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1.0 I NTRODUCTI ON AND SUt1HARY 

The test of a company-funded, sodium-cooled receiver panel \las success
fully conducted during the period from October 10, 1981, through Ilarch 12, 

1982. Testing was acco~plished at the Sandia Central Receiver Test Facility 
(CRTF) in Albuquerque under a test agreement betHeen the Energy Systems Group 
(ESG) and Sandia. The test panel was connected to a sodium flow loop supplied 
by CRTF. Figure 1 shows the ESG receiver during a test at CRTF. 

Figure 1. ESG Sodium-Cooled 
Solar Receiver Panel Test 
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The 

The general objectives of this test were to provide: 

1) 

2) 
3) 

specific 

1) 

2) 
3) 
4) 

5) 
6) 
7) 

8) 

A proof-of-principle test of sodium-cooled receiver panels 

Fabrication experience 
Practical operating experience. 

test goals that supported these objectives were to: 

Demonstrate satisfactory panel operations at the design heat 
flux and temperature 
Demonstrate satisfactory diurnal startup and shutdown 
Demonstrate control during insolation changes 
Control several panels in parallel 
Demonstrate panel dimensional stability 
Achieve representative lateral power distributions 

Demonstrate acceptable panel thermal losses 
Accommodate various simulated emergency conditions. 

The solar' receiver was the only sodium component for a solar central 

receiver system that lacked development and test experience. This test pro
vided the development experience leading to a commercial-type receiver panel. 

1.1 PANEL DESCRIPTION 

The ESG solar panel (Figure 2) consists of three subpanels operating in 
parallel. Each subpanel comprises 21 Type 316 stainless steel tubes, each 
19 mm (3/4 in.) in diameter with a 1.2-mm (0.049-in.) wall. The tubes are 
butt-welded to 102-mm (4-in.) manifolds. The overall width of a subpanel is 
40 cm (15.75 in.) with an overall length including manifolds of about 530 cm 

(208.5 in.). The three subpanels are assembled on a test frame with the cen
ter manifold nestled in the tube bend region of the outer panels (Figure 3). 
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Figure 2. ESG Central Receiver Panel Design 

Figure 3. ESG Solar Panel as Assembled for Shipment to CRTF 
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This arrangement' provides a continuous panel surface. The surface is curved 
on a radius of about 6 m to represent a segment of an external receiver for a 
repowering application. Figure 3 shows the completed test panel in the ESG 
manufacturing area. 

The active aperture area of the panel exposed to solar radiant energy is 
3 m high by 1.2m wide. This area is surrounded by an insulated frame to pro
tect the subpanel manifold ends and side areas of the loop from spillage 
energy. The active area of the panel is covered by Pyromark paint to enhance 
the absorptivity of the surface. The design absorbed-power capability of each 
panel is 1 MWt, for a total of 3 MWt for the test article. The operating 
power of 2.5 MWt was selected based on the expected heat rejection capability 
of the sodium loop. 

Peak design absorbed heat flux for the test was 1.5 MWt/m2. The 
average flux level over the panel at the operating power of 2.5 MWt was 
0.69 MWt/m2. 

The instrumentation on the solar panel consists of 57 thermocouples, 
three displacement transducers, and three heat flux sensors. Each subpanel 

has an electromagnetic flowmeter to measute flow rate and a flow control 
valve. The flow control valve can be operated manually or automatically by 

the flow control system. The control system contains the controllers, 
switches, indicators, and logic to control subpanel flow rate. 

The primary control requirement is to maintain the panel outlet sodium 
temperature for each subpanel at the set-point value. For the design con
ditions, this value is 593 ± 140 C (1100 ± 250F) with an inlet temperature 
of 2880C (550oF). Since there is a direct relationship between the solar 
flux available to the panel and the flow required to achieve a given set of 

operating conditions, solar flux is used as the primary master signal in a 
feed-forward configuration. Panel exit sodium temperature is then processed 

through a controller and used as a trim to this master. The resulting summed 
signal is then used to modulate the sodium inlet valve position. 
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Extensive thermal and structural analyses were performed on the test 
design. The panel is designed to ASME Section VIII Division 1 and ANSI B31.1 
with creep fatigue effects for the tubes evaluated according to the high
temperature Code Case ASME N-47. The design meets the specific test con
ditions and safety requirements imposed by CRTF on test articles for that 
facility. In addition, the panel tubes in the high-flux region were analyzed 
for commercial application with a reasonable expectation for a 30-year life. 

1.2 SODIUM LOOP.DESCRIPTION 

The ESG test article was connected to a CRTF-insta11ed sodium loop. A 
flow schematic for the sodium loop is shown in Figure 4. Sodium circulation 
through the test panel is provided by an electromagnetic (EM) pump at a design 
flow rate of 0.007 m3/s (115 gal/min). 

Liquid sodium enters the test panel at a temperature of 288°C (550°F) 
and under normal operation exits at a temperature of 5930 C (1100oF). A 

flow-through surge tank is provided to accommodate changes in sodium volume in 
the system. Argon cover gas is provided in the surge and drain tanks. The 
sodium is cooled by the dump heat exchanger (DHX) from 593°C (1100oF) 
nominal temperature to 288°C (550°F) before circulating back to the EM 
pump. The heat removal capability of the DHX can be changed by varying the 

airflow through the unit. 

At night, the sodium in the loop is drained into the drain tank, where it 
is maintained by the electrical heat tracing at a temperature of 204°C 
(400oF). All sodium piping in the system is heat traced, insulated, and 
maintained at a temperature of ~204oC (400°F) throughout the night. The 
aperture area of the test panel is allowed to cool to ambient conditions. 
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Figure 4. Flow Schematic for Sodium Loop at CRTF 

1.3 TEST DESCRIPTION 

The test activity for the ESG solar panel comprised the following 
phases: 

1) 

2) 
3) 

Dry checkout 
Wet checkout 
Testing 
a) Low power 
b) Intermediate 
c) Design power. 

power 

ESG-82-40 

6 



The checkout tests, completed during October 1981, consisted of func

tional checkout of the mechanical, electrical, and instrumentation items in 
the system. About 200 gal of liquid sodium from 55-gal drums was loaded into 
the loop drain tank. Testing began on 30 October 1981. 

The 10w- and the intermediate-power tests were conducted primarily to 

give the sodium system operating crew experience with the manual and automatic 
controls and in coordinating these activities with he1iostat operation. Once 
this operating experience had been attained, the majority of the testing was 
accomplished at the design power conditions. Testing ended on 12 March 1982, 
4-1/2 months after it had begun and with a total of 70 h of test time. All 
operational and performance goals were attained. The accumulation of test 
time during this period was substantially reduced by the poor weather and the 
necessity for frequent repair of the facility-installed high-temperature 
insulation around the test panel. 

The test panel was drained of sodium each night and at any time that 
there was insufficient solar energy to maintain the solar-heated panel surface 
at a temperature of 2040C (4000F). The daily schedule was as follows: 

1) Pretest briefing and safety review 

2) Maintenance review 
3) Panel preheat (four he1iostats) 

4) Pressure fill of system with sodium 
5) Sodium flow and power buildup 

6) Test activities 
7) Decreasing power and shutdown 

8) Sodium drain to drain tank 
9) Activation of electrical preheat. 

Table 1 compares the significant goals achieved during this test pro
gram with the design goals. 
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TABLE 1 
MAJOR TEST RESULTS 

Parameter Test 

Power level (MWt) 2.85 
Maximum solar flux (MW/m2) 1.53 
Panel inlet temperature (oF) 550 
Panel outlet temperature (oF) 1100 

Time, start to full power (min) 29 

Automatic control Stable at 11000 F 
with -40%, +70% 
power changes 

Daily startup and drain Satisfactory 

Design 

2.5 
1.5 
550 
1100 

30 

Stable at 11000 F 
with -50%, +100% 
power changes 
Planned operation 

The maximum power level was expected to be limited by the capability of 
the air-blast heat exchanger associated with the sodium loop. Maximum-power 
testing was restricted even more when it was discovered that the maximum pump 
flow rate was limited essentially to the design flow rate of ~115 gal/min. 

Figure 5 shows the panel flux gage readings during a short-duration 
test. One flux gage was located in the center of each of the test panels. 
The flux gage on Panel A had not been adjusted properly and, when corrected, 
indicated values similar to those indicated by the gage on Panel C. The 
figure also shows the durations for the several phases of the startup activ
ity. The total time from the initiation of panel preheat with four he1iostats 
to design power (in this case, 175 he1iostats on target) was 29 min. During 
this test, the facility high-temperature insulation deteriorated, and the test 

was terminated by removing the he1iostats and draining the sodium system. 
Shutdown required 6 min, after which the sodium system was secured until the 

next test. 
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Figure 5. Test 19, Panel Flux Gage Readings 

Some flow-rate interaction among the three panels was observed during the 
testing. This interaction was not unexpected, since the panels had been 
designed with a very low pressure drop in order to maximize the total loop 
flow rate in case of inadequate pump power (as was the case). This flow-rate 
interaction caused panel outlet temperature to vary about ±30oF. 

Figure 6 shows the response of the panel control system to a downward 
power step of 40% achieved by removing a preselected group of heliostats. 
This step lasted 7 s. After a brief dwell time, the preselected group of 
heliostats was returned to the panel in 15 s to give a 70% step up in power 

from the reduced power level. The control system responded with valve 
position closely following within about 6 s the shape of the flux sensor 
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trace, indicating the controlling action of the flux sensor feed-forward 
signal. The s~t-point temperature of 11000F was maintained within ±500F 
for each panel and with ±300F for the mixed mean outlet temperature given in 
Figure 7. An excursion outside the ±500F band for panel C is seen following 
the 70% flux increase. Some of the variation in outlet temperature was due to 

the variation in inlet temperature caused by the relatively poor DHX control 
capability for these power transients. The outlet temperature trace of 
Figure 7 also s~ows the cyclical variation due to flow interaction. Also 
shown in this figure is a 20% power step. 

Before the test, a flux distribution with a rather flat maximum across 
the center of the panel was requested, as in Figure 8. The data points 
indicated on this figure show an actual distribution attained at the several 

nominal power levels for the test. The desired flux shapes gave power dis
tributions across the edge panels that were typical of distributions on a 
full-size commercial receiver. The actual test distribution, while showing a 
greater variation than desired, was well within the capability of the test 
panel design. 

Black Pyromark paint was used on the surface of the panel to enhance 
absorptivity. The paint tended to flake and lose adhesion, and the central 
and upper parts of the panel had to be repainted three times during the test. 

One of the most interesting parameters to be determined from a receiver 

panel test is panel efficiency. This value is also difficult to determine 
with accuracy, since it is the ratio of absorbed power to incident power. 
Both absorbed power and incident power are calculated values. The absorbed 
power is calculated from the measured flow rate and the temperature difference 
from the bottom to top of the panel. Input power is determined from the CRTF 

flux measuring system by integrating the flux distribution over the panel 
area. A CRTF computer program was used to calculate a transfer function value 
of 1.02 in order to relate the flux distribution measured in a plane 14 in. in 
front of the panel to the distribution at the panel surface. The calculated 
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panel efficiency for several power levels is given in Table 2. Panel effi
ciencies in the range of 90 to 93% were expected. The estimated uncertainty 

in the calculated values is shown in Table 2. 

TABLE 2 
INCIDENT POWER AND ABSORBED POWER 

Number 
of Peak Total Power Incident Panel Effi-

Flux Helio- Flux From Field Power on Power ciency 
Test Scan .Time stats (MW/m2) (MW) Panel (MW) (MW) (%) 

18 135501 ·1018 110 0.71 2.10 1.33 ± 8% 1.26 ± 6% 94 ± 10% 
135502 1217 110 0.84 2.34 1.56 1.40 90 
035503 1400 158 0.98 2.9 1.89 1.75 93 

21 101401 1200 173 1.27 3.7 2.48 2.36 95 
22 101501 1330 183 1.32 3.74 2.47 2.31 93 

101502 1350 188 1.34 3.81 2.48 2.29 92 
23 101801 1309 213 1.53 4.39 2.89 2.67 92 
24 102601 1216 175 1.33 3.51 2.35 2.26 95 
34 106901 1145 161 1.32 3.53 2.35 2.25 96 

1.4 SUMMARY 

1) The panel test was successful and all significant goals and 

objectives were attained, although the accumulated test time 
was much less than expected. The low test time was due to poor 

weather conditions during the test period from October into 
March. Also contributing was the continuing problem of deteri-

oration of the frame insulation around the panel due to the 
relatively high spillage flux. 
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2) Solar preheat and sodium fill occurred for each test. The 
panel headers were preheated during the entire test period, but 
the panel aperture surface cooled to ambient temperature 

between each test. The panel was drained at the end of the 
test day. This environment does not appear to have been 

deleterious for the test period. 
3) The backside insulation, Cerafe1t 600, was satisfactory. There 

is no evidence of over-temperature or damage to the backside 
insulation material. 

4) Adequate preheat must be assured prior to fill. 
5) The test panel tube material is 316 SS. The heated area of the 

test panel was designed for 10,000 cycles at a peak flux of 
1.5 MWt/m2. This is about one cycle daily over a 30-year 
period. The panel header region was designed for the test per

iod duration. The commercial panel should be designed for 
several daily cycles or, say, 30,000 to 50,000 cycles for a 
30-year life. The commercial design will have the headers 
located behind the panel. This desirable feature will accom
modate more effectively any temperature gradients across the 

panel. 

