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ABS TRACT 

This report describes the successful design, construction, and testing of  a 
solar central receiver using molten nitrate salt as a heat exchange fluid. The 
receiver is a 4.5-MWt salt-in-tube cavity receiver built as part of the Molten 
Salt Subsystem/Component Test Experiment, Design studies for large commercial 
plants (30-100 MWe) have shown molten salt to be an excellent fluid for solar 
thermal plants as it is a good medium for efficient thermal storage. The 
properties that make molten salt a good medium for storage, however, make 
receiver design challenging. This test program was recommended by the utility 
and industrial participants to address uncertainties in commercial receiver 
designs. The receiver was designed to incorporate features of commercial 
receiver designs. 
for the U.S. Department of Energy. The receiver was fabricated off-site and 
then installed at Sandia National Laboratories' Central Receiver Test Facility 
in Albuquerque, New Mexico. Solar testing was conducted during a six-month 
period. The purpose of the testing was to characterize the operational 
capabilities of the receiver under solar and stand-by conditions. This testinf 
consisted o f  initial check-out of  the systems, followed by steady-state 
performance, transient receiver operation, receiver operation in clouds, 
receiver thermal l o s s  testing, receiver start-up operation, and overnight 
thermal conditioning tests. This report describes the design, fabrication, ar 
results of testing o f  the receiver. 

The test program was managed by Sandia National Laboratories 

*Currently with Science Applications International Corp., Albuquerque, NM 
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FOREWORD 

This report is of work funded by the U.S. Department of Energy under Contract 
DE-AC04-76DP00789. The report is published in three volumes: 

Volume I - -  A Summary Report 
Volume I1 - -  Appendix 1 - The Main Report 
Volume I11 - -  Appendices A - J 

The research and development described in this report was conducted within the 
U.S. Department of Energy’s (DOE) Solar Thermal Technology Program. The goal of 
the Solar Thermal Technology Program is to advance the engineering and 
scientific understanding of solar thermal technology, and to establish the 
technology base from which private industry can develop solar thermal power 
production options for introduction into the competive market. 

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 solar thermal systems: central receiver systems and distributed 
receiver systems. A central receiver system uses a field of heliostats (two- 
axis tracking mirrors) to focus 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 focus sunlight onto either a line or point receiver. 

This report describes the design, construction, testing, and evaluation of a 
solar central receiver that uses molten nitrate salt as a heat transport fluid. 
The receiver is a 4.5 MWt salt-in-tube cavity receiver that is a scaled down 
version of a commercial receiver design. This development and test program was 
carried out by a team of companies on a cost-shared basis with the DOE. The 
receiver was tested at Sandia National Laboratories’ Central Receiver Test 
Facility in Albuquerque, New Mexico. 





1.0 INTRODUCTION 

1.1 Backnound 

A 4.5-MWt salt-in-tube cavity receiver was designed, built, and tested as part 
of the U.S. Department of Energy (DOE) solar thermal research program. In the 
last 10 years many studies and test programs have been carried out to develop 
and demonstrate the viability of molten-salt central receiver power plants 
[1,2,3,4]. Molten nitrate salt (60% sodium nitrate and 40% potassium nitrate, 
by weight) is used as the working fluid because its high density and specific 
heat make it attractive for thermal storage systems, and it is chemically stable 
at elevated temperatures. A preliminary design study was performed by Arizona 
Public Service (APS) Company in 1983 for the repowering of a fossil-fuel plant 
(Saguaro) with a molten-salt central receiver and steam generator [5]. This 
study recommended a development plan to reduce the technical risk of  building a 
central receiver power plant. The APS study recommended the fabrication and 
testing of a scaled-down salt-in-tube receiver with features planned for the 
Saguaro receiver design. Responding to this recommendation, DOE authorized the 
Molten-Salt Subsystem/Component Test Experiment (MSS/CTE) Program (also called 
the Repowering Category B Program) with contracting and technical management by 
Sandia National Laboratories. The MSS/CTE program consists of three 
experiments: 

0 A 4.5-MWt Receiver Test 
0 A Valve Seal Bench Test 

A Pump and Valve Test 

This report presents the 4.5-MWt Receiver Test, including the design, 
fabrication, erection, testing, and test results. Separate reports will be 
prepared for the other tests. The MSS/CTE program was carried out by a team of 
companies on a cost-shared basis with the DOE. Babcock & Wilcox acted as prime 
contractor for the program with the following subcontractors: 

0 Arizona Public Service Company 
0 McDonnell Douglas 
0 Black & Veatch 
0 Foster Wheeler 
0 Southern California Edison 

The receiver was tested at Sandia's Central Receiver Test Facility (CRTF) in 
Albuquerque, New Mexico. 

1.2 Objectives of the Program 

The test program was implemented to address technical concerns about commercial 
receiver designs by designing, fabricating, and testing a scaled-down receiver. 

The first objective of the receiver test program was the design and fabrication 
of a scaled-down receiver with the major features planned for the Sagurao 
receiver. The technical objectives of the receiver testing were to (1) confirm 
the receiver's design by demonstrating its operation and control during 
conditions expected in commercial solar plants, (2) measure the receiver's 



thermal performance, and ( 3 )  define the receiver’s capabilities during start-up 
and cloudy conditions. These objectives were met during 20 weeks of testing. 

1.3 DescriDtion o f  the Central Receiver Test Facility 

The CRTF consists of a field of 221 heliostats (191 were used in the receiver 
testing) each with 37.2 m2 (400 ftz) of mirror surface. A 61-m (200-ft) tower 
is situated south of the field. More than 5 MWt of solar power can be focused 
onto a test receiver located on the tower [ 6 ] .  The facility includes a molten- 
salt storage and pumping system, with a heat rejection system consisting of a 
steam generator for cooling the salt, and a condenser and cooling towers for 
rejecting the heat [ 7 ] .  The receiver test employed all of these systems. 

