subpanel interstice welds are between tubes 30/31 on one side
and tubes 40/41 on the other side. These first interstice weld leaks are between
tubes 30/31 and 40/41. Panel edge tubes are tubes 1 and 70. The portion of the
panel not shown in Figure 29, tubes 51 through 70, is a mirror image of tubes 1
through 21. These leaks alone did not affect receiver operation but were the fo-
cus of an evaluation to find their cause and resulted in a plant shut down for their
repair.

We performed several studies to determine the cause of these two types of
leaks, interstice weld leak and tube bend leak, and a way to eliminate their occur-
rence. These studies were both analytical and experimental. Until we understood
the cause of the leaks, we reduced the maximum receiver steam outlet temper-
ature to about 410° C from the design value of 510° C. At first we hoped these
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leaks were exceptions and there was not a generic problem with the receiver. Af-
ter several receiver inspections using dye penetrant and ultrasonics over a period
of months, we found more interstice weld and tube bend cracks and leaks. This

inspection data showed we had a tube leak problem affecting several receiver pan-
els.

We removed a small section of the interstice weld and tube from the panel
with this type of leak and replaced the section with new tube material in August
1983. Figure 30 is a photograph of the section of tube and weld removed from
the panel with the interstice weld leak. Regions A and B show the termination
of the crack next to the interstice weld. The crack is in the interstice weld fusion
line between subpanels. The tube in Figure 30 is tube 30, from the subpanel next
to the center subpanel. This tube is longer than the tubes in the center subpanel
and extends beyond the interstice weld between tubes 30 and 31, see Figure 29.
Region A in Figure 30 is on the front side of the panel and region B the back. We
see in Figure 30 that the crack extended only a short distance toward the front of
the panel compared to the back. Detailed fractography of the crack showed the
crack initiated on the outside diameter of the tube near the weld heat affected
zone and propagated into the tube. The erack surface striation spacing indicates
the failure was due to low cycle fatigue.

In October 1983 we found another panel which had a leak at the interstice
weld, next to the center subpanel, between tubes 30/31. By the end of 1983 the
dye penetrant inspections of the interstice welds between each subpanel showed
numerous cracks on several panels. A summary of our findings from inspecting
the interstice welds is:

10 panels had cracks at one or more interstice welds

2 panels had leaks at one or more interstice welds
adjacent to the center subpanel

The distribution of the cracks at the interstice welds showed that 70% occurred
between tubes 30/31 and tubes 40/41. No cracks were found on the water pre-
heat panels, panels 1-3 and 22-24.

Our analyses of the interstice weld area did not show conclusively the cause
of this failure. The results showed that the magnitude of the stresses due to con-
straining the expansion, temperature increase, or contraction, temperature de-
crease, in the lateral direction were low compared to the material yield strength.
This represents the case where the supports under each subpanel restrained the
lateral subpanel movement. The highest stresses predicted in the interstice weld
between subpanels occurred when there was a large temperature difference be-
tween adjacent subpanels. This condition could occur during receiver shut down
if water at the saturation temperature flows to the top of one subpanel, which
is still at the superheated steam temperature, before an adjacent subpanel. The
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Figure 30. Photograph of the section of tube and weld removed from the panel
with the interstice weld leak. Regions A and B show the termination
of the crack next to the interstice weld.



data we evaluated from the tube metal temperatures at the top of a panel showed
occurrences where a tube 35 temperature in the center subpanel would drop be-
fore tubes 5 and 65 temperature in the exterior subpanels. We did not have data
for adjacent subpanels.

In January 1984 we decided to make modifications to all of the boiler panels
to eliminate the occurrence of interstice weld cracks and leaks. While making the
modifications we ground out all known cracks and weld filled those more than a
0.1 to 0.2 mm deep. We removed five of the seven supports under the subpanels,
shown in Figure 27, at level 7 (Figure 26). We left supports under the two sub-
panels containing tubes 11-20 and tubes 51-60, Figure 28. We also ground away
that portion on the interstice weld which extended to the front of the panel, Fig-
ure 27 (¢), and a small portion on the back of the panel. At the interstice welds
on each side of the center subpanels, we ground away the interstice weld for a
length of about 100 mm down the panel. We tapered the termination of this
grinding so that the weld was thin where the weld was removed and gradually
thickened to its full thickness in about 25 mm. We believed that if these modifi-
cations did not reduce the stresses in the interstice region, then any crack which
did occur would be in the tapered weld and not in the tube.

Since making these modification in January 1984, in addition to operation
changes to be discussed, we have not had any interstice weld leaks. However,
cracks are visible in the tapered region of some interstice welds adjacent to the
center subpanels. This indicates the modifications did not relieve all of the loads
in the interstice weld region of the panel.

At the same time we removed the cracked section of the interstice weld and
tube; we removed the leaking edge tube bend and replaced it with a new tube
bend (August 1983). The section of tube removed extended from below the first
90° tube bend, leak location, to above the second 90° tube bend, shown in Fig-
ure 29 (a). Figure 31 is a photograph of the crack in the edge tube bend section
removed from a panel. We see in Figure 31 that the crack is circumferential in di-
rection around the tube. The crack is located on the extrados, or outer curve, of
the bend and wrapped around approximately 150° of the tube.