1.5 RECOMMENDATIONS 

1) A detailed stress analysis must be performed to evaluate the 
panel design for a 30-year life and the commercial receiver 

operating characteristics. 
2) The Pyromark paint on the panel aperature surface required fre

quent replacement. The manufacturer should be contacted in 
order to identify the probable cause of the paint problems 
during this test. Other surface coatings should be examined. 
The testing at Barstow of the water/steam receiver should be 

monitored to determine paint durability. 
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3) On early commercial receivers, thermocouples on each tube may 
be desirable in order to verify acceptable preheat conditions 
by monitoring tube temperatures during the power buildup 
phase. 
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2.0 SOLAR RECEIVER PANEL DESCRIPTION 

2.1 GENERAL 

The ESG solar panel consists of three subpanels operating in parallel, 
mounted on a test fixture. The test fixture is attached to the CRTF sodium 
loop structure . Figure 9 shows an artist's concept of the test fixture and 
sodium loop on top of the tower at the Central Receiver Test Facility (CRTF). 

The solar panel test requirements are identified in Appendix A. Panel design 
requirements are summarized in Table 3. 

Figure 9. ESG Sodium-Cooled 
Solar Receiver Panel Test 
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TABLE 3 
TEST PANEL REQUIREMENTS 

Environmental 
Seismic (g) 
Design wind,(mph) 
Maximum operating wind (mph) 
Maximum survival wind (mph) 
Ambient temperature range (oF) 

Cloud cover velocity (mph) 
Maximum rainfall (in./h and in./yr) 
Ice formation (in.) 
Maximum hailstone size (in.) 

Panel Life 
Test article life (month) 
Commercial panel design life (yr) 
Design number of startups and shutdowns 

Temperature loss rats of hot but unheated 
and uncooled panel ( F/s) 
Maximum temperature transient at upper 
manifold weld 
Maximum sodium flow rate (gal/min) 
Maximum panel inlet pressure (psia) 
Panel tube 00 and wall (in.) 
Pane 1 materi a 1 

Design 
Applicable codes 

Panel 
Tube creep-fatigue 

Temperatures (oF) 

0.50 
10 
50 
100 
-20 to +120 

40 
3 and 30 
5.0 
1.0 

3.0 
30 
104 

3.0 

175 
40 
3/4 x 0.049 
316 SS 
Like commercial panel 

ASME B&PV Sec. VIII Div. 1 
ASME B&PV Sec. III, modified 
Code Case 1592, ANSI B31.1 

Inlet temperature 550 to 700 
Minimum loop 350 
Nominal mixed mean outlet 1100 
Maximum tube outlet temperature difference 200 
in one panel 
Maximum 6T adjacent tubes in adjacent panels 200 

Maximum absorbed thermal power (MWt) 3.0 

Maximum throughput heat flux (MWt/m2) 1.5 
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2.2 PANEL DESIGN ' 

A sketch of the subpanel design is given in Figure 10. (See Assembly 

Drawing N001000399, Appendix F.) The subpanels are composed of 21 Type 316H 
stainless steel tubes (ASTM A213), each 3/4 in. in diameter with a 0.049-in. 
wall. The tubes are butt-welded to 4-in. manifolds as shown in Figure 11. 
The manifolds are constructed as shown by Figure 12. (See Drawing N001000429, 
Appendix F.) After the 4-in. manifolds are assembled from a tee, pipe sec
tions, and end caps, two slots are cut for the two nozzle inserts. The 
inserts are welded into the manifold body. A consumable insert is used in 

assembling the tube to the nozzle in order to align the joint and to supply 
metal for the butt weld joint. The overall width of a subpanel is 40 cm 

(15.75 in.) with an overall length including manifolds of about 530 cm 
(208.5 in.). The three subpanels are assembled on a test frame with the cen
ter manifold nestled in the tube bend region of the outer subpane1s (Fig-
ure 13). This arrangement provides a continuous panel surface. The surface 

is curved on a radius of about 6 m to represent a segment of an external 
receiver for a repowering application. Figure 13 shows the completed test 
panel in the ESG manufacturing area. Figure 14 shows the back side of the 
panel and test fixture. (See Drawings N001000397 and N001000426 in 

Appendix F.) 

+ :;:. ___ -++--++-____ -+1-1+-__ ---1I+-+1i-=SY..:....:M.:..:.:.M:.:...:A:=B-=-OU=-:T~_H_lt_- ---H--- ---+ 

1------------200.5 in .--......-\-----------I 
-165.44 in.-------'\.---------I 

-:---117.44 in. -----\.r--------I 
-69.44 in.----"'. • 14.50 FOR -01 

_21.44 20.00 FOR -02 
in. 

2.124PL 

Figure 10. ESG Central Receiver Panel Design 
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Figure 11. Tube-to-Manifold Butt-Weld Assembly 
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The active frontal area of the panel exposed to solar radiant energy is 
3 m high bY,l.2 m wide. This area is surrounded by an insulated frame to pro
tect the subpanel manifold ends and the side areas of the loop from spillage 
energy. The active area of the panel is covered by Pyromark paint to enhance 
the absorptivity of the surface. The design absorbed-power capability of each 

panel is 1 MWt, for a total of 3 MWt for the test article, as described in 
Section 3.2. The panel subassembly (three panels) weighs about 500 lb. 

2.3 SOLAR PANEL TEST FIXTURE 

The test fixture serves the dual purpose of supporting the solar panel 
and as a structural mount for attachment to the sodium loop test structure. 
The fixture has a vertical height of ~200 in. and a width of 108 in. 
Structural support is derived from use of a 4-in.-square box beam for the 
fixture's lower base, 3.0-in. by 0.250-in. wall tubing for the vertical side, 
and 2.0-in. by 0.250-in. wall tubing for the horizontal cross supports. 
Structural carbon steel is used throughout the text fixture. The cross mem
bers supporting the panels are curved to an approximate radius of 19 ft, the 
same as would be used in a commercial 226-MWt solar receiver application 

(60-MWe plant size). The fixture weighs ~830 lb. 

2.4 SOLAR PANEL-TO-TEST FIXTURE ASSEMBLY 

The three subpanels are assembled on the face of the test fixture as 
shown in Figure 13. This assembly completes the solar panel test article 
(weight, 1575 1b). The hot- and cold-leg piping tree subassemblies, shown in 
Figures 15 and 16, are used to connect the test article to the sodium loop. 
The lower cold-leg piping tree contains the flow control valves for each panel. 
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Figure 15. Hot-Leg Pipe Tree Assembly 
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2.5 DESIGN VERIFICATION 

Extensive thermal and structural analyses were performed on the test 
design. The panel is designed to ASME Section VIII Division 1 and ANSI B31.1 
with creep fatigue effects for the tubes evaluated according to the high
temperature Code Case ASME N-47. The design meets the specific test condi
tions and safety requirements imposed by CRTF on test articles for that 
facility. In addition, the panel tubes in the high-flux region were analyzed 
for commercial application with a reasonable expectation for a 30-year life. 

2.5.1 Stress Analysis 

A stress analysis of the solar test panel was performed. Strain
controlled stresses in the tubes under the most severe heat flux were evalu
ated and cyclic life was determined. Stresses in the panel and the supports 
due to thermal, seismic, and wind loadings were studied. Calculations indi
cate a tube life of 30 years. Load-controlled stresses were shown to be 
generally low in the tube supports. The effects of thermal striping were 
determined to be of negligible consequence. 

A laboratory testing program was conducted to select the mechanical 
support-to-tube attachment weld design. The selected design uses a gas 
tungsten arc weld (GTAW). The calculated tensile load on each weld joint is 
8.9 lb maximum. The laboratory tensile tests at a metal temperature of 900°F 
resulted in tensile failure loads of 436, 522, and 630 lb for three tests of 
this weld design. This is a factor of 50 greater than the design load. 
Failure was in the parent metal of the support for two tests and in the weld 
material for the third. In the 25 tests for various designs, failure was 
always in the support material or joint; in no case was there a loss of tube 
material. 
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2.5.2 Thermal Analysis 

Three sets of transient thermal analyses were made for the solar test 
panel: 

1) Solar panel tube with transient solar heat load and sodium 
flow: Preliminary thermal transient calculations were made to 
Investigate the consequences of changing solar heat input and 
changing sodium coolant flow rate. Of particular interest is 
the transient resulting from loss of solar input due to rapid 
cloud cover. 

2) Panel tube-outlet manifold joint: Calculations were made to 
investigate the transient temperature distribution at the 
tube-manifold joint as input for thermal stress analysis. 

3) Steady-state, two-dimensional (radial and circumferential) tem
perature distributions under concentrated solar heat flux load-

ing were determined for 3/4-in.-00 tubes with 65-, 58-, 49-, 
35-, and 28-mil walls. A solar heat flux of 1.5 MW/m2, 
cosine distributed, was considered, with the sodium inside the 
tube at 9000F. In addition, simplified stress calculations 

were made. 

Figure 17 shows the theoretical heat flux distributions along the panel 
length for all collectors aimed at a single point on the panel aperture and 
for a multipoint aim. Table 4 shows the average thermal conditions within the 
sodium-cooled receiver at (0.049-in. tube wall) sodium flow rate, total power, 
and heat flux. Table 5 shows test conditions across the subpanels for a 
normal flux distribution (0.049-in. tube wall) and for low, intermediate, and 
100% power levels. 
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TABLE 5 
TEST CONDITIONS ACROSS PANELS FOR NORMAL FLUX DISTRIBUTION 

Power Level 

Low Intermediate Design 

Tota 1 thermal 
power (MWt) 0.80 1.7 2.5 
Average hea2 flux (MWt/m ) 0.23 0.46 0.70 

Peak h~at flux 
(MWt/m ) 0.50 1.0 1.50 
Lateral aim point 
separation (m) 0.40 0.40 0.40 

Islet temperature 
( F) 550 550 550 

Mixed-mean ouSlet 
temperature ( F) 735 920 1100 
Overa 11 flow 
rates (gal/min) 115 115 115 

,Panel 
Distribution 1 2 3 1 2 3 1 2 3 

Thermal power 
(MWt) 0.23 0.37 0.23 0.46 0.73 0.46 0.70 1.10 0.70 

Averagehea2 flux (MWt/m ) 0.19 0.31 0.19 0.39 0.61 0.39 0.59 0.92 0.59 

Peak h2at flux 
(MWt/m ) 0.33 0.50 0.33 0.67 1.0 0.67 1.0 1.50 1.0 

Mixed-mean ouSlet 
temperature ( F) 735 735 735 920 920 920 1100 1100 1100 

Hot tubs temper-
ature ( F) 765 750 765 980 950 980 1200 1150 1200 

Cold tUBe temper-
ature ( F) 700 715 700 850 885 850 1000 1050 1000 
Flow rate 32 51 32 32 51 32 32 51 32 
Power ratio* 1.44 1.20 1.44 1.44 1.20 1.40 1.44 1.20 1.44 

*Power ratio = ratio of power bewteen two panel tubes = higher power tube 
lower power tube 
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2.6 PANEL INSTRUMENTATION 

The instrumentation on the solar panel consists of 57 thermocouples, 
three displacement transducers, and three flux sensors. Each subpane1 has a 
electromagnetic flowmeter to measure flow rate and a flow control valve. The 
flow control valve can be operated manually or automatically by the flow con
trol system. The control system contains the controllers, switches, indi

cators, and 10gjc to control subpane1 flow rate. Figure 18 shows the location 
of the sensors on the panel assembly. Table 6 is the instrument list. The 

accuracies of the sensors are given below: 

Thermocouples, Type K ±40F in range 32-5300F 

±0.75% in range 530-23000F 
Flux sensors 
Displacement sensors 
liP converter 
PIE transducer 

2.7 CONTROL SYSTEM DESIGN AND ANALYSIS 

±3% of full range 
±1% of full range 
±0.5% 
10.25% of span 

The primary control requirement is to maintain the panel outlet sodium 
temperature for each subpane1 at the set-point value. For the design condi
tions, this value is 593 ± 140 C (1100 ± 250F) with an inlet temperature of 
2880 C (550oF). Since there is a direct relationship between the solar 
flux available to the panel and the flow required to achieve a given set of 
operating conditions, solar flux is used as the primary master signal in a 
feed-forward configuration. Panel exit sodium temperature is then processed 
through a controller (TIC) and used as a trim to this master. The resulting 
summed signal is then used to modulate the sodium inlet valve position. 

The ESG test article (solar receiver panel assembly) EI&C control panel 
contains the controllers, switches, indicators, and logic to control the test 
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EOUII'f.'ENT DESCRIPTION 
NO. 

FE 101 ; Flow Meter, Magnetic 

FCV 10 Flow Control Valve 

liP Converter 
IIP 101 (Integral with FCV 101) 

TE 101 
Thermocouple 
(Integral witll FE 101) 

ZE 101 Valve Position XDucez<' 
(Integral with FCV 101) 

Valve Position Switch 
ZS 101 (Integral with FC 101) 

FE 102 Flow Meter Magnetic 

FCV 10. Flow Control Valve 

IfP Converter 
liP 102 (Integral with FCV 10'1.) 

TE 10Z 
Thermocouple 
(Integral with FE 102) 

I 
ZE 10Z • Valve Position Xducer 

(lntellral with FCV 10Z) 

ZS 10Z Valve Position Switbh 
Ilntellral with FC 10Z1 

FE 10 Flow Meter, Magnetic 

FCVI03 Flow Control Valve 

liP Converter 
liP 103 (Integral with FCV 10Z) 

Thermocouple 
TE 103 (Integral with FE 103) 
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article subpanel'inlet flow control valves. The operator can set the con
trollers for local manual or automatic valve operation. Figure 19 shows the 
logic employed in the valve control system. 

The logic diagram shows the scram signals that will be sent to the facil
ity system as well as the facility-generated scram signals for valve control. 
These signals are (1) the high-temperature limit alarms on the outlet thermo
couples indicating excessive outlet sodium temperature, (2) a high differen
tial temperature between the inlet and outlet sodium temperatures, (3) the 
closing of any of the inlet valves when insolation is impinging on the 
absorber panel, and (4) the loss of two or more of the flux sensors (com
puter programmed). 

The Figure 18 P&ID shows the instrumentation for the above. It also 
shows the heater thermocouples and a typical heater. The heater thermocouples 
are not controlled via the ESG control panel. 