2.0 DESCRIPTION OF THE RECEIVER 

The concept of a commercial molten-salt central receiver system is shown in 
Figure 1. The sun‘s energy is reflected by heliostats onto a receiver, which is 
mounted on a tower. Molten salt is heated in the receiver and sent to the 
storage system’s hot tank. Hot salt is pumped to the steam generator subsystem, 
where steam is produced for generation of electricity in the turbine generator. 
The two-tank storage system provides a buffer between the solar receiver and the 
steam generating subsystem to provide operating flexibility. 

FIGURE 1 
CONCEPT OF A MOLTEN-SALT CENTRAL RECEIVER SYSTEM 

Steam Generator Subsystem 

Heliostat Field Molten Salt 

Heat Rejection and 
Feedwater Subsystem 
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2.1 Design of the Receiver 

The receiver illustrated in Figure 2 is designed to employ the key features of 
the commercial receiver designs [ 1 , 2 ] .  These features include: 

a "C" shaped cavity 
"wing" panels in the aperture plane 
tangent tube wall construction 
heat absorption panels hung from the top with lateral supports 
sizing based on flux limits derived from creep/fatigue analysis 
cavity doors to reduce heat loss during stand-by periods 
two flow control zones 
automatic salt outlet temperature control 

The receiver is installed atop the CRTF tower and connected to a molten-salt 
storage subsystem on the ground. Hot salt produced in the receiver is run 
through a molten-salt steam generator that was installed at the CRTF for a 
previous experiment [8]. Since this was only a test of the receiver, the energy 
collected during the test was rejected to the atmosphere. 

FIGURE 2 
ARTIST'S CONCEPT OF THE RECEIVER 
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The overall design conditions for the receiver are presented in 

TABLE I 

DESIGN CONDITIONS FOR THE RECEIVER 

Full Load Absorbed Power 4.5 MWt 
Salt Inlet Temperature 288°C (550 

Table I. 

F) 
Salt Outlet-temperature 
Full Load Salt Flow 

566°C (1050°F) 
4 3 .  x lo3 kg/h 
( 9 4 .  x lo3 lbm/h) 

The receiver, shown in Figures 3 and 4 is a north-facing cavity receiver. The 
cavity aperture faces north toward the CRTF collector field as shown in Figure 
3 .  Under good solar conditions, 5 MW, of thermal power is focused into the 
receiver aperture using 191 heliostats from the field. The shape of the cavity 
is designed to allow the majority of the incoming solar flux to be spread over 
the larger absorbing surface (to be refered to as the "back panels") while 
limiting the radiant emission to that leaving the smaller aperture. "Wing" 
panels are located on each side of the aperture to catch solar flux that does 
not enter the aperture. The wing panels are used to preheat the salt before it 
enters the back panels. 

FIGURE 3 
AERIAL PHOTOGRAPH OF THE CRTF 

(with the cavity receiver on the tower) 



FIGURE 4 
PHOTOGRAPH OF THE RECEIVER 

(with heliostats focused on the receiver) 

The heat absorption panels on the back wall are composed of 19-mm (3/4-in.)- 
diameter Alloy-800 tubes. Alloy-800 tubes are used because of the high heat 
flux and temperatures that are encountered on the back panel. The tubes are 
painted with a black ceramic paint to increase their absorptivity. 
used is Pyromark Series 2500 [ 9 ]  manufactured by Tempi1.l The tubes are 
divided symmetrically into two control zones, east and west. Each zone consists 
of 16 passes of 6 tubes each. The wing panels are made of 25-mm (1-in.) 
diameter 316-stainless-steel tubes and are also painted with black Pyromark 
paint. Each wing panel is divided into two passes of 6 tubes each. The passes 
of both the east and west zones are numbered from 1 to 18 as shown in Figure 5 .  
Salt flow in the receiver follows a serpentine flow path through each of the two 
control zones as shown in Figure 6 .  

The paint 

The multiple-pass arrangement is designed to efficiently transfer heat to the 
molten salt. 
salt, the volume flow rate in the receiver is relatively small (for a given 
absorbed power). High-velocity flow, however, is important to achieve 
relatively high heat-transfer coefficients inside the receiver tubes because of 
the salt's low conductivity. The multiple-pass arrangement channels each zone's 
total flow through just 6 tubes per pass to create high velocities. 

Because of the high product of heat capacity and density for the 

1. Tempi1 Division, Big Three Industries, Inc., South Plainfield, NJ. 

- 5 -  



FIGURE 5 
LAYOUT OF THE RECEIVER CAVITY 
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FIGURE 6 
SERPENTINE FLOW PATH IN THE RECEIVER 
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The choice of materials for salt piping was based primarily on their high- 
temperature strength and resistance to corrosion by the molten-salt. For 
temperatures below 400°C (750"F), low-carbon steel was employed. Above this 
temperature, 304 stainless steel was used for corrosion resistance and increased 
strength. For the back panel tubes, where heat flux is high, Alloy 800 was used 
for increased resistance to creep and fatigue. 

The piping system, tanks, and valves are electrically heated and insulated to 
prevent freezing of the salt during fill and drain operation, and in stagnant 
regions, such as instrument lines. Mineral-insulated heat-trace cable is 
employed for heating and is covered by high-temperature fibrous blanket 
insulation. Much of the heat-trace design follows recommendations about heat 
trace by Holmes [ l o ] .  
the system. 

All piping is sloped to provide for gravity drainage of 

2.2 Sizing the Receiver 

The test receiver panels are designed for a life of 30 years, to be typical of a 
commercial design. The Saguaro commercial receiver was designed for 10,000 
daily start-ups, and 40,000 cycles due to cloud passage, which was to represent 
a 30 year design life. Thermal stress occurs in panels as a result of absorbed 
heat flux. 
nature of daily operation and cloud passage. In addition, operation at high 
temperature causes damage due to the effect of creep. The combined damage from 
these two effects was calculated by the methods prescribed in ASME Code Case N- 
47 [ll]. This code case provided fatigue limits for Alloy 800 based on 
isothermal continuous cycling. The test receiver's back panel was designed to 
match the thermal stresses of the Saguaro commercial receiver. This led to the 
selection of the 16-pass design, using six tubes in each pass. The tubes were 
1.9 mm ( 3 / 4  in.) in diameter with a 0.165-nun (.065-in.) wall thickness. The 
temperature and stress profiles for both the Saguaro receiver and the test 
receiver are presented in Figure 7, which illustrates the similarity. 