By November 1983 the ultrasonic inspections of the boiler panels first 90°
tube bends showed that three panels had cracks in their edge tubes. One of these
cracks was in the tube section we replaced in August 1983 when we removed the
tube bend crack. In December 1983 we removed edge tube bends with cracks
from two boiler panels and tube bends without cracks, material samples, from two
other panels. The material samples were edge tubes from panels which we had
data showing these edge tubes operated at lower temperatures than those which
had cracked. A summary of the results of all of our ultrasonic inspections is:

9 panels had cracks or crack indication in their edge tubes

5 panels had leaks in their edge tubes
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CIRCUMFERENTIAL
CRACK

Figure 31. Photograph of the crack in the edge tube bend section removed from a
panel. The crack is circumferential around the tube.

All of the cracks or leaks were in the north edge tubes which tend to operate at
the highest temperature compared to other panel tubes. Also, the panel edge
tubes with cracks had operated at higher temperatures than those panels with-
out cracks.

We did a detailed metallographic evaluation on the tube bend sections re-
moved from the panels. The results of this evaluation are reported in Reference
19. Also, the analyses on the interstice weld leaks were extended to cover the
edge tube leaks. We found from our metallographic evaluation that these tube
bend cracks initiated on the inside surface of the tube. Figure 32 is a photograph
of the cross-section of one of the edge tube bends removed from a panel. We can
see in Figure 32 the crack extended about 150° around the tube and the crack
initiation site is on the tube extrados inside surface. Figure 33 is a low magnifi-
cation photograph of the tube inside surface on the tube extrados, near the crack
initiation site, from the tube shown in Figure 32. We can see in Figure 33 that
there are many circumferential cracks, running perpendicular to the tube axis,
and axial cracks, parallel to the tube axis. Further metallographic studies showed
that the circumferential cracks are much deeper than the axial cracks. Several
conclusions reported in Reference 19 are:

Cracks initiate on the inside diameter in the extrados
of the tube bend;
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Figure 32. Photograph of the cross-section of one of the edge tube bends removed
from a panel. The crack initiation site is on the tube inside surface.

Figure 33. A low magnification photograph of the tube inside surface on the tube
extrados, near the crack initiation site, from the tube shown in Figure
32. This surface has many circumferential and axial cracks.
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Cracking occurs in both a circumferential and axial direction;
Cracking is transgranular for both types of cracks;

Only circumferential cracks propagated to the outside
of the tube.

The two material samples from tubes which operated at lower temperatures did
not have any cracks.

The appearance of the inside surface at the tube extrados indicates that the
tube has experienced high circumferential and axial tensile stresses. These types
of combined stresses could be caused if the inside surface of the tube were much
cooler than the outside surface. This would be the case if during receiver shut
down water at the saturation temperature impinged on the tube bend inside sur-
face while it was still at the superheated steam temperature. This thermal shock
would cause the cracks to initiate. Other types of loadings or repeated thermal
shocks could then cause the crack to propagate through the tube wall.

The new tube section, installed in August 1983 to replace the first tube bend
leak, showed an ultrasonic indication of a tube bend crack within six months of
being replaced. This new tube section had a different mechanical environment
than before since it was not welded to the adjacent tube. Yet, within six months
it had cracked. The two material samples did not have inside surface cracks sim-
ilar to those found in the other edge tube bend. However, these tube bend ma-
terial samples had operated at lower temperatures than those where we found
cracks. We believe thermal shock of the high temperature panel edge tubes is the
cause of this type of cracks.

We were able to reproduce the type of cracking shown in Figure 33 in the lab-
oratory. Tube samples were heated to high temperatures, about 650° C. Room
temperature water was then injected into the tube at the extrados of the tube
bend. The same types of cracks shown in Figure 33 were found on the tube inside
surface.

To eliminate the occurrence of tube bend cracks on the receiver, we changed
the operating procedure to reduce the outlet steam temperature to about 315°
C, under controlled conditions, before receiver shut down. This controlled tem-
perature decrease can be seen in Figure 22 at the end of the day and before the
receiver shut down by removing heliostats from tracking the receiver. If water
at the saturation temperature does impinge on the tube bend inside surface dur-
ing receiver shut down, then the temperature difference between the inside and
. outside of the tube will be less than when cracks occurred. Also, to reduce the
panels north edge tube temperatures, we installed radiation shields between the
panels on over half the receiver. These radiation shields keep the incident radi-
ation from impinging on the side of the edge tubes, which makes their radiation
environment similar to interior panel tubes. At the time of these changes, there
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were three panels which had edge tubes with known ultrasonic crack indications.
Since these changes were made, all three tubes with known ultrasonic cracks indi-
cations have leaked. They were repaired by grinding out the cracks and filling it
with weld material. However, no other edge tube bend leaks have occurred on the
receiver.

In December 1983 while doing the interstice weld and tube bend inspections,
we observed that more panels were becoming warped. Also, several panels were
beginning to bow in the superheated portion. Bowing is a decrease in the panel
radius of curvature in the lateral direction. We inspected the panel back surface
support brackets and rollers and found that the bolts connecting the rollers to
the panel module support were broken or bent. These bolt failures were found on
nine panels with most at level 2 (Figure 26). As the panel temperature increases,
the panels expand from the top, level 7, which is fixed. Thus, the bottom of the
panels has the greatest vertical movement. If the rollers at level 2 bind and do
not roll, then the panel will warp to accommodate the thermal expansion. An
inspection of the rollers showed considerable corrosion and seizing of the rollers
onto their axles. We modified the rollers in February 1984 to increase the toler-
ance between the roller and its axle.