The controllers utilized in the ESG control panel are a microprocessor
based design. The controllers receive their temperature signal from an 
immersion-type thermocouple located in each outlet duct of the absorber sub

panel. These thermocouples are O.125-in.-diameter ungrounded junction type 
that are reduced to a O.060-in. diameter for faster response. 

The controllers also have provision for receiving a feed-forward signal 
• input as illustrated on the Figure 19 logic diagram. This allows the con-

troller to drive the valve to a predetermined position with respect to the 
flux density. The immersion-type thermocouple located in the outlet duct 
provides the feedback signal to the controller. The feedback signal is 

compared to the set point; it works as a trimmer and controls the valve to 
obtain a minimum temperature deviation between set point and feedback. The 
controller also has the bumpless transfer feature. 
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The absorber panel flux sensors are the water-cooled type. The cooling 
water passages employ 1/4-in. tube lines and water passages with a O.lOO-in. 
minimum diameter within the sensor proper. The passages are large enough to 
assure there will be no cooling water blockage due to contaminant buildup. 

Each of the absorber subpanels has fourteen 0.060-in.-diameter ungrounded 
junction thermocouples strapped to the back of the absorber panel tubes with 
spot-welded clips. There are shown on the Figure 18 P&ID. The signals are 
not displayed on the ESG control panel but are multiplexed data channels. One 
centrally located back-of-tube thermocouple in each absorber subpanel is also 
brazed to the tube and was tested as a substitute for the flux sensors. How
ever, the response time was too slow, and the measurement was influenced by 
sodium inlet temperature variations. 

Three front-of-tube thermocouples, located in the panel edge tube were 
provided, also as a substitute for the flux sensors but with potentially more 
rapid response than the back-side thermocouples. These units were also 
influenced by sodium inlet temperature variations aS~/ell as by flux vari
ation, an undesirable feature. They are 0.030-in.-diameter ungrounded junc
tion Inconel stainless steel-sheathed units that are heat-sinked to the 
absorber panel tubes to prevent them from experiencing excessive tempera
tures. These were tested to determine the feasibility of using thermocouples 
as indicators of solar flux changes and to assess their reliability. 

A magnetic flowmeter is provided in each of the absorber subpanels to 
measure sodium flow rate. The signal is not used for control; it is a multi
plexed data channel.and is also displayed on the ESG control panel. A thermo
couple is provided for each of the flowmeters to measure flowmeter permanent 
magnet temperature to correct the magnet temperature-related signal error. 

The center absorber subpanel has three deflection sensors from which the 
signals are fed to the main computer for recording. These are not displayed 
on the ESG panel. 
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The valve position signal is a multiplexed signal channel and is also 
displayed on the ESG control panel. The Valve Open-Closed lights for these 
valves are also displayed on the on-line ESG control panel. 

The ESG control panel was fabricated at ESG's Canoga Park facility. It 
is a 69-5/16-in. by 22-in. steel cabinet with annunciator, valve-position 
digital indicators, digital flow indicators, valve full open and closed 
indicator lights, temperature indicator controllers, switches, relays, and 
other logic instruments required to control the valves to maintain a steady 
temperature. The control panel layout is shown on Figures 20, 21, and 22. 
Two selector switches and a digital meter were added at the site to monitor 
the flux sensors' signals. 

Analysis of the control system is presented in Appendix G. 

2.8 SAFETY ANALYSIS AND QUALITY ASSURANCE 

Safety analyses for the test article were conducted. The ESG test arti
cle was designed to contain the sodium coolant safely under normal and upset 
test conditions. This was achieved by using a simplified design approach, 
incorporating well-demonstrated detail design and fabrication features and 
proven inspecting and testing criteria. A control system capable of main
taining the test conditions within design limits was provided. 

The test article was designed to the applicable requirements of the ASME 
Boiler and Pressure Vessel Code Section VIII Division 1 and ANSI B31.1, with 
large design margins. The accumulated creep and fatigue damage resulting from 
the elevated-temperature operating environment is evaluated using the elastic 
analysis methods of the B&PV elevated-temperature Code Case N-47. The con
struction materials and fabrication, inspection, and testing processes are 
within the above Code requirements. To assure reliable containment, all con
tainment welds are of the simp1e-to-fabricate and inspect full-penetration 
butt type. 

ESG-82-40 

40 



'1 

i 

1 
t;,. 'S;t. , ...... -..1 
eQ.tI~ I 
FRoUT I 
.0 00 It 1 

.. 
VIew 

F~\Jr 

!!!3 

t 
a 

L 

:77' 
104. 

t 

TIC-' T/G 
lOr'" I~ 

/1M.. y$ Pt:J r (, 'T'( 
G~"",.,( /fId'.d4SW 1t 
.7SlJr.()DSH 4/tC1l .' 

VALl/I pas .;. ~L(UlJ //JIN. 

CUTOUT 3.rUj."15UJK./.~·0If'1I 
8M-II _u __ ~II"'.IIT ".ut 1J;H.s~wt •• 

&AcU ON G,4ZD t. 

'---~~- $ ENr(J1Z. S E(.~CT SIAJ 
"VT(JI/'I" ~ ~:I:.()OS~Jc..1r;,t:Ji.otaH 

AcC6S S 1)00/2 

8(. A-uK. 

;Q"/(.)I06 P/MJ6f 
Z21t {.U1t>G ~ 

6('~NK. 

SIZE RAWING NO. 

A 050000005 
SCAlE SHEET .3 

FORM 7:Je.V.' REV. 1-7. 

Figure 20. Control Cabinet Arrangement 

ESG-82-40 

41 



t 

A~PflO)l I ~ 1/ 1 
u U U 

11'<101 

r1 
1'</0'2.. 

i! 
T,"(I o~ 

~AffSY 

@ @ 

RI~ I'(lol IUS I"(/o 21"5 lYIO", 

* . ·~I~ ~C.1354 . StH&Df 

v 
«'f~2S 'TYI~ 

n TIl 07 " lilEi\ 1)-
n 

AOOet4J 

~ 
f.A6) !~ ~ RIS: . PIOO~ AC~· i:pl~ 

~ . 
k.,Q)-

ET..ftD~ MA4 MAGi 

~ ~ii i" ~1b; 28 Ti\~ 

14401 
n -n -, Irt 

.~ .¢ To 'f{ l ~P4IOo" 

I '2. ~ ~ 5'''TE Eo!.. 
IIV s-rtL IJ 1-1 Ii A.J7 
~()(/,.;-rl NC, PlATe 

BEND 'UP 1\UO'S/OG-J 

f' \ 

·~N~1.,6 ~iU4 c(2.. 

U effi~i 10 

C.A~ltJCI ~ I oS 

OtJL..:Y 
AC JJleHJG 
ON e~~SIDe 

~Te~L H~ 
Pc.,A-T8 

LA'< cuT' 0 r: IJ t..LD.se - F/?Q forr DQO (? 

~ OIJ t-n"e:. Q I N$ T!2.q M F;b rrs 

\ 

" 

~ 
I· 

~ 

, 

. 

-

oc UJII<J~~ 
ON t=~Ni 
~ t Dc.-ISO" 
L-A-TeO (:."2a1-! 

AC 

CO::>!2. TO Pr2Q\lLO'5 ACC€,)"S ....-------------.....1 
~a. K\JO 10 a 12. '5CeIiW

Dttlvfot2. ""OJUSi~ SNlS 
SCAlE ...,0 r-.1 e: "'~To X\lo'j SHEET 4 

FORM 738-V·' REV. 9-78 

Figure 21. Control Cabinet Access Compartment Layout 

ESG-82-40 

42 



-

1-/ 

1.'1 

~ 

3,/ 

4-/ 

t 

" 

.. 
I.:t.. I -~ J -10/ 

~E TEtAP 'tA t '/F Q IZ 

J I\J LET • t=t I ~ II' 1-4 

5H8 ~;=t 

low TeMP CO "-+ T 20 L. 
. eY T~C. H,L'CE"T ~-I-

O~L,( 

. "- ~·~~.2 -~~ "..,#-~ 

'\-ll ',e-M'P I-J/.TEMP 14\ TEMP ~I IE t'-/\ P 

'RCVR OU-r:l E. T, OUTLE"T OUTLET 3-4-

AT- A e;, C 

LcWTeMP LOVJ IEMP LoW TEMP LDWTEMP 

I<CVJ2 OU"TLET OUTLEr OUTLET 4 .. </. 

AT A -,B C 
.,.-2, .,. -~ 

Rockwell International Corporation 
Energy Systems Group 

SIZE rcWING NO. 
A 050000006 

rEV. 

SCALE I PAGE£. 7 0TAL SHEETIS).5 

,eo. (.~1Q ~/fJ • FORM 738-V·l REV. 2-80 

Figure 22. Annunciator Pane1 Layout 

ESG-82-40 

43 

~ 



The control system for the test article was designed to maintain the 
maximum component temperatures within the design limits under the normal 

operational conditions, which include solar insolation variations and the per
formance fluctuation of the CRTF sodium test loop. Analysis verified that the 
failure of any control component will not result in the temperature of the 
containment components exceeding safe limits. Adequate instrumentation was 

provided to permit assessing the actual temperatures of the containment com
ponents during the tests. If necessary, the automatic control system can be 
overridden with manual control. 

The control system was integrated with the control systems of the CRTF 
sodium loop and the he1iostats to dump the sodium into the dump tank or 
defocus the he1iostats under upset conditions, such as loss of solar input or 
loss of sodium flow through the test article. In the unlikely event of sodium 
leak from the test article, smoke detectors on the test loop would initiate 
the sodium dump into the dump tank, minimizing the effects of the sodium 
leak. 

Quality assurance of the design and fabrication of the ESG sodium-cooled 
panel was verified in accordance with the QA plan. This included dye
penetrant inspection of all welds, helium leak checking, and proof pressure 
testing of the assembly before shipment to CRTF. Contracted inspectors were 
present to verify that these procedures were performed for the final inte
grated test assembly. 
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3.0 FACILITY AND TEST SYSTEM INSTALLATION DESCRIPTION 

The receiver panel was tested at the Central Receiver Test Facility 
(CRTF) in Albuquerque, New Mexico. The facility is operated by Sandia Labora
tories. The sodium test loop was also provided by Sandia Laboratories. This 
section describes these facilities and the data recording requirements. 

3.1 CENTRAL RECEIVER TEST FACILITY 

The CRTF is the primary solar test facility for component and subsystem 
evaluation within the Department of Energy's Solar Thermal Larger Power System 
(STLPS) program. The CRTF, with a thermal capability of about 5 MWt, is 
designed to perform a variety of functions ranging from testing collectors, 
receivers, thermal storage systems, instrumentation systems, direct-energy
conversion cycles, fluid coolants, and materials to training personnel to 
operate solar facilities. A complete description is given in Sandia Labora
tories Report SAND77-1173. 

3.1.1 Heliostat Array Subsystem 

The CRTF energy collection system consists of 222 heliostats. The total 
heliostat field can concentrate more than 5 MWt of power under optimal sun, 
heliostat, and target conditions. The approximate heliostat arrangements for 
the panel test program for panel preheat, low-power, intermediate-power, 100% 
power, and high-power operation are shown schematically in Figures 23 through 
27. For this test series, 2.5 MWt is designated as 100% power. The preheat 
power level shown in Figure 23 is basically a 10% level. During checkout 
testing, four heliostats were found to be adequate to achieve a satisfactory 

preheat temperature. The test procedure document (Appendix C) identifies the 
sequence in which the various groups of heliostats are focused on the panel 
aperture. 
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3.1.2 Receiver Tower 

The CRTF receiver ,tower rises 61 m (200 ft) above ground. The ESG panel. 
experiment was conducted at this level. 

Test bays for other experiments are located on platforms at the 36.6-, 
42.7-, and 48.8-m (120-,-140-, and 160-ft) levels as shown in Figure 28. 

o 
o 

LEVEL 

- 61 m (200 ftl 

48.8 m (160 ftl 

42.7 m (140 ftl 

36.6 m (120 ftl 

41028-76 

Figure 28. North Tower Elevation Showing Test Bays 

For panel testing, the panel and sodium loop were assembled at ground 
level while mounted on the roof of an~levating module. Figure 29 shows the 
completed assembly within the ground-floor bay of the tower. Drawing 
N001000427 in Appendix F shows the solar panel assembly attached to the sodium 
loop enclosure. After completion of ground-level checkout tests with sodium 
in the system, the module was raised to the 61-m level for testing. 

The elevating module, -9.1 m (30 ft) wide by 7.6 m (25 ft) deep by 13.1 m 
(43 ft) high, is itself an enclosed three-story structure in which each story 
is a single room. The top room contains instrumentation patch panels, the 
middle room contains the data acquisition system, and the lowest room is a 
light machine shop. 
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Figure 29. Panel and Sodium Loop Assembly 
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Figure 30 shows the test assembly in test position at the 200-ft level. 

3.2 SODIUM LOOP 

The ESG test article was connected to a CRTF-insta11ed sodium loop, as 
shown in Figure 28. Loop assembly was started in March 1981 by CRTF person
nel, with assistance from ESG. 

A flow schematic for the sodium loop is shown in Figure 31. Sodium cir
culation through the test panel is provided by an electromagnetic (EM) pump 
with a rated capacity of 0.01 m3/s (175 gal/min) at a developed heat of 
200 kPa (30 psig). Nominal flow rate through the test panel is 0.007 m3/s 
(115 gal/min). The pump flow control system was largely inactive for these 
tests, and flow control was achieved by the panel flow control valves. During 
the early checkout tests, pump flow rate at maximum power was found to be 
limited to -115 gal/min. Whether this limitation was due to a pump perfor
mance deficiency or due to a higher than expected loop pressure drop was not 
determined. This flow rate limit did restrict the maximum power to which the 
panel could be tested. 