This stress results in fatigue of the tubes because of the cyclic 

Since the original design work was performed, a more quantitative study of cloud 
cycles based on data from the Solar 1 plant has been performed [12]. This study 
indicates that the cumulative effect of partial cloud cycles is equivalent to 
20,000 full cloud cycles. Also, more recent investigations of Alloy 800 have 
indicated that thermally induced fatigue is more damaging than isothermal 
(mechanically induced) fatigue; [ 1 3 ] ,  however, the material test results are 
preliminary and therefore are not accounted for in this report. 

Flux limits for the receiver are derived based on the fatigue limits of the tube 
material and the maximum allowable salt-metal interface temperature of 593°C 
(1100°F). 
original design limit and the limit based on the lower number of cycles and 
revised fatigue properties are presented. 
McDonnell Douglas CONCEN program) is presented as well. 
cavity was sized and configured to achieve heat fluxes that approached but were 
below the original limit. 

The flux limit for the receiver is presented in Figure 8.  Both the 

The predicted heat flux (from the 
The test receiver 
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FIGURE 7 
THERMAL STRESSES ON THE PANEL 
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FIGURE 8 
FLUX LIMIT OF THE RECEIVER 
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2 . 3  Design of the Heat Absorption Panel 

The receiver employs two different back panel designs, one developed by Babock & 
Wilcox (Figure 9a) and the other by Foster Wheeler (Figure 9b). Although the 
thermalfiydraulic aspects of the panels are the same, 
differ. 

FIGURE 9 
RECEIVER PANELS 

Top Header 

the mechanical designs 

The lateral supports of both designs serve to restrain deflection of the tubes 
caused by internally generated thermal stresses. The restraints also serve to 
transmit wind loads, precluding potential vibration of the panels. 
weight of both types of panels is suspended from lugs in the top header to 
permit unrestricted thermal expansion. 

The dead 

The back of each panel is insulated with 20.32 cm ( 8  in,) of ceramic-fiber 
blanket insulation attached to the lateral supports and wired into place. 
front of each panel is painted with high-temperature black paint to increase the 
panel's absorptivity. The floor, ceiling, and side walls of the cavity are also 
lined with 20.32 cm of ceramic blanket insulation to limit conduction heat loss 
from the cavity. 

The 

The two panels differ in the design approach to allow for longitudinal growth. 
The Babcock & Wilcox panel employs a system of rollers (Figure 10a) to allow for 
longitudinal growth, with divided lower headers to allow for differential 
expansion of adjacent flow passes. The Foster Wheeler panel (Figure lob), uses 
a system of rotating links for longitudinal growth. 
lower header with divider plates and large tube bends at the header connections 
to allow flexibility for pass-to-pass expansion. 

This panel has a solid 

-9- 



FIGURE 10 
DESIGN OF THE LATERAL SUPPORT 

Babcock and Wilcox Foster Wheeler 

Tube attachments a l s o  differ for each design. The Babcock & Wilcox design uses 
an alternating (top and bottom) clip arrangement capturing a "T" section 
horizontal support (Figure lla). The Foster Wheeler design utilizes tube clips 
welded to each tube through which a bar passes (Figure llb). 

2 . 4  Receiver Support Systems 

Salt is supplied to the receiver from the existing salt storage and pumping 
system on the ground. This system feeds the l.l-m3 (40-ft3) cold-salt surge 
tank in the receiver. Flow from the surge tank is divided to supply flow to the 
control valves at the inlet o f  east and west control zones. These valves 
throttle the flow to control the receiver zone's outlet-salt temperatures. Flow 
leaving the absorption panels is mixed in the hot-salt surge tank. From here 
the flow is returned to the storage system on the ground. Figure 12 is a 
schematic diagram o f  the receiver that illustrates the flow path and the 
receiver's instrumentation, 

-10- 



FIGURE 11 
TUBE ATTACHMENT 
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Auxiliary piping in the receiver includes lines to allow filling and draining 
the receiver, and a circulation line between the cold surge tank and the upper 
header. 

Electrical heat-trace cable is applied to all piping and valves to heat them 
above the melting point of salt. The salt is fully molten at 243°C (470°F). 
The heat trace was operated to maintain piping above 273°C (525°F) to allow 
margin for cold spots. The heat-trace cable was sized to exceed the capacity 
required to maintain the pipe temperature above the 273°C limit. Active on/off 
control based on thermocouples attached to the piping was employed to maintain 
the desired pipe temperatures. The system was divided into approximately 60 
zones, each independently controlled in this manner. The heat trace allows 
flow to be started in the receiver without freezing salt in the lines; however, 
this heat trace represents a significant parasitic loss for the receiver. 



The receiver’s instrumentation, shown in Figure 12, includes flux gauges, 
thermocouples, level transmitters, strain gauges, pressure transmitters and flow 
meters. They feed back into a distributed digital control system both to 
facilitate control and to be recorded for later analysis. 

FIGURE 12 
SCHEMATIC OF THE RECEIVER SUBSYSTEM 
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A two-piece insulated door is provided at the cavity aperture to seal the cavity 
and minimize heat loss during periods when salt flow is maintained but when 
solar energy is not available, e.g., overnight and when clouds pass. 
these periods, the door may be closed and salt flow maintained, eliminating the 
need to drain the receiver and restart salt flow when the sun returns. 
to maintain overnight salt flow, routing salt from the cold surge tank to the 
upper panel vent line allows downflow of salt in each panel. 
each panel is collected in a lower drain header and returned to the downcomer. 
This flow path minimizes the pumping requirement for salt circulation and 
eliminates regions where cold salt could stratify. 