After about forty-two months of receiver operation, July 1985, we found leaks
on three panels at levels 5 and 6 where the attachment brackets are welded to
the panel. Figure 34, a schematic of the attachment bracket, shows the location
of the leaks. The “U” shaped clips in Figure 34 which are welded to the panel
are 6.35 mm thick. The brackets are connected to these clips with pins. These
clips are welded to tubes with a 2.93 mm wall thickness. The leaks are located at
the ends of the clips near the weld boundary and are circumferential in direction.
Similar leaks have been found on both sides of the panels. Since the first clip
weld leaks in 1985, fifteen of the eighteen boiler panels have had clip weld leaks
with most being at either level 5 or 6, or at both levels. Usually both sides of the
panel at any given level have clip weld leaks. Repair of these clip weld leaks has
been by the grind and weld fill method.

We originally thought these clip weld leaks were caused by the roller assem-
bly binding and loading the clips. However, with the modification of the rollers to
increase their tolerance, most rollers seem to roll freely. Also, the vertical move-
ment of the panel at levels 5 and 6 is small compared to that at levels 1 and 2.
We have not found any clip weld leaks at support levels 1 or 2. Another possible
failure mode is that the supports at levels 1 through 6 are supposed to restrain
the panels from bowing. With the panel front surface temperature higher than
the back surface temperature, the panels will try to bow due to thermal expan-
sion. This temperature difference is the greatest in the superheated portion of
- the panel. Constraining this bowing would load the clips. Figure 35 shows the
predicted front surface temperature and incident flux density profile for a boiler
panel (Figure 7), and the location of the panel support levels are shown as “y/’s”.
The support near 0 m panel length is level 1, and the support between 12 m and
14 m is level 7. We can see in Figure 35 that the level 6 support is in the panel
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Figure 34. A schematic of the attachment bracket, showing the “U” shaped clips
welded to the back of the panel. The leaks are located at the ends of
the clips near the weld boundary and are circumferential in direction.



superheated steam portion, and the level 5 support is near the boundary of the
saturated steam and superheated steam region.
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Figure 35. The predicted panel front surface temperature (solid line) and inci-
dent flux density (dash line) profiles for a boiler panel (Figure 7). The
location of the panel support levels are shown as “yy’s” with level 1
support (Figure 26) near 0 m panel length.

Analyses of the clip stresses caused by the panel mechanical loads showed
these stresses to be low compared to the material yield strength. These analyses
also showed that the support at level 6 could be removed without a large increase
in the clip stresses at level 5. The analyses did show that the thermal stress be-
tween the panel tube and clip, due to the temperature gradient normal to the
panel in the clip, would result in high stresses. These stresses are highest in the
high temperature portion of the panel.

We believe that the clip weld leaks are caused, among other factors, by ther-

mal stresses in the weld region due to the temperature gradient between panel
tube/clip weld and the clip material away from the tube. We modified the boiler
panels by removing the supports and clips at level 6. We also modified the sup-
port and clips on two panels at level 5, but this modification did not work. The
modification on these two panels removed all but a portion of two sets of clips
and restrained the panel radial movement with cables. Removing the clips re-
- duced the clip weld leaks; however, the cable supports did not restrain the panel
radial movement. We continued to have clip weld leaks with some now occurring
at level 4. As long as we have these types of clips welded to the panel, there is a
chance we will have clip weld leaks.
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In June 1986 one panel north edge tube had a leak on the front side of the
tube about 4 m below the top tube bend. We inspected this tube and found many
circumferential cracks from 0.5 m above the leak to over 1 m below the leak. The
appearance of the surface of this tube indicates that it has experienced very high
temperatures. Tube back surface metal temperatures at the top of the panel shows
that this edge tube has operated at higher temperatures than any other panel
edge tube. We were told by people who have extensive experience in superheated
boilers that this type of crack is called “fire cracking” and occurs in superheated
boilers when the tube has operated at high temperatures. We repaired this leak
by replacing a 6 m section of the tube from above the top first 90° tube bend. As
of the end of 1987, only one other panel edge tube has had a fire cracking failure.

The best engineering practices at the time were used to design the Solar One
receiver panels to have a 30-year life. Within eighteen months of the start of re-
ceiver operation, leaks began to occur in panel tubes. As receiver operation con-
tinued, we found new and different types of tube leaks. Table X summarizes the
types of tube leaks and when they first occurred. Time of occurrence is in months
from the start of receiver operation when a particular type of leak was first found
and the type is by location on the panel. For each type of leak or leak location we
evaluated the cause of the failure and possible solutions. We made modifications
to the receiver panels or to the operation procedures to eliminate the occurrence
of the various types of leaks. We were successful in eliminating the interstice weld
and north edge tube bend leaks, but clip weld leaks are still occurring. Since only
two north edge tubes have had front surface fire cracking leaks, we did not make
panel modifications to eliminate this type of leak. The radiation shields we in-
stalled between the panels to reduce the operating temperature of the north edge
tubes should have a positive effect of limiting the front surface tube leaks. By
reducing the maximum steam outlet temperature to below 450°C, we hope the
frequency of occurrence of the clip weld leaks is reduced.