Liquid sodium enters the test panel at a temperature of 2880C (5500F) 
and under normal operation exits at a temperature of 5930C (11000F). A 
f10\~through surge tank is provided to accommodate changes in sodium volume in 
the system. Argon cover gas is provided in the surge and drain tanks. The 
sodium is cooled by the dump heat exchanger (DHX) from 5930C nominal temper
ature to 2880C before circulating back to the EM pump. The heat removal 
capability of the DHX is changed by varying the airflow through the unit 
through the use of two continuously variable-speed fans. Louvers are also 
provided for additional control. A preheat system and doors are provided on 
the unit to maintain a night-time temperature of about 2040C (4000F). The 
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DHX was rated at 2.5 t·1Wt of heat removal capacity. An evaluation of the 
design parameters and the early testing indicated the actual capacity was at 
least 3.0 MWt and perhaps higher. 

3.3 DATA ACQUISITION 

3.3.1 General Requirements 

Data are required from checkout and operations of the test article in the 
form of direct and derived measurements. 

Direct Measurements 

Direct measurement instrumentation consists of sensors that measure tem
perature, solar flux, sodium flow rate, and receiver tube displacement. The 
instrumentation data are summarized in Table 7. The instrumentation list is 
given in Table 6. 

Derived Measurements 

Measurements derived from the direct test measurements necessary for test 
article evaluation are: 

1) Differential Temperatures (6Ts) 

a) Sodium llTs derived from test article panel inlet and out
let manifold submerged temperature measurements 

b) Metal 6Ts derived from tube back-side and front-side sur
face measurements (edge tubes only). 

ESG-82-40 
56 



QUln. 
Item (Totll) 

T!!E!rature C or F 

CORman Inlet Duct 1 
TE1D7 

CQImWln Outlet 1 
Duct T£134 

PNLs A, B, C Inlet 3 
FM TEI0l, 102. 103 

PNLs A, B. C Outlet 3. 
Duct T£104. 105. 
106 

PNLs A. B. C Solar 3 
Sensor XE22SA. B. 
and C 

Bac.- of Tube MTD 14 
TEs - PNL A TE11lA 
through lZ4A 

Back of Tube MTD 14 
TEs - PNL B TElllB 
through 124B 

Back of Tube MTD 14 
TEs - PNL C TElnC 
through lZ4C 

Following Tube Ind 4 
IIJR TEs to be used 
fOr preheat control 

• PNL A T£125A 4 
through -12SA 

• PNL B T£1258 4 
through -1288 

• PNL C TEI25C 4 
through -128C 

TABLE 7 
INSTRUMENTATION DATA 

(Sheet 1 of 2) 

ABSORBER 
PANEl: 

""'I---f--+-- EPZOOA 
----4--+- EPZOOB 

--1--L..--' _"'" _::::r-- EPZOOt 

Tower Control RIll. 
CRTF Interflce CRTF DltI Aquisition 

~corder/ ESG 
Control TE COpper 

Conductor ~onductor 

1 -

1 -

3 -

3 -

- 3 

14 -

14 -

14 -

4 -
4 -
4 -

Mlin Reclll 
CoaIputer (Limited) CRT 

1 

1 

3 

3 

3 . 

14 

14 

14 

1 1 

1 1 

- -

3 3 

- 3 

1 1 
(Note 3) (Note 3) 

I 6 I 6 
(Note 4) (Note 4) 

1 1 
(Note 5) (Note 5) 
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DltI 
Logger Console 

1 -

1 -

- -

3 3 

- -

- -

- -

- -

4(Note 6) 

4(Note 6) 

4(Note 6) 

Notes 

Note 1: Signal fran 
ESG Control Panel 
Isolate. 

Reference Note 1. 
TEl34-TE 107 hi gh 
deltl • SCRAM signal 

FE Flow Temperature 
Compensation Data 
Input. 

Reference Note 1 
High· SCRAM Signal. 
Hi/Lo Annunciated 

Reference Note 1 and 
Reference Note 7. 

Note 3: T£12OA will 
alternlte as substi-
tute for XE2ZSA. 

Note 4: T£1ZOB alter 
nates as substitute 
for XEZ28B. TElllB 
through 115B to be 
recorded only. 

Note 5: TEl zoe will 
Ilternate as substi-
tute for XE228C. 

Note 6: Data 
logger; used for 
preheat control. 



QUln. 
Itelt (Total) 

PIlL A TE229 1 

PNL C TE230 1 

PNL C TE231 1 

Flow Data. GPM 

PNLs A. B, C Inlet 3 
FElOI. 102. 103 

Flow Control 
Valves 'II 
PNLs ~. -. C Inlet 
FCV 101. 102, 103 

IElOl, 102. 103 3 

IS101. 102, 103 3 

Deflection (Inches) 

Sensors PNL B only 
IE131, IE132, IE133 

3 

TABLE 7 
INSTRUMENTATION DATA 

(Sheet 2 of 2) 

CRTF Interface CRTF Data Aqu1s1tion 

TE Copper 
Conductor Conductor 

1 -

1 -

1 -

- 3 

- 3 

- 3 

- 3-4 
Condo 

(Note 8) 

Main Recill 
Computer (Limited CRT 

(See TE120A) 

(See TEl2OB) 

(See TEl2OC) 

3 3 3 

3 - 3 

- - -

3 3 -
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Tower Control Rm. 

Recorderl ESG 
Data Contl"'Ol 

Logger Consol, Notes 

- TE229 alternate to 
TE120A. reidentify 
Channel TE120A to 
TE229 when in use. 

- TE230 11 ternate to 
TEI20B. reidentify 
Chlnnel TE120B to 
TE230 when in use. 

- TE231 alternate to 
TEI2OC; reidentify 
Channe 1 TE 120C to 
TE231 when in use. 

- 3 Reference Note 1 and 
TEI01, 102, 103 Data 
(Assume Low-Flow SCRAM 
alarm supplied from 
Loop FEOSS) 

- 3 Reference Note 1. 

- 3 Open-Close Lights 
Note 7: Any IE closed 
with IE flux signal 
• SCRAM signal. 
Indication 

- - Note 8: Three signal 
conditioners in loop 
structure - MTD lIP Box. 



2) Power 

Panel power (P) was computed for each panel as well as the 
total, using measured flow rates (w) and temperatures (T). 

'f 0.079226 2 2 P = W Cp dt = 0.34574 (Tout - Tin) + 3 (Tout - Tin) 
2 x 10 

+ 0.034086 (T3 _ T~ ) in Btu/s 
3 x 106 out 1n 

P 1 = 94~. 8 i n ~1Wt 
where 

w = Q 0'~g37 p in Ib/s where p = f(T in ) 

Q = flow rate in gal/min 

Cp = 0.34574 - 0.079226 x 10-3 TF + 0.034086 x 10-6 T~, sodium 

specific heat 

p = 59.566 - 7.9504 x 10-3 T - 0.2872 x 10-6 T2 + 0.06035 x 10-9 T3, 

in Ib/ft3, sodium density 

3) Differential Pressures (~Ps) 

Sodium~Ps derived from test article panel inlet and outlet 
pressure measurements 

3.3.2 Test Data Tape 

The format for test data tape supplied to ESG is given in Table 8. 
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Buff No. Mnemonics 

1 
2 
3 
4 
5 
6 
7 
8 TE-050 
9 TE-051 

10 
11 TE-070 
12 TE-072 
13 TE-030 
14 TE-032 
15 LE-042 
16 LE-061 
17 PT-045 
18 PT-062 
19 PT -077 
20 PT-078 
21 PT-035 
22 PT-036 
23 FE-038 
24 FE-086 
25 FE-058 
26 ZT-OOl 
27 ZT -002 
28 ZE-131 
29 ZE-132 
30 ZE-133 
31 ZE-IOl 
32 ZE-I02 
33 ZE-I03 
34 FE-IOl 
35 FE-I02 

TABLE 8 
DATA CHANNEL LIST 

(Sheet 1 of 3) 

Channel No. Unit 

19 
20 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
33 
34 
35 
46 
37 
38 
39 
40 
41 
42 
49 
50 
51 
52 
53 

of 
of 

of 
of 
of 
of 
in. 
in. 
psi 
psi 
psi 
psi 
psi 
psi 
ga l/min 
gal/min 
ga l/min 
% 
% 
mil-in. 
mi 1- in. 
mil-in. 
% open 
% open 
% open 
gal/min 
ga lImin 
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Low Value High Value 

400 1200 
400 1200 

0 1500 
0 1500 
0 1500 
0 1500 
0 50 
0 50 
0 50 
0 50 
0 50 
0 50 
0 50 
0 50 
0 10 
0 10 
0 150 
0 100 
0 100 

-500 500 
-500 500 
-500 500 

0 100 
0 100 
0 100 
0 60 
0 60 



Buff No. Mnemonics 

36 FE-103 
37 TE-ll1A 
38 TE-112A 
39 TE-113A 
40 ,.TE-114A 
41 TE-115A 
42 TE-116A 
43 TE-117A 
44 TE-118A 
45 TE-119A 
46 TE-120A 
47 TE-121A 
48 TE-122A 
49 TE-123A 
50 TE-124A 
51 TE-111B 
52 TE-112B 
53 TE-113B 
54 TE-114B 
55 TE-115B 
56 TE-116B 
57 TE-117B 
58 TE-118B 
59 TE-119B 
60 . TE-120B 
61 TE-12lB 
62 TE-122B ' 
63 TE-123B 
64 TE-124B 
65 TE-111C 
66 TE-112C 
67 TE-113C 
68 TE-114C 
69 TE-115C 
70 TE-116C 

TABLE 8 
DATA CHANNEL LIST 

(Sheet 2 of 3) 

Channel No. Unit 

54 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 

g; lImin 

of 
of 
of 
of 
of 
of 
of' 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
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Low Value High Value 

0 60 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 . 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 



Buff No. Mnemonics 

71 TE-117C 
72 TE-118C 
73 TE-119C 
74 TE-120C 
75 TE-121C 
76 TE-122C 
77 TE-123C 
78 TE-124C 
79 TE-229 
80 TE-230 
81 TE-231 
82 TE-l0l 
83 TE-102 
84 TE-l03 
85 XE-228A 
86 XE-228B 
87 XE-228C 
88 EPPLEY 
89 TIC-l04 
90 TIC-l05 
91 TIC-l06 
92 TE-107 
93 TE-134 
94 
95 
96 
97 
98 
99 POWER OX 

.100 POWER A 
101 POWER B 
102 POWER C 
103 DELT A 
104 DELT B 
105 DELT C 

TABLE 8 
DATA CHANNEL LIST 

(Sheet 3 of 3) 

Channel No. Unit 

179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
257 
258 
259 
260 

6 
7 
8 

43 
44 

of 
of 
of 
of 
of 
of 
of 
of 
of 
of 
OF 
of 
of 
of 
kW/m2 
kW/m2 
kW/m2 
W/cm2 
of 
of 
of 
of 
of 

kW 
kW 
kU 
kW 
of 
of 
of 
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LO\,1 Va lue High Value 

0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 1500 
0 6000 
0 6000 
0 6000 
0 1200 

400 1200 
400 1200 
400 1200 

0 800 
0 1600 

0 5000 
0 5000 
0 5000 
0 5000 
0 800 
0 800 
0 800 



3.3.3 CRT Displays 

The CRT displays are for the purpose of presenting current panel oper
ating and performance data and to indicate when limiting conditions are 
reached. Tables 9, 10, 11; 12, and 13 present alarm/current information dis
plays available to the ESG Panel Test Conductor. Figure 32 presents a flow 
schematic for a color graphic display. 

0024C/lad 
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TABLE 9 
ALARM CONTROL LU12 DISPLAY 

Control Mode tV A 

OUTLET TEMP 134 OF INLET TEMP 107 °F* ---- ----
104 OF HIGH DELT 134/107 OF 

---- ----
lOS OF TTMAX OF 

---- ----
106 OF FLUX PANEL A MW ---- ----

FLUX PANEL B MW ----
FLUX PANEL C MW ----

VALVE POSIT 101 PCT PANEL BACK A 104 °F* ---- ----
102 PCT lIlA °F* ---- ----

I'T1 103 PCT 11 SA °F* 
0'1 ~ ---- ----
~ I 

00 
N 

°F* I FLOW RATE 101 GPM PANEL BACK B 105 
~ ---- ----
0 

102 GPM 111B °F* ---- ----
103 GPM 112B °F* ---- ----

PRESSURE, IN PT3S PSI 113B °F* ----

OUT PT36 PSI 114B °F* ----

6P PT36-PT3S PSI l1SB °F* ----

EM PUMP - - - - PCT PANEL BACK C 106 °F* ----
DNX FAN - - - - RPM 111C °F* ----
ST PRES O/HI - - PSI 11SC OF 

----
DT PRES .QIHI - - PSI 
ST PRES O/HI - - IN 

*Indicates low alarm 300°F, limit to flash 



Panel A 

TCl04 
_oF 

TCIllA Te1l5A 
of _oF 

TC1l7A 
of 

TC120A 
_OF 

TCl23A 
of 

FElOl 
_oF 

XE228A 
of 

AT __ oF 

Power MW 

TABLE 10 

PANEL PERFORMANCE Sm1MARY 

Control Mode 
TC 033 __ OF 

FE 058 __ 9P111 

PoIIier MWt 

Panel B 

TelOS 
_oF 

TellIB TC1l3B TC1l58 
_oF _OF _OF 

TC1l7G 
_OF 

Tel208 
_oF 

TCl23B 
_oF 

FElO2 
_oF 

XE2288 
_oF 

ZE 131 in. 
ZE 132 in. 
ZE 133 in. 