During 

In order 

Salt flow from 
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2.5 Controls and Instrumentation 

Four automatic control loops are provided: 
tank level, and outlet temperature control for each of the two 
control zones. Level control in the surge tanks is accomplished by simple feed- 
back control of a valve in the riser line (for cold surge tank level) and in the 
downcomer line (for hot surge tank control). Flow control in the receiver is 
accomplished using a much more sophisticated control algorithm. Precise control 
of the receiver's outlet temperature is required to limit exposure of the 
receiver tubes to corrosive high-temperature salt, while maximizing the true 
usefulness of the salt by keeping the outlet temperature high. 

cold surge tank level, hot surge 

The control algorithm, shown as a block diagram in Figure 13, uses heat-flux 
sensors mounted in receiver panels between tubes to measure the flux incident on 
the panels. In addition, thermocouples attached to the back of the tubes 
monitor the salt's temperature as it passes through the receiver. Both flux 
signals and back-tube temperature signals feed into the algorithm as 
anticipatory signals. The outlet temperature is also measured and used as a 
feedback signal. In order to obtain the optimal response from the control 
algorithm, the inputs to the controller (i.e., gains and time constants) were 
adjusted. This adjustment of the inputs to the controller is referred to later 
in the text as "tuning." 

Two types of flux gauges are employed to measure incident flux on the receiver 
panels. 
large copper body extending through the receiver's insulation and a finned heat 
sink to keep the gauge cool. A back-up set of flux gauges has bodies cooled by 
water. 

The primary set of gauges employs a passive cooling system, with a 

Salt flow in each of the control zones and total flow are measured using venturi 
flow meters and pressure transmitters. Redundant level sensors are used in each 
of the surge tanks, and instrumentation is provided to measure panel 
displacements, panel strain, and inlet pressure to each control zone. 
Instrument locations are shown in Figure 12. 

3.0 FABRICATION OF THE RECEIVER 

3.1 Shor, Fabrication 

The bulk of the receiver was shop fabricated as a "module," which included the 
receiver's cavity panels, wing panels, panel supports, and the structural steel 
frame required to support it. The module was sized for shipment by truck as a 
unit to the CRTF. The hot and cold surge tanks and their additional support 
structure were also shop fabricated and shipped to the test site for erection. 

3.2 Erection of  the Receiver 

At the CRTF test site, the tower consists of a 61-m (200-ft) tall, reinforced 
concrete shell, housing a large "lifting module." This module is placed at 
ground level for assembly of test receivers, then lifted to the top of the tower 
for testing. Upon arrival at the CRTF, the receiver module, supporting 
structure, tanks, and interconnecting piping were assembled on the lifting 
module. Figure 14 shows assembly of the receiver at ground level. Electrical 
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FIGURE 13 
RECEIVER TEMPERATURE CONTROL ALGORITHM 
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heat trace and insulation were then installed, along with receiver's 
instrumentation. The instrumentation and the active components of the receiver, 
such as the doors and valves, were checked out at ground level. The receiver 
was then lifted to the top of the tower, where final connections and checkouts 
were performed. 

4 . 0  DESCRIPTION OF THE TEST PROGRAM 

4.1 Obiectives of the Test Program - 

The objectives of the receiver test program can be broken down into three 
categories: 

Confirmation of the Design 
Measurement of Thermal Performance 
Definition of  Capabilities 

Confirmation of the Design: Confirmation of the design is important to 
verify that the methods used are valid and could be applied to a scaled-up 
receiver. Specific aspects include confirmation that the cavity is sized 
and configured properly so that heat flux is within the established 
limits, that the thermal expansion system works, allowing the panels to 
grow, and that the controls and instrumentation function as they should. 
Any problems with the methods used to fabricate the receiver or in support 
systems, such as heat trace or valves, can also be expected to reveal 
themselves during testing. 

Measurement of Thermal Performance: The receiver's thermal efficiency was 
measured for comparison with the design predictions. This allows the 
methods to be verified and increases the confidence that commercial 
receivers will perform as expected. 

Definition of Capabilities: The test program was also designed to define 
the capabilities of the receiver when operating under off-design 
conditions. Tests were conducted to define how well the receiver operates 
in cloudy conditions, to compare methods of temperature conditioning of 
the receiver overnight, and to investigate methods to start the receiver 
in the morning. 

These areas are important to designers of subsequent scaled-up receivers, as 
they confirm the current design methods, or indicate areas where improvements 
are required. They also give an indication of the expected performance and 
capabilities of a scaled-up receiver. 

4 . 2  Description of the Test 

The initial phase of testing was done to check the operation of the receiver's 
systems and to perform preliminary "tuning" of the salt flow and temperature 
controls. During this phase, problems with the salt pumps and instrumentation 
were corrected, the receiver's absorption surface was painted, and the paint was 
cured. 



Following the check-out phase, the operational test phase was started. During 
this phase, s i x  types of tests were conducted: 

1. Test of  Steady-State Performance 
2. Test Simulating Cloud Transients 
3 .  Test of Thermal Loss  - -  Flux-Off and Flux-On 
4 .  Operation During Natural Cloud Transients 
5. Development of an Optimum Receiver Start-up 
6. Test of Overnight Thermal Conditioning 

A brief description of each test follows. 

Test of Steady-State Performance: The receiver was operated with full 
collector field power from early morning to late afternoon. Data from 
several days of operation were taken to allow the data to be normalized 
and averaged so that a "typical" day's performance could be derived. Data 
from this test were used to confirm that the design was working properly, 
and to evaluate thermal performance. 

Test Simulating Cloud Transients: To perform final control tuning of the 
receiver's control-algorithm, partial-power cloud transients were 
simulated. This was done by moving half of the heliostats in the field to 
'standby', then returning them to the receiver. These data were used to 
evaluate the performance of the receiver controls for mild transients. 
Following this, testing was performed with a simulated east-to-west cloud. 
To do this, the heliostats were sequenced off the receiver one column at a 
time, moving from east to west, simulating a sharp-edged cloud moving east 
to west at 2 . 4  m/s (8 ft/s). Once they were all off, they were commanded 
back on in the same fashion. This provided a worst case transient and 
allowed the testing of several modifications to the controls, with a 
common input. This test was used to define the capabilities of the 
controls and to observe the response of the receiver. 