TABLE X
SUMMARY OF THE RECEIVER TUBE LEAKS

Time of occurrence Leak location
(months)
18 interstice weld next to the center subpanel
19 north edge tube at the top 90° bend
42 panel back surface clip weld
53 north edge tube front surface below tube bend

The severity of the panel warpage and bowing has increased with time. Mod-
ifications to the panel roller supports to allow the supports to move freely on the
panel module support have not eliminated the warpage and bowing deformations.
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Figure 36, a recent photograph of the top portion of the receivers, shows how se-
vere these deformations are compared to the earlier photograph in Figure 28. We
can see in Figure 36 the radiation shields we installed between most of the pan-
els on the receiver. Panel warpage and bowing does not affect receiver operation
other than exposing the panel supports behind the panel to incident solar radi-
ation. However, such deformations must be reducing the receiver life and most
likely will lead to additional tube leaks on the receiver. We have installed addi-
tional insulation to protect the panel supports.

Figure 36. Photograph of the top portion of the receivers, showing the current
panel warpage and bowing. The radiation shields installed between the
panels protect the sides of the edge tubes from incident radiation.

After more than seventy months of receiver operation we have learned many
things about receiver life. Most tube leaks have been associated with some type
of weld on the panels. We need to reduce the number of welds and be concerned
with the relative size of materials welded to the tubes. Over-constraining the
panel thermal expansion can lead to high thermal stresses in the panel tubes.
The severe thermal environment and exposure to weather can cause corrosion on
the panel supports and restrict their movement. Temperature gradients due to
lateral incident solar flux gradients and panel front to back surface temperatures
during start-up, cloud transients, and shut-down can cause thermal creep-fatique
leading to panel warpage and bowing. Having the panel tubes welded together
along their length when the panel has a lateral temperature gradient can lead to
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panel deformation. The designers of the next generation of receivers will need to
learn from what we have experienced at Solar One.

Conclusions

We used experimental data to evaluate the performance of the Solar One re-
ceiver. The receiver performance characteristics included point-in-time steady
state efficiency, average efficiency, receiver life, start-up time, operation time, and
operations during cloud transients. Each performance characteristic was studied
using experimental data from the five years of receiver operation.

We found that our results for the peak receiver point-in-time efficiency, be-
fore the receiver was repainted and using Equation (1), were 76.7% =+ 4%, nearly
the same as earlier reported in References 4 and 5. We used a different method
to calculate the receiver point-in-time efficiency, independent of the receiver in-
cident power. We found that this different method gave a receiver efficiency of
76.1% + 2.6% at a slightly lower value of the receiver absorbed power than the
peak using the incident power. We compared the results from both methods of
calculating the receiver efficiency with the design predictions. The two results us-
ing experimental data gave nearly the same efficiency at the same value of the re-
ceiver absorbed power and both were lower than the design prediction. We found
the difference between the experimental results and prediction could be accounted
for, in part, by the receiver surface solar absorptance.

After the receiver was repainted in December 1985, we calculated the peak
receiver point-in-time efficiency from experimental data and found the efficiency
to be about 81%. This value, after repainting the receiver, was nearly the same as
the design prediction for slightly different receiver operating conditions. Receiver
thermal losses, calculated by two different techniques using experimental data,
were the of the same order of magnitude as those from the design predictions.
This comparison between experimental and design results shows, for the Solar
One water/steam external receiver, that predictions of the receiver efficiency and
thermal losses were realistic.

We found that the average receiver efficiency was within 5 to 10 percentage
points of the peak point-in-time receiver efficiency. This average was for receiver
operations with receiver start-up in about 1.6 hours after sunrise and shut-down
near sunset. We showed that receiver start-up times could be reduced by using
a different heliostat aimpoint strategy. We also found the receiver could operate
through certain types of cloud transients, which affects the average receiver effi-
ciency, if there was a slight delay between extreme changes in the site insolation.
However, severe receiver front surface temperature ramp rates, during operation
- in cloud transients and start-up, may affect receiver life.

The nearly continuous operation of the Solar One receiver, from sunrise to
sunset, for over five years gave us the first real opportunity to evaluate receiver
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life. We found as the time of receiver operation increased, different types of re-

ceiver tube leaks and panel failures occurred. We modified the receiver panels and

changed the receiver operation procedures to try to eliminate some of the tube

leaks and panel failures. Further receiver operation showed the modifications were

successful in some cases and not in others. Without a major re-design and mod-
ification to the receiver panel supports, we will not be able to eliminate all the
problems affecting receiver life.

We have shown that our methodology for predicting receiver point-in-time ef-
ficiency and thermal losses gave reasonable results when compared to experimen-
tal data. However, improvement should be made in both the experimental and
analytical techniques of evaluating these parameters.

We believe it is unlikely that the Solar One receiver will have a 30-year life.
Receiver life which is affected by receiver start-up, cloud transients, receiver shut-
down, and panel supports is an area which requires further evaluation.
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APPENDIX A
THERMAL LOSS TEST EVALUATION

To evaluate the receiver thermal loss and part-load performance for the re-
ceiver thermal loss tests which were performed at Solar One, we used the follow-
ing assumptions and equations:

Part-Load Performance

The receiver efficiency is defined as the receiver absorbed power (ABS), cal-
culated from measured temperatures and flow, divided by the receiver incident
power (INC), predicted using measured data and a heliostat field performance
value

ABS
Receiver efliciency = INC (A-1)
The receiver incident power can be expressed as
INC=IxREFxNT xNF x A (A—2)
where,
I = measured direct normal insolation
REF = measured heliostat mirror reflectivity
NT = number of heliostats tracking the receiver
NF = heliostat field performance value
A = area of an individual heliostat

The heliostat field performance value (NF) can be thought of as being the prod-
uct of several factors related to the heliostat field, site, and time of day. For ex-
ample,

NFcosine = sun’s position relative to the heliostat

NFpedow = one heliostat shadows the sun from another
NF%ock = one heliostat blocks the reflected beam of another
NFjower = tower shadows some heliostats