AT __ oF 

Power Mw 
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Panel C 

TCI06 
of 

TClllC TC115C 
_oF of • 

TC1l7C 
_OF 

TCl20C 
of 

TCl23C 
of 

FEl03 
of 

XE228C 
of 

AT of 

Power 
"'" 



TABLE 11 
TEST ARTICLE DATA, DISPLAY LUg 

Panel A 

(DELT ) 
( ) of 

(TEl04 ) 
) of 

(XF228A ) 
( ) MW/m2 

(TEl23A ) 
( ) of 

(FIlOl ) 
( ) GPM 

Panel B 

(DELT ) 
( ) of 

(TEl 34 ) 
( ) of 

(TEl05 ) 
( ) of 

(ZE13l ) 
( ) IN. 

(XF228B ) 
( ) MW/m2 

(ZEl32 ) 
( ) IN. 

(ZEl33 ) 
( ) IN. 

(TE123B ) 
( ) of 

(FIl02 ) 
( ) GPr~ 
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Panel C 

(DELT ) 
( ) of 

(TEl06 ) 
( ) of 

(XF228C ) 
( ) ~1W/m2 

(TE123C ) 
( ) of 

(FIl03 ) 
( ) GPM 



TABLE 12 
TEMPERATURE PROFILE DISPLAY, LUI0 

A (TEI15A) (TEIlSAl (TE121A) 
B (TE1l5B) (TEllSB) (TE121B) 
C (TEl15C) (TElISC) (TE121C) 

A (TEI14A) 
B (TEl14B) 
C (TElI4C) 

A (TEl04) {.TEl13A} (TEll7A) (TEl20A) 
B (TEI05) (TEl13B) (TE1l7B) (TEl20B) 
C (TEI06) (TElI3C) (TEl17C) (TE120C) 

OUTLET A (TEl12A) 
{TE33 or B (T012B) 
or 134) C (TE1l2C) 

A (TEIllA) (TEl16A) (TE1l9A) 
B (TElllB) (TElI6B) (TEl19B) 
C (TEllIC) (TE1l6C) (TE1I9C) 

Test Article Temperature Profile (oF) 

Each ( ) designates XXXX 
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(TE124A) 
(TE124B) 
(TE124C) 

(TE123A) 
(TEl23B) 
{TEl23C} 

(TEl22A) 
(TEl22B) 
(TE122C) 

(Flow -) 

(TEl25A) 
(TEl25B) 
(TE125C) 

INLET 
(TE30 or 107) 



NOTES FOR ALARM DISPLAYS 
TABLES 9, 10, 11, and 12 

1. Displays shall be easily interpreted by the test conductor with 
clear lettering recognizable 3 ft from the screen. 

2. Alarm (limiting) conditions shall be indicated by a flashing 
reversed lettering display of the specific parameter. 

3~ TT MAX of Table 9 is the panel backside TIC with the highest 
temperature. 
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TABLE 13 
CRT DISPLAYS 1 THROUGH 8 

CRT No. Title 

1 Power - Panels A, B, C, 

2 Deflection - Panels A, B, C 

3 Flux.- Panels A, B, E 

4 flow - Panels A, B, C 

5 ~T - Panels A, B, C 

6 Tube Temp along Panel A a 
b 
c 

] Tube Temp along Panel B a 
b 
c 

8 Tube Temp along Panel C a 
b 
c 

Tube Temp along Panel A d 
e 
f 

*Maximum of 3 parameters per display. 

ESG-82-40 
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Parameter Versus Time 

Calculated 

ZEl3l, 132, 133 

XE228A, B, C, 

FE101, FEl02. FElO3 

(TEI04-TEl07), {TE105-TE107} 
{TEl06-TElO7} 

TE122A, TEll6A, TE111A 
TE123A, TEl17A, TEl13A 
TE124A, TEl18A, TE1l5A 

TE122B, TE116B, TE1l1B 
TE123B, TE1l7B, TEl13A 
TE124B, TE118B, TEl15A 

TEl22C, TE116C, TEI11C 
TE123C, TE117C, TEl13C 
TE124C, TEl18C, TEl15C 

-
TEI11A, TE113A, TE115A 
TElllB, TE113B, TEl15B 
TEI11C, TEl13C, TEl15C 
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4.0 TEST OPERATION 

This section describes the test objectives and the operating procedures 

for panel testing. Appendices Band C give a detailed description of the pro
cedures for pretest checkout, sodium loading, safety checks, emergency system 
checks, operating at the various power levels, obtaining the step increases 
and decreases in power level or sodium flow, and startup and shutdown. 

4.1 TEST OBjECTIVES 

The broad objective of the test program was to demonstrate satisfactory 
operation of a sodium-cooled receiver panel (that duplicates commercial panel 
construction and configuration) over a wide range of power levels, transient 
conditions, and emergency situations. Specific test goals that supported this 

objective were to: 

1) Demonstrate satisfactory panel operations at design heat flux 
and temperature 

2) Achieve a maximum number of diurnal thermal cycles 
3) Demonstrate satisfactory diurnal startup and shutdown 
4) Demonstrate satisfactory nocturnal thermal control 
5) Demonstrate control during insolation changes 

6) Control several panels in parallel 
7) Demonstrate panel dimensional stability 
8) Achieve representative lateral power distribution 

9) Demonstrate acceptable panel thermal losses 
10) Accommodate various simulated emergency conditions. 

4.2 TEST PROCEDURE 

The ESG test article was tested at the 200-ft (top) level of the CRTF 

tower. The panel and test fixture were supported by the structural frame 

ESG-82-40 

71 



surrounding the sodium loop. Figure 33 shows an artist's concept of the panel 
and loop arrangement. 

The ESG panel assembly was connected to the loop assembly mounted on the 
CRTF tower elevating module while the module \'Jas at ground level. Prior to 
loading the loop with sodium, the loop piping was cleaned with TCTFE 
(trichloro-trifluoro-ethane). The panels were attached at this time. After 
drainng the TCTFE from the system and drying, the loop drain tank was loaded 
with sodium. 

Loop checkout, including flowing sodium, was also conducted at ground 
level. The panel preheat was accomplished with an electric blanket covering 
the test area of the panels as shown in Figure 34. Following successful 
checkout of the loop, including flowing sodium, the elevating module was 
raised to the 200-ft level. 

The panel was drained at the end of each day and allowed to cool to 
ambient conditions. Panel sections not exposed to insolation during the test 
were trace-heated when sodium was drained. Preheat at the start of each day 
was accomplished using the reflected energy from several heliostats. 

The test program was designed to achieve the following types of testing: 

1) Low-power 
2) Isothermal 
3) Intermediate-power 
4) Design-power 
5) Hi gh-po~ier. 

A brief description of the procedures used in each of these categories 
follows. 
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OUTLET 
MANIFOLD 

ESG TEST 
ARTICLE 

INLET 
MANIFOLD 

Figure 33. Artist's Concept of ESG Test Article Installed 
in Sodium Loop at CRTF 
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Figure 34. Panel at CRTF with Blanket 
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4.2.1 Low-Power Testing 

The purpose of testing the sodium-cooled solar receiver (SCSR) panel at 
lower power (0.8 MWt) was to demonstrate the operability of the sodium loop 
system and determine the characteristics of the system. Methods of operation 
during this testing phase included both manual and automatic control. The 
system was routinely operated to (1) demonstrate the use of solar preheat 
prior to filling; (2) selectively utilize the heliostat field, building up a 
normal flux distribution on the panel to achieve the desired power level; and 
(3) perform a series of tests which verify the characteristics of the system. 

To demonstrate the operability and stability of the receiver, the system 
was switched to and from automatic control while operating at steady state. 
The effectiveness of emergency shutdown and system response was determined by 
initiating at least one of each of the following emergency shutdowns: 
(1) heliostat scram, (2) loss of sodium flow scram, (3) dump valve scram, and 
(4) loss of DHX blower scram during each test. 

4.2.2 Isothermal Testing 

The purpose of performing isothermal testing of the SCSR system was to 

determine the conductive and convective heat losses that result when the 
unheated solar panels are subjected to different environments. Tests were 
conducted during a low wind condition and during an intermediate wind 
condition. 

Solar preheat of the panel was used while the loop was filling with 
sodium and to assist heating as the loop temperature was increased to 
-7000F. Sodium flow was held constant during each test. When desired 
sodium flow and temperature conditions were achieved, solar heat and trace 
heat were terminated and then thermal decay characteristics recorded. 
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4.2.3 Intermediate-Power Testing 

The purpose of performing intermediate power tests (1.7 t1Wt) on the SCSR 
receiver panel was to (1) demonstrate the operation of the system while 
developing a temperature differential of 370 and 550°F across the receiver 
panel; (2) determine the effects on the system of introducing either a power 
step (by means of increasing or decreasing the heliostat field) or a flow step 
(by means of increasing or decreasing sodium flow through the receiver 
panel). The intermediate-power test series included tests to: 

1) Demonstrate stable, steady-state operation of the receiver 
panel with a power input of 1.7 MWt. The loop operated with a 
total flow of 115 gal/min through the panels, which produced a 
sodium temperature increase of 370°F (550 to 920°F). Both 
manual and automatic operation were used. 

2) Demonstrate stable, steady-state operation of the receiver 
panel with a power input of 1.7 MWt using a total flow of 
78 gal/min to develop 1100°F outlet temperatures. Both manual 
and automatic operation were used. 

3) Provide through a series of power and flow step tests addi
tional data on transient operating characteristics while 
operating at 1.7 MWt with a normal flux distribution. Several 
pO\ler step tests were performed by removing groups of helio
stats from the target. After allowing the system to stabilize 
at the lower flow conditions, the same groups of heliostats 
were returned to the panels. 

4.2.4 Design-Power Testing 

The purpose of performing design power tests (2.5 MWt) on the receiver 
panel was to (1) demonstrate the stability of the test article operating at 
design pO\ler conditions, (2) determine the effects on the system resulting 
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from a series of power steps ranging from 20 to 60%, and (3) demonstrate 
system response to emergency shutdown. 

The tests performed in the design power test series included: 

1) Stable, steady-state operation of the receiver panel and system 
was demonstrated at a power input of 2.5 MWt. The loop was 

operated at a total flow through the panels of 115 gal/min pro
ducing an overall sodium temperature increase of 5500F (550 
to 11000F). Both automatic and manual control of the 
receiver panel and DHX was used. During these tests, bump1ess 
transfer of panel control sensors was demonstrated, i.e., flux 
sensor to thermocouple. 

2) A series of power step tests was performed, allowing either 
natural cloud passage or preprogrammed he1iostat removal and 
replacement to produce the power transient. The power 
transient tests were initiated from a steady-state power level 
of 2.5 MWt with system conditions as described in 1) above. 
The magnitude of the power steps ranged from 20 to 60%. 

3) While the initial test plans included operation at steady state 

with a skewed flux distribution, this testing was considered 
unnecessary since the standard distribution gave a sufficiently 
large temperature gradient across the edge panels. 

4) Open-loop tests were conducted from several steady-state power 
levels, increasing and decreasing the power in steps. Repeat 

tests were accomplished to establish sufficient data on the 
. thermal characteristics of the system. 

5) Additional operating experience was obtained by performing 

emergency shutdowns. These tests, initiated at the completion 
of a day's run, included (a) he1iostat scram, (b) loss of 
sodium flow scram, and (c) dump valve scram. 
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4.2.5 High-Power Testing 

The purpose of performing tests on the receiver panels at more than 
design power was to demonstrate that the panels and DHX can be safely operated 
at thermal power levels up to 20% greater than design. Unfortunately, because 
of the limitations of the EM pump, a flow rate higher than 115 gal/min could 
not be achieved and the first item below was not accomplished. Item 2 was 
conducted. 

The tests to be performed in the high-power test series included: 

1) Stable, steady-state operation of the receiver panel and system 
with the full field of heliostats on target (-3.0 MWt). The 
loop was to operate at a total flow of 140 gal/min, producing 
an overall sodium temperature increase of 5500F (550 to 
11000F). 

2) An investigation of the higher temperature characteristics of 
the panel. During this test, the overall temperature differ
ential across the receiver panels was increased to 6000F ~T 
while maintaining a steady-state flow of 115 gal/min. A maxi
mum power of 2.85 MWt was achieved. 
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5.0 TEST RESULTS 

A summary of the 34 tests conducted during this program is shown in 

Table 14. The early tests were conducted at low power (0.8 MWt) in order to 
perform system and control checkout studies, to familiarize the crew with the 
operation characteristics of the system, and to verify the various alarm and 
scram conditions. After ten tests at low-power conditions, eight tests were 
performed at intermediate power levels (1.7 MWt). These tests tended to 
repeat many of the test activities conducted at the lower power level. The 
remainder of the testing was performed at nominal design power level condi
tions (2.5 MWt). However, because of the concern with the side panel insula
tion, power levels (and, hence, flux spillage) were reduced by about 10%. 

The sodium flow system worked flawlessly throughout the tests, and no 
test delay or lost test time was attributed to the sodium flow system. Loss 
of test time was due primarily to the weather and to failure of the high
temperature insulation on the side frames. Some weather-related delays were 
the result of inadequate electric preheat temperature in the dump heat 
exchanger or, on occasion, in the header region of the test panel due to high 

winds and low ambient temperatures. 

In general, testing was initiated whenever the weather conditions showed 
promise of adequate sunlight and the condition of the frame insulation was 
adequate. 