Test of Thermal Losses - -  Flux-Off and Flux-On: To characterize the 
performance of the test receiver, thermal losses were measured with the 
receiver door closed, with the door open but with no flux on the receiver 
(both flux-off tests), and with the receiver operating near the design 
point (flux-on). The flux-off tests provided data for losses occurring 
when the receiver was in a standby mode, and the flux-on test provided 
data for determining operating losses. For flux-off testing, losses were 
inferred from the salt's flow rate and temperature drop. For the flux-on 
case, the receiver was operated at full collector field power and at 50% 
power with two complementary groups of heliostats. Receiver losses were 
then inferred from the difference in absorbed power between full-field 
operation and operation with the two groups. This method is also called 
the "method of complementary collector partitions" [14]. Results of  this 
test characterize the thermal performance of the receiver. 

- 1 6 -  



Operation During Natural Cloud Transients: The capability of the 
receiver's outlet-temperature controls to perform was evaluated under real 
conditions during operation in natural clouds. These tests confirmed that 
the receiver's control algorithm and equipment could perform their 
intended function. 

Development of Optimum Receiver Start-up: Two methods are available to 
start this receiver at sunrise. The first involves focusing a select 
group of heliostats on the receiver panel to warm it above the freezing 
temperature of salt. Then the receiver is filled, the flow initiated, and 
the full-field brought on-target. The alternative is to heat the cavity 
with the door closed and establish salt flow before sunrise. Then the 
door can be opened and the full-field brought on-target at sunrise. Both 
start-up methods were tested and the results allow definition of the 
energy collected and consumed by the two methods. 

Overnight Conditioning: As discussed above, one method of starting the 
receiver is to heat the cavity with the door closed, which allows flow to 
be started before sunrise. Two methods were tested for overnight heating 
of or 'conditioning' the cavity. The first employed electric heaters 
mounted in the cavity floor, which were operated to maintain the cavity's 
temperature. The second method employed circulating salt through the 
receiver from the storage system on the ground. 
stored solar thermal energy for electric cavity heat. In addition, the 
circulating salt eliminated the need to operate most of  the electric heat 
trace on the receiver piping as well as that on the piping in the tower. 
This significantly reduced electrical parasitics. 

This method substituted 

Circulation of the molten salt from the ground was accomplished using the 
main salt pumps. Because of this, an operating crew was required to 
monitor the system, and testing was performed during daylight hours. 

5.0 EVALUATION OF TEST RESULTS 

The results of the test were evaluated in line with the objectives of the test 
program. Discussion of the results relevant to each of the primary objectives 
is presented below. 

5.1 Confirmation of the Desim 

The design methods employed for the receiver are the same as would be used to 
design a commercial-scale receiver. Results of the test are evaluated below to 
confirm that these methods are valid. 

Flux Limits of the Panel: To insure that a receiver lasts the required 
lifetime, the design limits must not be exceeded. For this receiver, the 
mechanical service design limits are based on the material fatigue limits 
of the receiver panel. The receiver's panels develop thermal stresses as 
a result of being heated by the sun and cooled by the salt. During the 
receiver's design, flux limits were set for the receiver's panel based on 
daily cycling between operation and shutdown, and the cavity was sized and 
configured based on these limits. The flux limit varies within the 
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receiver panel as a function of the salt's temperature. Figure 15 
presents the flux limits set in the design, the heat flux predicted for 
the design, and the values measured in the steady-state tests at solar 
noon. Test values have been normalized to full-power (4.5-MWth) 
operation. It appears from the data that the receiver fluxes are 
generally in agreement with the peak design flux predictions. However, 
some measured values exceed the predictions, and a few values exceed the 
allowable flux limit. Based on differences between calibrations of the 
flux gauges made before and after service in the receiver, the accuracy of 
the gauges was found to be approximately f. 15%. Therefore, some 
possibility exists that the limits are being exceeded. Designers of 
future receivers should bear in mind that tools for predicting receiver 
flux, while generally correct, cannot be confirmed with a high degree o f  
accuracy. 

Thermal Stress on Panels Caused by Cloud Transients: Cloud transients 
also impose a thermal stress cycle similar to that caused by daily 
operation. The dynamics of flow control, however, can affect the 
magnitude of the thermal stress cycle, since the stress depends on both 
the degree of cooling as well as the degree o f  heating the panel. Figure 
16 presents the solar flux, salt flow, and a calculation of the thermal 
stress for a simulated east-to-west cloud transient. The values are 
presented as a percent of design values and are for a tube at the back 
(center) of the cavity, where the highest flux occurs. A s  solar flux 
returns, due to passage of the cloud, flow lags for a short time to allow 
the receiver to heat up, This results in a mismatch between solar heating 
and salt cooling that in turn results in a high thermal stress cycle. 
Work on the receiver's control algorithm is recommended to reduce this 
problem by forcing the salt's flow rate to "match" flux within certain 
limits, overriding normal temperature control during rapid transients. 
This will delay the return to a normal operating temperature, but will 
reduce the fatigue damage to the receiver's panel. 

Thermal Expansion of the Panel: Measurements of the panel's growth during 
testing confirmed that the provisions for thermal expansion were adequate 
for both the Babcock & Wilcox and Foster Wheeler panel designs. The panel 
growth was between 1 and 2 cm (0.39 and 0.78 in.), depending upon the 
operating temperature, each time the receiver was started, and the panel 
returned its to normal position when the receiver was shut down. N o  
evidence of binding of the lateral supports was detected. 

Fabrication Methods: Two problems with the fabrication of the receiver 
became apparent during the test program. They were related to the welding 
o f  the tube-clips' support attachments and to details o f  the header's 
fabrication. 