NFuim attn = atmospheric attenuation of the reflected beam

NF ynshape = effect of sunshape on the reflected beam

NFrror = effect of heliostat errors on the reflected beam

the first four factors listed are a function of the time of day and the heliostat,
tower, and heliostat field geometry. All of these factors can be calculated with
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accuracy for a given time and heliostat field. The next two factors are a function
of the atmosphere at the site and the last on the heliostat tracking, pointing, and
mirror errors. In general, we know less about the last three factors, but within
the hour or so it takes to run the thermal loss test, we assume the atmosphere
does not change nor do the heliostat errors. Most heliostat performance codes
include the effect all of these factors when calculating the incident power on the
receiver, but there are always questions about how well we know the input to the
codes for the last three factors listed. For this analysis, the important thing is
that whatever effects the last three factors have, they do not change within the
time it takes to do the thermal loss tests.

The receiver part-load (p) efficiency - as a fraction of the receiver full power
(f) efficiency - can be determined from the following equation

. ABS,/ING,
Part — load fraction = ABS,;/INC (A-3)
Using Equation (A-2) in Equation (A-3) and rearranging gives
I N
Part — load fraction = (It x REF x NTy x NFy x A) x ABS, (4 ~-4)

(I x REF x NT, x NF, x A) x ABS;

For the tests on the same day, we assumed that the mirror reflectivity (REF) did
not change during the day. We know the heliostat area (A) is constant. Equation
(A-4) reduces to

(If X NTf X NFf) X ABSP
(I, x NT, x NF,) x ABS;¢

Part — load fraction =

(4 -5)

When tests are run near solar noon, it might be assumed the heliostat field per-
formance value is constant. This assumption can be checked by calculating the
ratio of NFy/NF,, to see if it is equal to or very near unity. It is the ratio of NF/NF,
which 1s important and not their absolute values. If the same parameters for the
site atmosphere, sunshape, and heliostat errors are used, then only those factors
affected by the time of day would change. We believe we can predict the effect of
the change in the time of day on NF. This could be important if the tests were
run over several hours rather than near solar noon. If the assumption of a con-
stant heliostat field performance value is true, then Equation (A-5) can be eval-
uated using only measured data. Note, bias errors could cancel out leaving only
random errors affecting the results.
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Thermal Loss Predictions

It is assumed that the receiver absorbed power can be expressed as a linear
relationship to the receiver incident power and thermal loss (L) as follows

ABS = NA x INC — L (A—6)

where NA is an effective receiver solar absorptance. Let (1) be a part power test,
(2) the full power test, and (3) the complementary part power test of (1). Thus,
for the three power levels Equation (A-6) can be written, using Equation (A-2) as

ABS; =NA xI; x REF x NT; x NF; x A — Ly (A-T17)
ABSQ=NAXIgXREFXNszNngA—Lz (A—-S)
ABS3; = NA x I3 x REF x NT3 x NF3 x A — L3 (A—9)

We define the following ratios

Iz X NFz

[Rl=—2"—"2% -
I; x NIy (A 10)
Iz x NF2

I == £ —

RS = (A—11)

When we evaluate Equations (A-10) and (A-11), we recall that if the thermal loss
test is performed near solar noon, then it might be that NF; = NFy = NF;. If
not, then again the ratios of NF3/NF; and NF;/NF3 would need to be calculated.
We multiply Equation (A-7) by Equation {A-10) and Equation (A-9) by Equation
(A-11). We add the resulting equations and subtract the result from Equation
(A-8) which gives, after rearranging,

ABS; — (IR1 x ABS; +IR3 x ABS;3) =
I x NF; x REF x NA x (NTy x A — (NTy x A+ NT3 x A))—
Ly + (IR1 x L; + IR3 x L3) (A —12)

By definition of the test method
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NT; x A=NT; x A+NT3 x A (Ar—-l.g)

thus, the first term after the equal sign in Equation (12), using Equation (A-13),
is zero. We define two additional ratios as

LRl = & (A - 14)
L2
L

LR3 =2 (A — 15)
L |

and substituting Equations (A-14) and (A-15) into Equation (A-12), after factor-
ing Ly from the last term, results in

ABS; — (IR1 x ABS; + IR3x ABS;) = L, x (IR1 x LR1+IR3x LR3—1) (4 — 16)

Solving Equation (A-16) for Ly gives

L _ ABS; — (IR1 x ABS; 4 IR x ABS;)
i IR1 x LR1 + IR3 % LR3 — 1

(A—17)

This is the equation for the total thermal loss from the receiver at the full power
test level. It is independent of knowing the absolute value of the receiver inci-
dent power. To solve this equation, an estimate of the thermal loss at each test
level needs to be made, i.e., estimates of LR1 and LR3. Needing these estimates
of LR1 and LR3 to solve Equation (A-17) is a deviation from using only mea-
sured data to determine the receiver thermal loss. We will show how we used the
measured receiver absorbed power and receiver geometrical data to make our esti-

mates of LRI and LR3.
If it is assumed that the thermal loss tests are run near solar noon, i.e., NF is

constant, the insolation is constant during the tests, and the loss is the same at
each power level, then the Equation (A-17) would reduce to

L, = ABS, — (ABSl -+ ABSa) (A — 18)

This equation will give a minimum value for Ly, since in general LR1 and LR3 are
less than unity.
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Once the receiver thermal loss has been calculated using Equation (A-17),
since it is not assumed the insolation and thermal losses are constant, then the
receiver full power efficiency is calculated by

effective solar absorptance
1 + Lo/ABS,

Efficiency = (A —-19)

This equation is derived by solving Equation (6) for INC, substituting the results
into Equation (1), and rearranging. Equation (A-19) is independent of the re-
ceiver incident solar power. The effective solar absorptance in Equation (A-19)
accounts for the receiver heat exchanger active surface solar absorptance, tube
geometry, and the difference between the active area and that exposed to the inci-
dent solar power; for example, gaps between the receiver panels.