5.1 STARTUP AND SHUTDOWN 

The test startup activities consisted of preheating the test panel to a 
temperature of about 4000F prior to filling the loop with sodium. This was 
accomplished using four heliostats with a four-point aim pattern toward the 
corners. If the insulation was poor, additional heliostats would be used to 
achieve the necessary preheat. Figure 35 shows a startup sequence with a 
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TABLE 14 
ESG SOLAR PANEL TEST - SUMMARY 

(Sheet 1 of 3) 

NOON MAX -NO. 
TEST WEATHER 9 10 11 12 13 14 15 16 HELlO. PURPOSE COMMENT 

1 C/WIliD 1981 tQZJ~ 
15 HOT CHECKOUT-FLOW METER WETTING 

2 C/HI-HAZE l1l5 22 HOT CHECKOUT-FLOW METER CALIBRATION 
" 

3 PC Ul~ 50 LOW POWER TESTING. DHX OPERATION VALVES CLOSE TO 
PANEL AUTO CONTROL CHECKOUT LIMIT 

4 C l1l~ • 22 CONTROL CHECKOUT VALVES CLOSE TO 
LIMIT - MANUAL 
SCRAM ON PANEL A 
OVER TEMP. 

5 C l1l2 
22 CONTROL TUNE - FLOW RATE MAP O.K. CONTROL ITI 

Vl ACTION co Ci) 

0 I 1103 co 6 C/HI-HAZE 48 FLOW RATE MAP - CONTROL TUNE O.K. CONTROL N 
I ACTION 
~ 

l1l16 0 
7 C 48 CONTROL TUNE. PB. RS. R. LL AUTO SCRAM 

COMPLETE 

8 C/HI-HAZE I: 
l1l17 

48 CONTROL TUNE. OPTIONAL FEED FWD 

9 CIWIND 
11/18 

48 CONTROL TUNE. DHX AUTO CONTROL 

10 PC 11112 , 48 ISOTHERMAL COOL DOWN STOP - CLOUDS 

11 C l1l20 
108 INTERMEDIATE POWER - DHX CONTROLLER POOR CONTROL 

TUNE. PANEL CONTROL TUNE 

12 PC 
11/25 

c=::J 110 DHX CONTROLLER TUNE STOP - CLOUDS 
MALFUNCTION 
PANEL A 
CONTROL 

C - CLEAR, PC - PARTIAL CLOUDY, I.P. - INTERMEDIATE POWER, D.P. - DESIGN POWER 

., 
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TABLE 14 
ESG SOLAR PANEL TEST - SUMr1ARY 

(Sheet 2 of 3) 

NOON MAX NO. 
TEST WEATHER 9 10 11 12 13 14 15 16 HEllO. PURPOSE COMMENT 

13 PC L 127571981---, CURE PYROMARK, VIP DEMONSTRATION 

14 C [ 1218 J TUNE CONTROLLER-C TC106 DISCONNECTED 

15 C 12Z9 110 CONTROLLER CHECKOUT, BACKSIDE FLUX SENSORS ARE 
TC FOR FEED-FORWARD SIGNAL BETTER FEED FORWARD 

16 C , " _ 12111 _ I 112 I.P. CURE PYROMARK CONTROLLER GOOD DHX CONTROL 
TUNE 

17 C -PC L 12218 110 I.P. CONTROLLER TUNE CONTROL GOOD 

I'TI 18 C 12Z21 213 DESIGN POWER (D.P.) CONTROLLER CONTROL GOOD 
V) TUNE 

(X) en 
...... I 

(X) 19 C IillID 189 D.P. 2.6-MW STEADY STATE WITH FRAME INSULATION N 
I VALVES WIDE OPEN FAILURE .j:oo 
a 

20 C -PC 1982 llZZJ 112 I.P. CONTROLLER TUNE THREE SCRAMS 
DUE TO LOSS OF 
COOLI NG WATER 

21 C 1/14/82 I 175 D.P. POWER STEPS FRAME INSULATION 
FAILURE 

22 C L~:nr5_ 212 D.P. POWER STEPS OVERTEMP SCRAM ON 
PANEL C 

23 C 1/181 212 D.P. MAX FLUX, 1.53 MW/m2 FRAME INSULATION 
FAILURE 

24 C 1726 ] 201 D.P. POWER STEPS TO C/O GOOD CONTROL 
CONTROL SYSTEM 

25 PC []I[] 189 D.P. CONTROL SYSTEM TUNE PANEL C CONTROLLER" 
FAILURE 

26 PC I 229 214 D.P. POWER STEPS STOP DUE TO CLOUD 
COVER 



TABLE 14 
ESG SOLAR PANEL TEST - SUMMARY 

(Sheet 3 of 3) 

NOON MAX NO. 
TEST WEATHER 9 10 11 12 13 14 15 16 HELIO. PURPOSE C(Jt1MENT 

27 C 12112 t 202 D.P. POWER STEPS CONTROLLER STUDY 

28 C 12116 16 FLOW CALIBRATION FRAME INSULATION 
FAILURE 

,." 

13[1 VI 29 PC 171 PUMP FLOWRATE CHECK POOR INSOLATION ~ en 
N I 

~ 30 C 3L4 145 POWER STEPS-WORKSHOP FRAME INSULATION N 
I FAILURE ~ 

0 
31 PC [ill] 81 WORKSHOP STOP DUE TO CLOUD 

COVER 

32 C (ill[=t 215 WORKSHOP FRAME INSULATION 
FAILURE 

33 C 3L9 218 POWER STEPS-WORKSHOP RTAF NOT WORKING 

34 PC 3/10 .:J 217 ISOTHERMAL TEST END OF TEST 

• 
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preheat phase lasting 13 min. With satisfactory preheat, the loop was filled 
with sodium using the sequence discussed in Section 3.0. Fill progress can be 
monitored by observing the temperature changes shown by pipe and panel thermo
couples, which indicate the passage of the sodium level. Sodium fill is com
plete when the level probe in the surge tank indicates a 50% fill level. 
Figure 35 shows the fill time to be 7 min. 

Immediately after the system is filled, power was applied to the pump and 

a flow rate·of -25% was established for a short period of time to establish 
uniform temperatures around the loop. Power was built up by moving predeter

mined groups of heliostats onto the panel to prearranged aim points. A five
point aim pattern was normal. Groups of heliostats were added in a continuous 
sequence until the desired power level was achieved. Figure 35 shows a power 
buildup phase of 9 min. The total startup time for the test recorded in 
Figure 35 was 29 min. This ~emonstrated a minimum startup of less than 30 min 
as one of the test goals. Typical startup times for clear weather were from 
30 to 45 min. 

Figure 35 also shows a shutdown time of 6 min from the time the helio

stats were removed until the sodium loop was drained. Heliostats were 
removed, in general, using the scram mode. Frequently, this was done as a 
verification of various emergency automatic shutdown events. After the helio
stats were removed, the EM pump continued to circulate sodium until the loop 
temperature was essentially uniform. The heat dump remained in operation at 
low power until the sodium temperature was reduced to about 600oF. At this 
point, the drain valve was opened and all sodium returned to the drain tank. 

The active area of the test panel was allowed to cool to ambient air con

ditions. All other sodium equipment, piping, and tanks, including the panel 
headers and ends, were equipped with electric trace heating that maintained 
these items at a temperature above 400oF. 
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The sodium outlet temperatures for each of the panels, as well as the 
sodium inlet temperature during startup and shutdown for the test discussed 
above, are given in Figure 36. The inlet temperature (TE-107) variation is 

due to cold spots in the loop piping such as at the EM flowmeter locations and 
the dump heat exchanger tube bundle. The heat exchanger is equipped with 
doors that close in order to prevent air flow through the unit, but the door 
seals were poor and maintaining preheat temperature was difficult, on windy 

days. 

Figure 37 presents the three panel flow rates for Test 19. A large 
amount of noise existed on these signals throughout most of the testing, due 
in part to a mismatch between the low signal conditioning and the "hi level" 
data system card. Thi~ condition was corrected late in the testing and 
improved the signal substantially. At this time, it was also noted that the 
EM pump generated substantial flow oscillations at power levels between 90 and 

100%, without increasing total flow rate. Most testing was accomplished at 
full pump power, with flow modulation using the panel control. When this was 
observed, pump power was reduced to about 90%. Occasional bursts of noise 
that remain unexplained were still observed. 

Panel temperature characteristics during preheat and fill for Test 24 are 
shown in Figures 38 through 40. This startup was not as rapid as for Test 19, 
described above. Following the fill sequence, the heliostats were removed for 
a few minutes so that an operator could turn off some preheat switches that 
were located in the preheat electrical panel at the base of the loop struc
ture. (Panel preheat circuits located between the inlet and outlet tempera
ture measurements were switched off to allow a more accurate determination of 
panel absorbed power.) 

On each panel, the two edge tubes and the center tubes were instrumented 
with four backside thermocouples at 1, 3/4, 1/2, and 1/4 times the aperture 
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height. These temperatures are shown in Figures 38 and 39 for the outside 
edge tube and the center tube of Panel A. In general, it is noted that the 
outside edge tube (A-l) of Panel A has a lower preheat temperature than the 
center tubes, though still satisfactory. The preheat temperatures of Fig-
ure 39 are typical of the other center tubes, and Figure 37 is also typical of 

the outside edge tube (C-2l) on Panel C. The top thermocouple on each panel 
was shaded by the high-temperature insulation that shielded the upper header 
region; consequently, preheat at this location was poor. A preheat tempera
ture of above 2000 F was considered satisfactory for fill since the tempera

ture of the sodium filling the panel from bottom to top was adequate to heat 
this region without cooling enough to freeze. The upper header region was 
heated electrically to _400oF, and the cool region at the top of the panel 
aperture was estimated to be less than 1 ft in length. The rapid increase in 

the tube top temperature in Figures 38 and 39 indicates the passing sodium 
level. Note that each of the thermocouples along the tube in Figure 39 shows 
the passage of the sodium with a sequential delay from bottom to top, TE-123A 
to TE-113A. Since the thermocouples were mechanically attached to the back
side of the tubes, the variation in contact resistance tended to vary the 
response time. 

With the four preheat heliostats, the sodium temperature is increased by 
about 500F while sodium flows through the panel. When the preheat helio

stats are removed (to allow topside access), the panel temperature tends to 
equalize since a low flow rate continued. 

Figure 40 shows that the sodium fill level within the tubes of this panel 

(typical of all panels) is very uniform, as the temperature change response 
for each of these aperture top measurements is nearly identical. 
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During the fill and power buildup phase, Test 22 presented a special con
dition which appeared to be caused by the temporary blockage of the edge tube 
on Panel C (C-21). The over-temperature on this tube resulted in a test 
heliostat scram requested by the test conductor. The panel and surrounding 
frame insulation were inspected visually. Some insulating batting, normally 
between Tube C-21 and the high-temperature insulation board,was missing and 
was replaced. It was considered at the time that this missing insulation 
batting allowed high-flux insolation to have an impact on the backside 
thermocouples sufficient to cause the high temperature reading. The test was 
restarted and ran for about 3 h, until the end of the shift. Post-test 
examination indicated that high temperatures were reached on this tube and 

that the tube was moderately deformed at the top end of the panel. 

Figure 41, the four temperature measurements along the backside of 
Tube C-21, shows that this edge tube experienced high-temperature conditions, 
with a peak of about 17000F for -2 min, at a point about 8 min after fill, 
during the power buildup phase. All four backside thermocouples show the 
high-temperature conditions. Also noted on this figure is the time that the 
EM pump flow was initiated. Figure 42 shows an initial flow rate of 
35 gal/min through this panel, increasing later to 39 gal/min, the full capa
bility of the pump. The solar flux on the panel at the time of this event was 
about 0.8 MW/m2. The cooldown was relatively slow after the heliostats were 
removed from the target. The other panels show a very rapid, sharp decrease 
in temperature after scram as the cold sodium enters from the bottom to the 
top of the panel. Figure 43 shows the preheat and fill conditions for 
Panel C. The preheat condition shown appears to be normal and typical as 
described above. Fill temperature is shown to be about 4500

. This is typi
cal of the other panels. This curve also shows a low thermocouple reading, 
number four of the sequence, which is TE-124. This thermocouple normally 

reads low and apparently has pulled away somewhat from the surface of the 
tube. For comparison purposes, the preheat and fill condition for the inboard 
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edge of Panel C is shown in Figure 44. For the inboard edge of Panel C, fill 
temperature is shown to be a uniform 4500

, just as on the outboard edge. 
Figure 45 shows the backside thermocouples across the top of Panel C. CE-lllC 
is the inboard edge of Panel C going from left to right to TE-115C, which is on 
the outboard edge of Panel C. Note that all these thermocouples had low pre
heat because of the shading from the solar radiation but that all except 
TE-115 show the evidences of fill at about the same time, whereas TE-115 
appears to be delayed about 30 s. However, the panel did fill completely, as 
all thermocouples indicate temperatures above 4000

• 

The conclusion from this data is that flow blockage occurred in 
Tube C-2l. The reason is not clear, but it is most likely that blockage 
occurred in the lower panel region. In the past it had been difficult to pre
heat this region, particularly in strong wind conditions. During this test, 
the winds were not particularly strong but were from the west, which tends to 
expose the edge of Panel C to cooler conditions. A close visual examination 
of the panel indicated that the upper part of Tube C-2l is bowed outward 
nearly one tube diameter. The post-test examination section presents addi
tional measurements on this tube. 

The backside insulation blanket was removed from the upper header region 
of the panel to inspect for any damage. The tube-to-header joint appeared 
satisfactory and with difference compared to the adjacent tubes. A dye pene
trant inspection was conducted and no anomalies were found. The mechanical 
support for this tube was distorted but otherwise in satisfactory condition. 
Testing was continued. 