The tubes were attached to lateral supports by clips welded to the back of 
the tubes. Several of the welds developed pinhole salt leaks during the 
testing. Salt from the leaks migrated to the front of the tubes, causing 
discoloration of the black paint and some loss  of absorptivity. Thirteen 
such blemishes occurred during the test program, affecting approximately 
2% of the absorber surface. In future receivers, adherence to strict, 
well-controlled procedures and quality assurance in welding anything to 
the thin-walled tubes will be required to eliminate this problem. 
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The tubes of each receiver's flow pass are welded into a common header at 
each end. 
the thermal fatigue caused by rapid temperature transients caused by the 
salt. During testing, it was found that the temperature-rise rate limits 
imposed by the specific header designs employed in the test receiver were 
being exceeded during start-up and during operation with clouds. 
operations were altered to minimize this problem by applying power 
gradually during mid-day start-ups, but this increased start-up time and 
reduced energy collected by the receiver. In a future receiver, 
improvements in the header configuration should be made to allow the 
receiver to operate with sudden application of full solar power without 
causing thermal fatigue of the headers. 

This weld connection and the header itself must be designed for 

Test 

Evaluation of the Heat Trace: The heat-trace system worked adequately. 
The active heat-trace controls performed well, and the temperature of most 
components could be maintained in all weather conditions. The balance of 
the heat-trace power with thermal losses within a control zone was 
important; however, long runs of piping with different external conditions 
at each end developed large temperature differences and had to be 
overheated at one end to maintain the required temperature the other. 
Sensitive elements, such as pressure transmitter diaphragms, required 
individual controllers to prevent overheating. In general, good quality 
mineral-insulated (MI) cable heat-trace was found to be reliable, but 
occasional failures are unavoidable. The main drawback of MI cable is 
that, once failed, replacement is difficult, since it usually requires 
removal of insulation from long pipe runs. Heat-trace systems that are 
more easily replaced would probably be more expensive to install, but may 
be more economical in the long run when replacement costs are considered. 

Instrumentation: The receiver's instrumentation (shown in Figure 12) 
allowed control and data acquisition for the test. The thermocouples, 
air-cooled flux gauges, displacement gauges, level sensor for the hot 
surge tank, and absolute pressure gauges performed well. Problems were 
experienced with the water-cooled flux gauges and the differential 
pressure transmitters used for flow measurement and level measurement in 
the cold surge tank. The water-cooled flux gauges tended to plug while in 
service because a very small flow passage was used and a small amount o f  
solid deposit would plug the gauge. This is apparently a flaw in the 
design of the gauges, since there is no reason for such a small flow path 
for this application. The manufacturer has been consulted, and more 
freely flowing gauges are available. The differential pressure 
transmitters used for flow and level measurement employed oil-filled 
isolation diaphragms to transmit salt pressure to the gauge. The gauges 
experienced large calibration shifts with time, making them unreliable. 
The o i l  employed was Syltherm silicon oil. In order to prevent salt from 
freezing on the diaphragm, the diaphragms had to be heated to nearly the 
maximum rated oil temperature. It is recommended that alternate isolation 
fluids such as NaK be employed in future applications, or that alternative 
flow and level sensor methods be developed. 
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Overall, the design methods employed in this receiver were found to be valid. 
few problems with the design were identified, but there appear to be no major 
design issues that would prevent scale-up of this receiver design. 

A 

5.2 Measurement of Thermal Performance 

The receiver's efficiency, defined as the power absorbed in the molten salt 
divided by the power incident on the receiver's aperture, is the basic measure 
of the receiver's ability to collect solar energy. Because there is no good 
method to measure incident power, the receiver's efficiency is difficult to 
evaluate accurately. Two methods exist to calculate/estimate its efficiency. 
The first is the 'calculated input' method, which employs an analytical 
calculation of the collector field's input [13]. The second is the method of 
'complementary collector partitions,' which infers thermal loss from the 
receiver's operation at different incident power levels [13]. Both methods were 
used to evaluate performance for this receiver. 

Calculated Input (Using HELIOS): Measurements of the steady-state 
absorbed power are available for many days at even-hour increments from 
solar noon. These measurements are results of the steady-state tests. 
These data were normalized to May 31 and are representative of operation 
for a 12-hour day near spring equinox. For each data point, the incident 
power was calculated using a table of  values generated using the HELIOS 
program. The incident field power is calculated by the HELIOS code in 
several steps. The gross field power is equal to the mirror area of the 
field times the normal insolation. This sum is then reduced by cosine 
losses due to the angle that each mirror must assume to reflect the sun's 
rays to the receiver, and shading and blocking effects of the adjacent 
heliostats. Then the reflectivity of the mirrors is taken into account, 
along with propagation losses between the mirror and the receiver. 
Finally, the flux falling outside the aperture (spillage) is deducted, 
leaving the incident power. Figure 17 shows the incident power and 
absorbed power for the receiver as a function of time of day. 

Complementary Field Partitions (Flux-On Loss Testing): The method of  
complementary field partitions assumes that the receiver's losses are 
relatively constant. This is reasonable because they are, to a large 
extent, a function of the absorbing panel's temperature, and the panel's 
temperature is relatively constant. The panel's temperature stays 
constant because the salt's temperature is controlled at 565°C (1050"F), 
no matter what the input power is. If the receiver is operated with the 
full collector field, then with two halves of the field individually, the 
difference between the absorbed power from the full field and the sum of 
the part-field powers is the receiver's thermal loss. Baker [13] presents 
formulas to make corrections for variations in solar input and for the 
small variation in losses that occurs with incident power. This type of 
test was conducted five times in the test program. The results of these 
tests showed thermal losses ranging from 57 to 302 kW at full receiver 
power, the range being attributed to scatter in the data. 