Thermal Loss Predictions (Receiver Model)

Equations (A-14) and (A-15) require an estimate be made for the receiver
thermal loss at each test power level. These two equations are used in Equation
(A-17) to find the full power test level thermal loss. To make this estimate, a re-
ceiver thermal loss model is developed which uses measured data from the ther-
mal loss tests.

To estimate the receiver emitted radiation loss, each receiver panel is treated
separately. Preheat panels (1, 2, 3, 22, 23, and 24) are treated as whole panels,
and the boiler panels (4-21) are treated in three equal sections, i.e. water, boiling,
and steam. Convection loss is calculated for the entire receiver. Conduction loss
is assumed negligible and not included. The receiver predicted thermal loss at
each power level is the sum of the individual panel emitted radiation losses and
receiver convection loss. Data from the test at each power level on data tapes
is used to calculate each panel, panel section, and the receiver absorbed power.
Data used included panel and receiver inlet water and outlet steam tempera-
tures, pressures, mass flow, air temperature, and wind speed. Based on the inlet
and outlet temperatures and pressures and mass flow, we calculate the absorbed
power for each panel or boiler panel section and the entire receiver.

To predict the individual panel emitted radiation and receiver convection
loss an estimate of the panels and receiver average surface temperatures is calcu-
lated. The approach used followed the method given in Reference 18 for concen-
tric cylinders with fluid flowing inside. For a panel each tube consists of a layer
of high solar absorptance paint, the steel tube, and the fluid inside the tube. In
the steady state, the heat flow through each portion of the tube is the same and
- is represented by
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ABS; = hfiyig X Ais X (Tis — Tuia) for the inner surface (A — 20)

ABSy = kgt x Agt X M for the steel tube (A -21)
(ros - ris)

ABS; =k x Ap X ETLE'H——TOS—) for the absorptance paint (A — 22)
(Top — Tos)

where we assume that the heat transfer occurs only through the top half of the
tube exposed to the solar flux and
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ABS;

hout
h;

hfuid

Tis
Tuia

= calculated heat absorbed by an individual panel tube

(preheat panels) or panel section tube (boiler panels)
ABSth X (hout — h‘m) MWt

= tube mass flow, kg/sec
fluid enthalpy at Tou, kj/kg
fluid enthalpy at Tj,, kj/kg

fluid film coefficient for either water,
boiling water, or superheated steam, MW,/m? —°C

= steel tube inside radius, 0.00342 m
tube active length (preheat panel), 13.7 m

fl

tube active length (boiler panel sections), 4.57 m

half of the preheat panel tube inside surface area
A= 7 X 135 X £, m?

or for a boiler panel section

Ajg= 7T X135 X b m®

steel tube inside surface temperature, °C
mean fluid temperature

Tauia=(Tintet + Touttet)/2 °C
steel thermal conductivity,
17.3x 1078 MW;/m —° C at 400°C
= logarithmic mean area of half the preheat panel steel tube,
Ag=( 7 X £, X (ros — 1is))/ (In{r0s/Tis)) m?
or for a boiler panel section
Ag=( 7 X €3 X (o5 — 135))/ (In(r0s/1is)) m?
= steel tube outside surface temperature, °C
steel tube outside radius, 0.00635 m

= absorptance paint thermal conductivity,
0.6 x 107% MW;/m -°C

il
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Ap = logarithmic mean area of half the preheat panel paint surface,

Ap=( 7 x £ X (Top — T0s))/(In(rop/Tos)) m?
or for a boiler panel section

Ap=( 7 X £s X (Top — Tos))/(In(rop/Tos)) m?
Twai = front surface temperature of the absorptance paint, °C

Top = outside surface radius of the absorptance paint
assuming a paint thickness of 45 pm, 0.006395 m

Fluid properties are evaluated at Tgyq. Using Equations (A-20), (A-21), (A-22),
and the definition of Tgyiq the average preheat panel tube front surface tempera-
ture or average boiler panel tube section front surface temperature (Tyan) can be
found from

ABS;

Twall= (Tinlet + Toutlet)/Q -+ m

ABS; X (1os — Tis) N ABS¢ X (top — Tos)
kst X Ast kp X Ap

(A - 23)

We assume that the fluid inlet and outlet temperatures for a tube within a pre-
heat panel is the same as that for the panel. For the boiler panels we assume that
the fluid inlet temperature of the subcooled section is the same for all boiler pan-
els. The outlet temperature of the subcooled section is the water saturation tem-
perature at the mean boiler panel pressure. The inlet and outlet temperature of
the boiling section of the boiler panels is the saturation temperature, but the inlet
enthalpy is that of saturated water and the outlet enthalpy is that of saturated
steam. The inlet temperature of the superheat section of the boiler panels is the
saturation temperature, and the outlet temperature is the panel outlet tempera-
ture. Since there are 70 tubes per panel, and if it is further assumed that the flow
in each tube within a panel is equal, then

mass flow per tube = (panel mass flow)/70

Thus, by knowing a panel or panel section fluid inlet and outlet temperature and
pressure and the panel mass flow, an estimate of each panel or panel section aver-
age front surface temperature can be made using Equation (A-23). The receiver
average surface temperature is calculated by using the average of the twenty-four
panel average surface temperatures. Since Equation (A-23) is dependent on the
panel absorbed power, the panel and receiver average surface temperatures will
mcrease as the absorbed power increases even though the receiver inlet and outlet
- temperatures are constant during each test power level.