5.2 STEADY-STATE PERFORMANCE 

Steady-state performance occurred on clear days under either manual or 
automatic control during periods when the power level was not being varied. 
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Figure 46, the three-panel flux sensor measurements during the latter part of 
Test 23, shows that the panel incident flux was relatively steady; also 
superimposed on this curve is the insolation data for that period of time. 
Toward the end of this run, a scan with the incident flux measuring system 
(IFMS) was made, which shows up on the plot as deep, sharp variations in the 
flux reading as the scan sensor bars pass over and shadow the flux sensors. 
The incident flux measuring system is discussed in an earlier section. During 
this scan, a maximum flux of 1.53 MW/m2 was measured. The flux distribution 
is discussed later in this section. Figure 47 shows the panel outlet 
temperatures and the variation produced during the IFMS scan, which shows a 
dip in temperature of about 70° in outlet temperature. During this period of 
time, the panels were under manual control. This was a maximum pO\/er test. 
Figure 48 shows the valve position during this period of time. Initially, the 
valves were in the wide open position, and pump power was increased to obtain 
maximum flow rate. The valves on Panels 1 and 3 ~ere then partially closed in 
order to equalize the temperatures on all three panels as shown in Figure 47. 
No attempt was made to control panel outlet temperature during the IFHS scan. 
The sodium inlet temperature was relatively constant, as shown in Figure 49. 
The mixed-mean outlet temperature is also shown on this figure. The 
difference between these two curves gives the temperature increase across the 
panel. This temperature difference across the panel together with the flo\l 
rate through the panel is used to calculate the absorbed power as shown in 
Section 3.3.1. 

The absorbed pO\ler for each of the three panels is shown in Figure 50. 
Also shown in this figure is the heat rejected by the dump heat exchanger. 
The power rejected by the dump heat exchanger is calculated in a manner 
similar to that for the panels. Figure 50 indicates that a peak power of 
2.85 MW was achieved during this test. 
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The power distribution on the test panel as measured by the IFMS is shown 
in Table 15. The flux measuring system covers an area greater than the aper
ture of the panel. The panel aperture area is represented as a boxed area in 

Table 15. Near the center of that boxed area is a maximum flux reading of 
153.4 W/cm2, which is equivalent to 1.53 MW/m2. This flux distribution is 
also pictorially represented in Figure 51. Also represented in this figure is 
an outline of the panel aperture area. The flux distribution across the 
center of the panel is shown in Figure 52, as compared to the desired flux 
distribution. The distribution was not as flat as desired but was accept
able. Since the flux gradients across the edge panels were larger than 
planned, the alternative skewed distribution that was in the original test 
plan was no longer required. This flux distribution data are used in Sec
tion 5.4 to compute panel efficiencies. 

It was noted from the very beginning of the test that the flow rate data 
were rather noisy, both for the main flowmeter and for the panel flowmeters. 
It was suspected that part of this problem was due to the way the pump flow 
rate signal was handled. The pump flow rate signal was amplified with a 0- to 
l-V amplifier, and this signal was supplied to a high-level card as an inter
face with the data acquisition system (DAS). This was later modified using a 
0- to 10-V ampl'ifier for the pump signal, which then gave a better match with 
the DAS interface. During Test 28, the effect of pump power and flow rate on 
the quality of the signal was examined. Figure 53 shows flow rate being 
increased in steps by changing pump power. Note that the flow rate signal for 
the three panel flowmeters became very noisy when 100% power was achieved and 
that the signal became steadier at 90% power and then tended to show noise 
again at 95% power. The main flowmeter signal showed that between 90% pump 
power and 100% pump power, no change in total flow occurred. For this reason, 
subsequent tests were conducted at a pump power of about 90%. 
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TABLE 15 

MEASURED FLUX DISTRIBUTION 

TEST 23 
101801 FILE FOR ESC FLUX DATA 101801 FILE FOR ESC FLUX DATA 

W/Cl'i2 W/Cl'!2 lv/Cl".:2 W/Cl".:2 l'//Cl.'i.2 l't'/CF.e W/Cl'I.2 W/CYJ2 W/C1'i2 ly/CM2 l\'/Cl'I.2 l\'/CM2 l\'/CM2 

1.42 1.77 2.10 2.61 2.49 1.87 2.14 1. 71 1.44 2.59 1.73 
1.52 1.07 2.20 2.71 3.11 3.15 3.41 3.01 2.62 2.79 2.48 
2.29 2.74 3.22 3.97 <t·.64 5.01 4.74 4.11 4.02 3.64 
3.06 4.0{) <t·.35 6.07 6.98 7.65 7.33 6.58 6.10 5.55 
4.61 6.03 7.40 9.01 10.76 11.54 10.11 8.97 7.88 
6.25 8.35 10.46 12.79 15.40 16.51 14.39 12.34 10.85 
9.05 12.02 10.25 18.51 22.02 a. 23.1 20.06 • 0 14.67 

IT1 12.91 l7.19 21.72 26.2(} 3i.09 31.57 35.38 34.15 3t.90 31.63 27.33 22.75 19.75 
VI 16.52 22.60 29.17 35.73 42.93 44.05 49.32 47.50 44.40 43.79 37.78 30.68 26.33 

...... en 19.89 28.02 37.12 46.12 55.64 57.62 64.42 61.50 57.48 56.32 48.48 38.66 33.00 I 26.17 ...,s6.72 48.55 59.94 72.06 74.44 82.67 78.67 73.62 72.4.1 62.17 48.67 40.81. 0 (X) 
~ N 30.32 43.39 58.20 72.12 87.19 91.08 101.2 96.74 91.68 9t.03 78.91 61.95 52.04 

I 34.37 49.93 67.99 85.03 102.4 107.4 118.9 113.5 '108.5 107.8 94.32 74.28 62.64 
~ 38.52 55.83 75.54 94.63 113.7 119.5 131.5 125.9 121.2 121.8 107.9 85.78 72.61 
0 41.61 60.08 80.74 I{)O.5 121. 0 127.5 14·0.3 134.8 130.7 132.3 118.0 94.60 80.92 

43.30 61.98 82.07 97.30 118.9 125.5 139. I 141.2 132.8 133.5 116.9 98.01 85.41 
47.58 67.88 88.88 99.27 122.6 129. I 143.1 ~ 140.0 138.8 118.5 103.0 90.28 
44.87 63.81 83.47 93.92 116.5 122.8 137.0 146.9 133.8 133.0 114.0 99.62 87.92 
40.92 57.82 75.73 85.60 lC6.0 112. () 126.0 135.2 123.4 122.0 105.6 92.63 82.34 
36.97 51.44 65.98 74.06 90.82 95.93 108.4 116.6 106. I 105.7 92.43 81.77 73.29 
32.50 4·4·.49 56.55 63.16 76.39 79.75 90.0;; 96.56 87.45 86.75 75.80 66.83 59.78 
25.67 34.64 44.03 49.72 59.87 62.31 70.97 76.72 69.36 68.85 60.56 53.58 48.54 
19.95 26.51 33.06 37.14· 4.4 •. 61 45.89 52.46 56. HI 51.09 50.20 44.74 39.84 36.27 
15.17 20.09 24.36 26.63 31.96 32.38 37.09 39.53 36.10 35.49 32.07 29.03 26.72 
10.90 14.16 16.90 18.01 21.25 21.15 24.43 26.05 23.S9 23.75 21.87 20.02 18.78 
7.99 10.10 11.60 11.93 13.66 13.37. 15.53 16.70 15.52 15.73 14.72 13.87 13.03 
5.81 6.99 7.79 7.86 I' .• B BOT 9.6<- .14 9.68 9. I 8.81 
4.25 4.96 5.14 4,.89 5.50 5.09 5.B9 6.32 6.09 6.26 5.97 5.77 5.71 
3. to 3.46 3.55 3.21 3.36 3.12 3.56 3.96 3.65 3.87 3.81 3.76 3.73 
2.27 2.50 2.27 2.02 2.14 1.92 2.28 2.36 2.31 2.39 2.47 2.38 2.49 
0.71 0.68 0.63 0.73 0.81 0.83 I. 01 l. 18 t. 2{) 1.36 1.33 1.32 1.25 
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Figure 51. RTAF Measured Flux Profile 
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The three front-surface thermocouples were added to the panel for possi
ble use as a feed-forward signal in place of the flux sensors. Measurements 
TE 229, on the edge tube of Panel A, and TE 230 and TE 231, on the edge tube 
of Panel C, are shown on Figure 54. These measurements were not used as part 
of the control system, since the flux sensors (once properly positioned) func
tioned satisfactorily throughout the test. Because the front-side measure
ments were not placed particularly close to a back-side measurement, a mean
ingful front- to back-side difference is not readily obtainable except for 
TE 231 and TE 124C, which are -1 in. apart. Figure 55 shows a comparison of 
the front-side thermocouples and nearby backside measurements. Figure 55a 
shows a front-to-backside temperature difference of about 120°F at the higher 
po\ler levels. A power step occurred at time 1452 on Run 22, Figure 55b. The 
above temperature difference is about as calculated for a temperature 
difference across a tube at this location. 

5.3 POWER TRANSIENTS 

Open-Loop Control: Open-loop control was used mainly during the power 
buildup phase and during the maximum power tests such as shown in Figure 48. 
Manual control was satisfactorily accomplished when the power input changes 
were relatively slow. The operator 'had to monitor and control three panels 
simultaneously \lith valves that responded slowly when under manual control. 
Manual control of the panel valves was through the setup buttons on the 
controllers operating at a fixed program rate that required about 60 s for 
full-range-of-valve travel. (With an automatic control valve, motion could be 
very rapid with only about 4 s required to travel full range.) 

Manual control was used to stabilize the panel outlet temperatures when, 
under certain controller setup conditions, the panel flow interaction produced 
outlet temperatures that approached the trip limits. Manual control of a 
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single panel \/ith the other two under automatic control was readily 
accomplished. The major goal of this testing was to obtain satisfactory 
operation under automatic control. 

Automatic Control: Power transients either occurred naturally, due to 
the passage of clouds which shaded part of the collector field, or were pro
duced by removing or adding groups of he1iostats to give a change in power 
level. The latter method \/as used extensively to determine control-system 
response characteristics, e.g., a 20% power step downward followed by a return 
step (Figure 56),. The insolation reading also shown on this figure indicates 
that the day was very clear and cloudless. The panel outlet temperature is 
sho\/n in Figure 57. Control system tuning studies were still being made, but 
the set point temperature of 1100° was maintained to within ±45°F. This 
figure also shows the results of the flow-rate interaction among the three 
panels. The interaction is more pronounced in this figure around 20 min and 
following 25 min. This interaction was not unexpected, since the panels \Iere 

designed with a very low pressure drop in order to maximize the total flow 
rate in case pump power was inadequate, as was the case. While it is not 
readily discernab1e in this plot, an expanded-scale plot would indicate that 
the interaction shown here is primarily between Panels 2 and 3. As explained 
elsewhere, a commercial panel would have a significantly higher pressure drop 
and this flow interaction would not occur. The power change produced by this 
step is shown in Figure 58. These are calculated parameters, as indicated 
above, using the measured flow rate and measured temperature difference across 
the panel or, similarly, across the dump heat exchanger. Consequently, the 
variations that appear in these measurements also show up in this calculated 
parameter. The change in power, most clearly indicated by the curve for the 
dump heat exchanger, \/as a step of about 20%. The power decrease step 
occurred over a period of about 1 min, while the power increase return step 
occurred in about 30 s. The sharpness of these steps was substantially 
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increased in later tests. Figure 59 shovls that the mixed-mean outlet tempera
ture from the three panels, as indicated by Curve TE-134, was maintained to 
within ±25°F. The dump heat exchanger control, as indicated by outlet tem
perature TE-107, was also satisfactory, with relatively small inlet tempera
ture variations of about ±25°F. 

A total of eight power transients were conducted during Test 24, as shown 
in Figure 60. For these tests, the removal or addition of groups of helio
stats was preprogrammed in such a way that relatively sharp-edged power steps 
\lould be obtained. The heliostat scram shown during the middle of this test 
period was due to facility problems. Control tuning studies continued during 
this test period. Except for very early in the test, automatic control was 
used throughout. Figure 61 shows panel outlet temperature and panel inlet 
temperature as a function of time throughout this test. Panel outlet tempera
ture was maintained at the set point of 1100° with relatively small varia
tions in response to the power steps that are shown in Figure 60. It was 
noted at this time that these sharper transients caused a greater variation in 
the DHX outlet temperature, as shown in Figure 61. This variation in inlet 
temperature to the panel was also reflected in the outlet temperature of the 
panel, since the control system was not equipped to sense variations in inlet 
temperature. An expanded section of the two previous curves that shows PO\/er 
Steps 3, 4, 5, and 6 is shown in Figure 62. This composite figure shows the 
variation in flux, valve position, and outlet temperature. Note that for 
these nominal 20% steps, the set-point temperature of 1100° is held very 
constant. The feed forward portion of the panel control system uses the flux 
sensor input to change valve position. The valve position changes closely 
match the shape of the flux measurement changes, and the flow rate changes 
correspondingly as shown in Figure 63. The noise in this signal, as discussed 
earlier, is clearly evident. Again, the mixed-mean outlet temperature of Fig
ure 64 is quite steady but does show the influence of the inlet temperature 
variation. 
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A 40% change in power was tested, with the results shown in Figure 65. 
The down step occurred in about 7 s, and the up step occurred over a period of 
about 15 s. Because of a change in the reference level, the 40% downward step 
would be indicated as a 70% upward step. Again, valve position closely 
followed the step change in flux, which also changed flow rate (Figure 66). 
The outlet temperature variation is nominally within 30°, although this 
variation must be due in large part to the inlet temperature variation 
indicated in Figure 67. 

A power ~ui1dup phase using automatic control followed by a cloud trans
ient is shown in Figures 68 through 72. The insolation characteristics and 
the panel flux sensor measurements for these events are shown in Figure 68. 
The three panel outlet temperatures are given in Figure 69. The control 
valves were equipped with low-limit stops and are shown in Figure 70 to be 
against these stops until about the 5-min time line. For this reason, the 
control system could not achieve the set-point outlet temperature of 1100° 
until adequate power and flow rate were attained to allow the valves to move 
into a controllable range. The power buildup is indicated in Figure 71. Fig
ure 72 shows panel motion during this event. These three linear motion trans
ducers were located vertically along the centerline of the center panel. 
ZE-131 was the lower gauge, ZE-132 was located in the center, and ZE-133 was 
centered in the upper half of the panel. This motion was typical throughout 
the test and indicates that the center of the panel moves outwards by -1 in. 
during the power buildup phase. 