FIGURE 17 
DAILY PERFORMANCE OF THE COLLECTOR FIELD AND RECEIVER 
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The receiver's efficiency can be calculated based on the losses determined by 
both methods. The calculated input method yields an efficiency of 91 & 9% at 
solar noon, and the method of complementary partitions (flux-on test) gives an 
efficiency of  95 2 8%. 
equally divided between the uncertainty in the calculation of  input power 
(largely spillage loss) and measurement of flow, all of which leads to 
uncertainty in the calculation of  absorbed power. The uncertainty about 
efficiency in the flux-on test was largely a result of uncertainty about the 
flow rate. The basic flow rate uncertainty, however, is compounded with this 
method since the l o s s  involves the combination of three calculations of absorbed 
power. The receiver's calculated efficiency based on both methods is presented 
in Figure 18 as a function o f  absorbed power, with an estimate of  the 
experimental uncertainty. The uncertainty ranges for the two methods overlap, 
and it is expected that the true efficiency lies in this overlap. The 
measurements are consistent with the 90% efficiency originally expected for this 
design. Attempts to correlate the measured thermal efficiency with wind showed 
that the scatter in the data overwhelmed any discernible trend. 

The uncertainty in the calculated input method is about 

Integration of the thermal power produced during the 9 hours shown in Figure 17 
yields an absorbed energy of 35.2 M W h .  The receiver's average thermal 
efficiency for this period was 89%, based on the calculated input method. 
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5.3 Definition of Cavabilities 

Possibly as important as efficiency relative to collecting energy is the 
capability of the receiver to start-up and collect energy during a variety of 
conditions. 
or when cloudy conditions clear. 
allows collection of what may be a significant amount of energy on an annual 
basis. 

Rapid start-up allows maximum energy collection both at daybreak, 
The ability to start-up and operate in clouds 

Start-up and controls performance are discussed in the following. 

Start-up Capabilities: To start the salt flow in the receiver, the tubes 
of the absorption panel must be hot to prevent the salt from freezing. 
The tubes were heated in two ways during the tests: 

0 By warming the panel with the collector field. 
0 By keeping the panel warm by heating the cavity with the door closed. 

Using the heliostats to warm the panel at sunrise required 15 minutes to 
heat the panel, then another 21 minutes to establish the salt flow and 
bring the full collector field on-target. Once this was done, collection 
of useful energy began. 
of full flow. A s  a result, the full outlet-temperature of  565°C (1050°F) 
was not reached until 90 minutes past sunrise, when the collector's power 
was high enough to achieve 25% of absorbed power. Lower temperature (less 
than 400°C (750°F)) salt generated during this time was diverted to the 
cold tank where it preheated the salt inventory slightly; 400-565°C 
(750-1050°F) salt went to the hot tank. In this way, the energy was 
retained as useful energy in the system. During these 90 minutes, 686 kwh 
o f  thermal energy was collected. 

The receiver had a controllable flow limit of 25% 
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Heating the panel overnight allowed flow to be established and the 
collector field to be focused on the receiver at sunrise. This allowed 
873 kwh of thermal energy to be collected in the first 90 minutes of 
operation, or 187 kwh more than with a solar start-up. Figures 19 and 20 
present the receiver's power, and outlet-temperature, as a function of 
time past sunrise, based on test results. 

Two methods were tested for overnight heating of the panels; electric 
cavity heaters and continuous salt circulation. Electric heaters consumed 
only 12 kW of electricity over a 12-hour night to keep the panels warm. 
The method greatly simplified start-up. Overall, however, this method 
costs more energy than it allows to be made up, given the conversion 
efficiency from thermal to electric energy. The heaters also proved 
useful for initial check-out of the receiver, as they allowed salt flow 
without the complication of solar operation. 

The other method of heating the cavity is with continuous salt 
circulation. Once the receiver was started (using one of the other 
methods), salt flow was maintained after shutdown by circulating salt from 
the thermal storage system on the ground. This method not only kept the 
cavity warm, but also kept the receiver's piping hot, eliminating the need 
to operate the electric heat trace. Test results show that the heat- 
trace load can be reduced from 35 kW to approximately 5 kW with salt 
circulation. Piping in the tower is also kept hot by circulation, 
allowing another 30 kW to be saved. This test was conducted using the 
main salt pumps, which created a large pumping parasitic (approximately 
130 kW). The pumps are required to operate with large throttling losses, 
far from their design point. It is estimated that pumps designed 
specifically for this purpose would consume only 12 kW. 

Continuous circulation would also make it possible to start the process 
rapidly after cloudy conditions cleared and to operate on partially cloudy 
days when solar start-ups would be difficult. 
however, to quantify this effect. 

No testing was performed, 

Performance of Receiver Controls: 
control system is to maintain the outlet-temperature of the receiver, 
maximize absorbed power, avoid overheating the salt and minimize the 
thermal fatigue of the receiver. In addition, the control system 
incorporates a number of 'trips', which cause the receiver to shut down 
when an unsafe condition is detected. 

The main objective of the receiver's 

The receiver's control-algorithm employs signals from the flux gauges, 
thermocouples on the back of the absorber panel, and thermocouples in the 
outlet-salt flow. The receiver's flow control-algorithm uses the heat 
flux measurements and back tube temperatures as "feed forward signals" to 
anticipate outlet temperature and set the salt's flow rate accordingly. 
Outlet-temperature is used as a "feedback" signal to make adjustments in 
flow to achieve accurate outlet temperature control. During cloud 
transients, when incident flux falls below a minimum value, it becomes 
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FIGURE 19 
ABSORBED POWER DURING MORNING START UP 

'"j 
1 6 4  

I 

141 
1 . 2  - 

1 -  

0.8  - 

0.6 - 

0.4 - ; tar t -up 

0 1  I I I I I I I I I I 

0 20 40 60 80 100 120 

T ime  Pas t  Sunrise (Min.) 

FIGURE 20 
OUTLET TEMPERATURE DURING MORNING START UP ;;:I- __ 

500 

480 

460 

440 

420 

400 

380 

360 

340 

320 

300 

r -  r -T-----T--Y- 

S ta r t -up  

0 20 40 60 80 100 120 

T i m e  Pas t  Sunr ise (Min.) 