Both natural and forced convection heat transfer correlations used are those
from Siebers (Ref 16,) and they were increased to account for the tube geome-
try of the receiver. A mixed convection heat transfer coeflicient is found using
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the natural and forced convection heat transfer coefficients as recommended by
Siebers.

The prediction of the receiver thermal loss at each power level for the thermal
loss tests used the following definitions and values

o — Stefan-Boltzmann constant, 5.669 x 1078 w/m? —° K*
dia = receiver diameter, 7.01 m
g = acceleration of gravity, 9.8 m/sec?
€ = vpanel effective emittance, .90
Apane = panel projected area, 12.09 m?
Aection = panel section projected area, 4.03 m?
v wind speed, m/sec
Too = ambient air temperature, °K
v = air kinematic viscosity, m?/sec
Jé) = air temperature coefficient of volume expansion, 1/°K
kair = air thermal conductivity, w/m —° K
Pry, = air Prandtl number _
Twal, = panel section average front wall temperature (boiler panels), (A-23) °K
Twa, = panel average front wall temperature (preheat panels), (A-23) °K
TWM1P=LZEJL:EEM °K (boiler panels)
Twally = receiver average front wall temperature
24
TwaﬂR:Z]:] ;Twalle)n oK
Resir = receiver Reynolds number
Re,;, =iz
Gr = receiver Grashof number
Gr:gxﬂxep%glz‘wanR—Too)
Nuya: = receiver natural convection Nusselt number

Nttga=404 x (Gr#) x (2522)=004 for Gr < 1.0 x 107

Nttga=098 x (Grd) x (2422) =014 for Gr > 1.0 x 107

Hiaturai= receiver natural convection heat transfer coefficient
Histura =75 x Ynobair g /m?2 oK
Nug,y = receiver forced convection Nusselt number
1 1
Nugo,=.453 x (Re?) X (Prgi3) for Re < 2.0 x 10°

Nitgor=.0307 x (Re®8) x (Pryi,®®) x (32l =04 for Re > 2.0 x 10°
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Hiorcea = receiver forced convection heat transfer coefficient

NugorXkgy 2
Hforced:% X dia - W/m -°K

H,ix = mixed air convection heat transfer coeflicient
3.2 3.2\ 55 2
Hmix:(Hforced + Huatural )3'2 W/m —°K

where air properties are evaluated at ambient temperature.

Each preheat panel emitted radiation loss (Ly) is then
L = A Towatly” — Too®
r=€X0X pa,nelx[ wallp o0 ]

and each boiler panel emitted radiation loss is

3
Ey = Zf X 0 X Agection X [(Twa.llﬁ)n4 - Too4]

n=1

and the receiver emitted radiation loss (Ly) is then

24
LR = Z (Lf)n
n=1

the receiver convection loss (Lg) is

LC =24 x Apane] x Hmix X (Twal]R - Too)
and the total receiver predicted thermal loss is

Liotal = Lr + L

(4 —24)
(A - 25)
(A - 26)
(A —27)
(A — 28)

Based on the surface temperatures calculated using equation (A-23) the re-
ceiver emitted radiation loss (A-26), mixed convection loss (A-27), and total loss
(A-28) is calculated for each of the three power levels during the thermal loss test.
These results are used in equations (A-14) and (A-15). Equation (A-17) is used
to calculate the receiver thermal loss at the full power condition and Equation
(A-19) the efficiency. Equation (A-8) is used to calculate the receiver part-load

efficiency — as a fraction of the receiver full power efficiency.
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APPENDIX B

RESULTS OF EXTERNAL RECEIVER
THERMAL LOSS

The data used to evaluate the external receiver thermal loss were ten to thirty
second data recorded over a thirty minute time interval for each test power level.
Equation (A-17) from Appendix A was used to calculate the thermal loss. We
used the methodology, which was described in the Evaluation Method section of
this report, to select the actual value of a measured parameter for the thermal
loss evaluation.

To determine the steady state values, actual values for each measured pa-
rameter, using eleven consecutive data tape time steps toward the end of each
power level, were fit with straight lines using a least squares technique. We used
the value from the data fit equation at the tenth time interval as the steady state
value. Also, this same procedure for finding steady state values was done for the
calculated receiver incident and absorbed powers. We used these data fit values
to solve the equations in Appendix A. The equations in Appendix A are inde-
pendent of the receiver incident power. The receiver incident power was used in
Equation (1) to find the receiver efficiency to compare with efficiency results inde-
pendent of incident power. Tables B-I, B-II, and B-III are summaries of the data
used in the thermal loss evaluation and results from the thermal loss tests.

We used the average front surface temperatures from Equation (A-23) to
calculate the predicted losses, Equation (A-28), listed in the Tables for the full
power test level. These predicted losses were then used to calculate a “receiver
efficiency using predicted loss” in the Tables, using Equation (A-19) in Appendix
A. The “receiver efficiency using the measured loss” in the Tables also used Equa-
tion (A-19).