- 2 5 -  

- 



impossible to control outlet-temperature at the desired value, or "set- 
point." When this happens, the receiver's outlet temperature decays. The 
control-algorithm senses this and automatically lowers the outlet 
temperature set point. When the sun returns, the set-point rises 
gradually to the original setting to prevent the outlet-salt temperature 
from exceeding the salt's high temperature limit (593°C (1100'F)). 

During cloudy conditions, the control algorithm performed well in 
utilizing the available solar power. 
during cloudy conditions is presented in Figure 21. 

An example of solar insolation 

Although insolation varied significantly, approximately half-power 
conditions, on the average, existed throughout the morning on this day. 
The control system was able to maintain a somewhat degraded, but 
altogether acceptable outlet temperature while operating through the worst 
of these conditions, as shown in Figure 22. More important, continuous 
energy collection was maintained during this period, as shown in Figure 
23, making maximum use of the solar energy falling on the collector field 
between clouds. 

Overall, very good outlet-temperature control and energy collection were 
achieved with this receiver's control-algorithm. Outlet-temperature 
overshoot was limited to less than 17°C (30°F) in all types of natural 
clouds as well as for simulated worst case clouds. However, as noted in 
the previous section, cloud transients result in significant thermal 
stress cycles for the absorber panel, but improvements are currently being 
developed to minimize this problem. 

FIGURE 21 
DIRECT NORMAL SOLAR INSOLATION 
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6.0 SUMMARY AND CONCLUSIONS 

Overall, the test objectives were met, and the receiver performance was 
verified. In a few areas, however, problems were discovered and improvements 
are necessary. In most of these areas, the improvements appear to be 
straightforward, and no major obstacles were discovered to stand in the way of 
scaling up this basic receiver design. 

Design Confirmation: The heat absorption panels performed well at steady- 
state operating conditions. Analysis of the test conditions indicate the 
temperatures and fatigue stress conditions show that the required receiver 
life is possible. Measurements during receiver transients revealed 
stresses that were much higher than anticipated during rapid cloud 
transients, and this could have a major impact on the fatigue life of the 
panels. This is a major area for continued study. The panel's support 
system performed well for both the Babcock & Wilcox and Foster Wheeler 
panels. The receiver's paint also performed well (final absorptance was 
97%) and showed no indication of general degradation during the short test 
time. Two problems with fabrication of the panels were discovered that 
require improvements in commercial designs. First, tube-clip welding must 
be improved because thirteen pinhole leaks developed during the testing at 
tube-clip welds. Although they caused no significant operational 
problems, the minute quantity of salt that escaped did blemish the painted 
surface of the receiver. This was largely unsightly, but it could 
eventually affect the absorptivity of the receiver. Improved welding and 
inspection practices should solve this problem in future receivers. The 
panel headers were also found to have design and fabrication deficiencies 
that made them sensitive to the salt temperature rise rates experienced in 
partially cloudy conditions. Both the Babcock & Wilcox and Foster Wheeler 
headers had similar limitations, but for different reasons. The panel 
headers must be designed to accept rapid temperature transients in order 
to make maximum use of available solar energy. A design incorporating the 
best features of both headers tested would have ample limits to withstand 
the rapid temperature transients. 

Major improvements in instrumentation and heat trace were demonstrated 
over previous molten salt receiver tests. Instrumentation for this 
receiver included solar heat-flux gauges. Passive air-cooled gauges 
performed well and contributed to a major improvement in receiver control. 
Water-cooled gauges had inadequate cooling and would need to be improved 
for future application. Flow measurement and level measurement in the 
pressurized surge tank were barely adequate for the test program. The 
sensitive differential pressure transmitters, upon which the test system 
depended, should be developed or alternate sensors need to be developed. 
The heat-trace system performed adequately as a result of  the active 
control system employed. The salt containment and piping systems were 
heated and kept hot over a wide variety of conditions. 
trace continues to be the most maintenance-intensive aspect of the 
receiver subsystem. 
and improvements to reduce maintenance of heat trace are needed.[lO] 
Other support systems, such as the receiver doir., piping, and bellows seal 
valves performed as expected, with no major problems. 

However, heat 

This could be a major problem in a commercial plant, 
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Thermal Performance: 
confirmed a high efficiency (approximately 90%) and therefore good 
capability to collect energy during clear conditions. 
of the receiver was performed, and test results showed good agreement with 
the models. 

Thermal performance testing of the receiver 

Detailed modeling 

Capabilities of the Receiver: 
to make maximum use of solar energy available in non-steady-state 
conditions. This is made possible by the molten-salt storage system, 
which separates the receiver from the power-generation portion of the 
plant. Adequate controls, however, are required to make use of this 
energy. The controls strategy developed for this receiver demonstrated 
that maximum energy could be collected during all kinds of cloudy 
conditions, as well as for low-power, early-morning (and late-evening) 
operation. Improvements to achieve higher maximum to minimum flow (turn 
down) ratios should be pursued, in addition to improvements to minimize 
thermal stress of the receiver tubes. Thermal/hydraulic considerations 
allow a 5 to 3 turndown ratio for this receiver, but control tuning was 
performed for a less demanding 4 to 1 ratio. Further fine tuning would be 
required to achieve the full range. The original design o f  the control 
system placed a premium on achieving the rated salt outlet temperature. 
Testing revealed that trying to reach this temperature after a rapid cloud 
transient resulted in major fatigue cycles in the panel/headers. It is 
clear from these results that minimizing fatigue must also be a major goal 
of the control system. The flexibility offered by digital programmed 
control and solar flux measurements should make possible major 
improvements in this area. 

The receiver also demonstrated the ability 

Overall, the test was successful in demonstrating a mature salt-in-tube receiver 
design, ready for scale-up to larger systems. The test also served to reveal 
several critical areas that must be addressed in such a design to insure good 
performance and required receiver life, protecting the investment of developers 
and operators of future solar power systems. 
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