The uncertainty analysis for the random errors was done by incrementing
each individual measured value on the data tape and finding the difference be-
tween the original thermal loss and that calculated with the incremented mea-
sured value. The uncertainty for each measured parameter, e.g. inlet tempera-
ture, outlet temperature, flow, etc., was assumed to be the standard deviation
value from the average of that parameter for a given power level. The total ran-
dom uncertainty was the root-sum-square of each individual measured value term
uncertainty.

The uncertainty analysis for the bias errors was done by incrementing each
. measured parameter, e.g., all inlet temperatures or all outlet temperatures, and
finding the difference between the original thermal loss and that calculated with
the incremented measured parameter. The uncertainty for the measured param-
eter was assumed constant for each test power level, and the full power standard
deviation value was used. The total bias uncertainty was the root-sum-square of
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each individual parameter term uncertainty. Uncertainty analysis was done for
both the measured loss, Equation (A-17), and the measured efficiency, Equation
(A-19}, for the full power test level.

To present the data from the thermal loss tests, we defined the following nomen-
clature to use as headings in the tables:

TIME - solar time in hours (12.0 is solar noon)
INSOL - measured direct normal insolation
INCPOW - calculated receiver incident power
ABSPOW - calculated receiver absorbed power

TIN - measured receiver inlet water temperature
TOUT ’ - measured receiver outlet steam temperature
HEL - number of heliostats tracking the receiver
TAMB - ambient air temperature

WIND SP - measured wind speed

WIND DIR - measured wind direction

The data and results shown in Tables B-I, B-11, and B-III are for the three
thermal loss tests we performed at Solar One. The first test, October 31, 1985,
was before the receiver was repainted. The other two tests, March 19, 1986 and
March 20, 1986, were both done after the receiver was repainted. Results from

these thermal loss tests are discussed in the Receiver Thermal Loss section of this
report.
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TABLE B-I

DATA FROM THE RECEIVER THERMAL LOSS TEST
ON OCTOBER 31, 1985

TIME

11.64
11.97
12.31

INSOL INCPOW ABSPOW TIN TOUT HEL
(w/m?) (MW, (MW,) (°C) (°C)

850.1 18.68 11.32  156.04 425.80 890
882.9 39.32 98.24  186.36 44280 1802
904.7 20.49 13.46  159.13 430.96 017

Steady state test data

Thermal loss test results

Recetver predicted thermal loss

Sum of the panel measured thermal losses
Receiver measured thermal loss

Measured thermal loss precision uncertainty
Measured thermal loss bias uncertainty

Receiver efficiency using incident power
Receiver efficiency using predicted loss

Receiver efficiency using measured loss
Measured loss efficiency precision uncertainty
Measured loss efficiency bias uncertainty

i

TAMB WIND SP
(°C)  (m/s)
19.8 5.56
20.3 4.41
21.3 4.92

3.63 MW,

3.96 MW,
4.36 MW,
+ 1.055 MW,
+ 0.728 MW,

71.8%
77.8%

76.1%
+ 2.12%
+ 1.45%

WIND DIR
(°)
264
259
237
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TABLE B-II
DATA FROM THE RECEIVER THERMAL LOSS TEST

ON MARCH 19, 1986

TIME

11.48
11.97
12.48

INSOL
(w/m?)
979.2
082.7
980.2

Steady state test data

INCPOW ABSPOW  TIN
(MW,) (MW,) (°C)

22.00 16.10 162.22
45.23 36.96 188.97
22.86 16.87 162.98

TOUT
(°C)
421.37
440.29
421.73

HEL

880
1790
913

Thermal loss test results

Receiver predicted thermal loss

Sum of the panel measured thermal losses

Receiver measured thermal loss

Measured thermal loss precision uncertainty

Measured thermal loss bias uncertainty

Receiver efficiency using incident power

Receiver efficiency using predicted loss

Receiver efficiency using measured loss

Mecasured loss efficiency precision uncertainty

Measured loss efficiency bias uncertainty

i

TAMB WIND SP
(C)  (mfs)
17.1 3.90
18.5 3.61
17.7 5.73

3.73 MW,

5.04 MW,
4.91 MW,
+ 0.285 MW,
+ 0.390 MW,

81.7%
85.1%

82.7%
+ 0.48%
+ 0.45%

WIND DIR
()
131
123
147
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TABLE B-III
DATA FROM THE RECEIVER THERMAL LOSS TEST
ON MARCH 20, 1986

TIME

11.51
12.01
12,51

INSOL
(w/m?)
980.5
083.8
980.6

Steady state test data

INCPOW ABSPOW TIN TOUT HEL TAMB WIND SP
MW)  (MW) () () (C)  (m/s)
21.96 15.97 161.25 436.16 880 21.3 4.43
45.30 36.70 199.73 434.00 1796 21.6 4.42
22.86 16.55 163.31 436.56 916 224 5.32

Thermal loss test results

Receiver predicted thermal loss = 3.92 MW,
Sum of the panel measured thermal losses = 5.74 MW,
Receiver measured thermal loss = 5.56 MW,
Measured thermal loss precision uncertainty = =+ 2.269 MW,
Measured thermal loss bias uncertainty = + 0.537 MW,
Receiver efficiency using incident power = 81.0%
Receiver efficiency using predicted loss = 84.7%
Receiver efficiency using measured loss = 81.4%
Measured loss efficiency precision uncertainty = + 4.08%
Measured loss efficiency bias uncertainty = + 0.63%

WIND DIR
(°)
97
66
88
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