5.4 PANEL EFFICIENCY 

One of the most interesting parameters to be determined from a receiver 
panel test is panel efficiency. This value is also difficult to determine 
with accuracy, since it depends upon how well the absorbed power and incident 
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power are known. Absorbed power (MWt) is calculated from the flow rate w 
(lb/s), the temperature difference ~T (oF) from the inlet to the outlet of 
the panel, and the specific heat Cp' as given in Section 3.3.1. 

Temperatures and flow rates are measured parameters. Input power is 
determined from the CRTF flux measuring system by integrating the flux distri
bution over the panel area. A CRTF computer program was used to calculate a 

transfer function value of 1.02 in order to relate the flux distribution 
measured in a plane 14 in. in front of the panel to the distribution at the 
panel surface. The calculated panel efficiency for several power levels is 

given in Table 16. 

TABLE 16 

INCIDENT POWER AND ABSORBED POWER 

Incident 
Total Power Power on Panel Effi 

Flux Number of Peak -From Field Panel Power ciency 
Test Scan Time Heliostats (MW/m2) (MW) (MW) (MW) (%) 

18 135501 1018 110 0.71 2.10 ± 8% 1.33 ± 8% 1.25 ± 6% 94 ± 10% 
135502 1217 110 0.84 2.34 1.56 1.40 90 
135503 1400 158 0.98 2.9 1.89 1.75 93 

21 102401 1200 173 1.27 3.7 2.48 2.36 95 
22 101501 1330 183 1.32 3.74 2.47 2.31 93 

101502 1350 188 1.34 3.81 2.48 2.39 92 
23 I01801 1309 213 1.53 4.39 2.89 2.657 92 
24 102601 1216 175 1.33 3.51 2.35 2.26 95 
34 106901 1145 161 1.32 3.53 2.35 2.25 96 

The incident flux measuring system data for each of the scans in Table 16 
are given in Appendix E. 
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Since early calculations of panel efficiency gave an unrealistically high 
value (over 100%), the measured parameters used to calculate absorbed power 
were examined. The accuracies of these parameters were estimated to be: 

Thermocouples: ±2% 
Flowmeter: ±5% 
Sodium properties 

Specific heat: ±0.4% 
Density: ±0.2% 

If uncertainties in these parameters are random,'the error in absorbed 
power is about 6%. In examining the characteristics of the panel inlet tem

perature measurement TE-107, a bias was noted between this measurement and, 
for example, the lower backside panel temperatures with the he1iostats removed 
(no heat input) as shown by Figure 73. This bias cannot be explained by the 
line and header preheat. A bias was also noted between TE-107 and TE-130. 
TE-130 is a resistance temperature device (RTD) that is part of the sodium 
loop but not considered to be calibrated adequately. A spare RTD was calib
rated and installed prior to Test 34. The bias in TE-107 was confirmed as 
shown in Figure 74, which compares TE-030 and TE-107. This comparison also 

confirms the temperature correction factor of Figure 73. The panel pow~r cal
culations and efficiencies of Table 16 have been corrected for this bias, and 
the uncertainty in the thermocouple measurements has been increased to ±2%. 
The reason for the bias in TE-107 is considered to be a result of the way in 
which the measurement was connected to the test panel control cabinet alarm 
system and to the data system. 

The accuracy of the flux measuring system given above as 7% is currently 
being reevaluated at CRTF. As part of this effort, the flux gages are being 

recalibrated using the new solar furnace at CRTF. However, this effort will 
not be completed for several months. 
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Figure 73. Correction to TE-107 (difference between average 
backside panel temperature and TE-107) 

The combined uncertainties in the input power and the absorbed power give 
an estimated uncertainty in the efficiency parameter of Table 16 of 10%. 

Isothermal Tests 

These tests, conducted during Test 10, were for the purpose of determin
ing the heat loss characteristics from the test panel. The tests consisted of 
heating the sodium loop to between 700 and 8000F using the he1iostats, then 

removing the he1iostats and observing the panel temperatures over a 15-min 
period. Three such periods are shown in Figure 75. During the first coo1down 
period of Figure 75, the trace heaters on the inlet and outlet piping for the 
panel were on, which would tend to distort the results. These heaters were 
turned off for the next two coo1down periods. A constant flow rate was main
tained during the cool down periods. Figure 76 shows a representative tempera
ture distribution along the center tube of Panel B. The data obtained during 
these coo1down periods were very difficult to analyze, and a meaningful heat 

ESG-82-40 

135 



o 
~-,,................... • ••••• y ••• : ............. . ; .................. 'f' .. ' ............ : ......... . . .................. . ..~ ..................... ········ .. ··r .................................... ! .................................... "[ ... . ·······1 

g-t· ···············f················ ···+H·········j ·························· ... ·····1········································f·································· .... j .................................. +.....................j ........................ ; ..... . 

~ 
CL 0 

:::1' 
W lJ) 

a: 
:::> 
I-
oct 
a: 

rn 
V'l 

w 0 

I-' Ci) 
Q. m 

..N I 
:i!: :::1' 

0'1 CO 
W 

N 
l-

I 
~ 
0 

0 
:::1' 
:::1' 

~-i:·I-t··: .. \t..···j·f···j .................: .............. +....; ......i........... .. .;............. . ... j 

0 
:::1' 

'" 0 20 40 60 80 100 120 140 160 180 200 
ELAPSED TIME (min) 

DAI 3/10/82 3/1 0/82 3/1 0/82 3/10/82 3/10/8~ 3/10/82 3/10/82 3/10/82 3/10/82 3/10/82 3/10/82 ORT HOUR 10 10 11 II 11 12 12 12 13 13 13 HOUR MIN 29 lI9 9 29 \19 9 29 lI9 9 29 \19 MIN SEC 0 0 0 0 0 0 0 0 0 0 0 SEC HSEC 0 0 0 0 0 1 1 1 1 1 1 "SEC 

Fi gure 74. Comparison of Inlet Temperature Measurements, Test 34 

, . .. " 



I"T'1 
V'l 

...... G) 

W 
I 

....... CP 
N 
I 
~ 
0 

, . 

u.. 
C2... 
w 
a: 
;:) 
l-
e:( 
a: 
w 
Q. 

:i: 
W 
l-

o 
D 
0> 

D 
o 
(D 

o 
o 
r-

C> 
C> 
CD 

C> 
C> 
lJ) 

C> 
o 
::!' 

o 
o 
('l') 

o 
o 
ru 

I 

1i 

o 

DAY 11119/81 
HOUR 11 
MIN 1 
SEC 0 
HSEC 0 

20 L!O 60 

11/19/81 11/19/81 11/19/81 
11 II 12 
21 ~I 1 

0 0 0 
0 0 0 

Figure 75. Panel 

80 

< , 

100 
ELAPSED TIME (min) 
11/19/81 11/19181 

12 12 
21 ~1 

0 0 
0 0 

120 11!O 

11119/81 11119181 
13 13 

1 21 
0 0 
1 1 

Cool down Periods during Test 10 

r, 

- A TIC101l 
I!I TIClOS 
~ TICI06 
(!) TEI07 

160 180 

11/19/81 11119181 OR, 
13 1~ HOUR 
U 1 MIN 

0 0 SEC 
1 1 MSEC 



I'Tl 
Ul 
G"> ...... , 

W ex> 
ex> N , 

~ 
a 

o 
(\J_ ...... 
(l) 

IlnTE-115B 

~lF!T18B ... 
u: °li t"! a 21B o (\J ;....... ... TE-1 . 
.... CD V I w . 
a: 
;:) 

~ a: 
w 
1:1.. 
:!Eo 

~,'.. TE-124B 

W 1"-_+ .. · .... · ...... ··i .. ···· ............................. , ............... ~ 
I-r--' 

ORT 
HDUR 
"IN 
SEC 
"SEC 

o 
(\J 

I"-

0 
l"-
to 

0 

11/19/81 
12 
23 

0 
0 

, . 

2 

11/19/81 
12 
25 

0 
0 

I.! 6 

11/19/81 11119/81 
12 12 
27 29 

0 0 
0 0 

Figure 76. 

· ........ ·· ................ • .. '1"· .. "·" ...... ,,·,,",, ...... ,,"""""·1 

! 

! , . ...................................... .. ~ .......................................... ; ................. _ .......................... : 

. . : : ·············oco············ ..... , ..........•.............. ... ,........... . ..................... ( . . . . 

........ ,.;: .. 

....... , ... 

8 10 12 II.! 16 18 

ELAPSED TIME (min) 
11119/81 ill19/81 il/19/81 il/19/81 11/19/81 11/19/81 ORT 

12 12 12 12 12 12 HIlUR 
31 33 35 37 39 IU MIN 

0 0 0 0 0 0 SEC 
0 0 0 0 0 0 MSEC 

Cool down Period No. 2, Test 10 

~ 



loss estimate could not be made. The difficulty results from (1) the rela
tively small temperature differences involved, (2) the bias in the inlet tem
perature measurement that was identified late in the test program, (3) the 
variable inlet temperature, and (4) the transit time for the sodium between 
the various temperature measurement locations. Test 34, which was scheduled 
to include cooldown tests, was terminated early due to cloud cover before the 
test conditions could be established. 

5.5 PANEL STRUCTURE 

The tubes of each of the three subpanels are held in alignment by 
mechanical constraints located every 4 ft along the length of the panel. 
These mechanical constraints allow the tube to expand differentially in the 
longitudinal direction but restrict the motion of the tubes in the lateral 
direction. The locations of the mechanical constraints are indicated in 
Figure 77. 
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Figure 77. ESG Solar Panel Mechanical Constraints 

The panel mounting on the test frame is described in Section 2. 
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The center panel was equipped with three linear motion transducers to 
indicate panel movement in the forward or backward (north or south) direc
tion. As described in Section 2, forward panel motion was constrained by the 
three sets of tie rods. These rods did not particularly constrain backward 
movement. 

Figure 78 shows the panel motion during Test 19. During power buildup, 
the panel center moves northward by about 3/4 in. The top of the panel tends 
to move backward a small distance, and the bottom transducer location shows a 
forward movement. The flux profile during this test is shown in Figure 79 
over a greater time period than for Figure 78. 

The panel movement is shown to closely follow the incident flux profile 
as seen by' the comparison of Figures 80 and 81 for Test 24. 

During the latter portions of the, test, it was observed that at ambient 
temperatures, the panel had a permanent set in the back\/ard direction. This 
position was measured after the test, as given in Figure 82. All three panels 
had a similar shape. Also shown in this figure is the shape of the edge tube 
(C-21) of Panel C. The reason for the shape of Tube C-21 is given in 
Section 5.1. 

The panel location prior to each test at ambient temperature conditions 
is given in Figure 83. While these gages were not intentionally reset during 
the testing, some shifts may have occurred during the repainting activity or 
during repair of the frame insulation. For the low- and intermediate-power 
tests, the recorded panel deflections (north-south direction) of Figure 83 
indicated very little change in panel position at ambient conditions. 
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During later portions of testing at full pO\/er, it was observed, between 
tests, that at ambient temperature, the panel was significantly bowed in a 
southerly direction in the thermal window area and slightly bowed in the 
northerly direction near the inlet region, as shown in Figure 83. Inspection 
of the panel after testing also indicated that the upper set of tie rods (both 
sides) between the panel and its support structure had elastically buckled. 

Previous structural analysis of the panels indicated that during full
power operation, the panel tubes developed stresses beyond yield and, there
fore, behaved inelastically. Figure 84 presents a diagram of the anticipated 
displacement behavior of the panel during heatup and cooldown cycles. 

If the panel were not restrained by the tie rods, the panel \lould dis
place a specified distance and return to its original position during heatup 
and cooldown. This is shown by Line 1 of Figure 84. However, since the tie 
rods do restrain the panel and analysis indicates that the tubes act inelas
tically, the displacement of the panel during heatup follows Lines 2 and 3 and 
puts the tie rods in tension. During cooldown, the panel develops a reverse 
bow due to the restrained plastic strain and the unioading follows Line 4. 
During this unloading phase, the panel support tie-rod tension load becomes 
compressive. This load is sufficient to elastically bend these relatively 
flexible rods, which allo\ls the panel to displace as if not restrained and 
results in a permenent reverse set. This condition is re~esented by Line 5. 

Visual inspection of the tube mechanical supports after testing did not 
reveal any damage, except for the unusual conditions on Tube C-21. Analysis 
indicates that the compressive strength (buckling) of the mechanical supports 
is much greater than that of the tie rods; therefore, during unloading, when 
both the supports and tie rods are in compression, the tie rods will buckle, 
thus relieving the compression load on the supports. 
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The inelastic behavior of the tubes and the reversed permanent set of the 
panel is small relative to the size of the panels and should not affect the 
commercial applicability of the design or its capabilities to meet its perfor
mance criteria. 
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6.0 COMMERCIAL RECEIVER DESIGN 

In May 1982, Rockwell submitted a proposal to DOE for the preliminary 
design of a 30-MWe power plant using the sodium-cooled solar central receiver 
concept. The central receiver design for this plant is based upon the results 
obtained from the solar panel tests at CRTF and is configured as a north
facing billboard (Figure 85). The successful completion of this panel test 
program has enabled Rockwell to present a design concept for which all compo
nents have been thoroughly tested and component fabrication capability has 
been demonstrated (Figure 86). This has prompted the prediction (in the pro
posal) that a fixed-price construction contract with performance warranties 
could be offered at the conclusion of the plant design study. The specific 
design details of the proposed receiver concept and a comparison of these 
details with the solar test panel are presented in the following paragraphs. 

6.1 COMMERCIAL PANEL DESIGN CHARACTERISTICS 

The performance of a commercial receiver subsystem is summarized in 
Table 17. The receiver selected for this plant is an external flat panel con
figuration, which is cost effective for plants of this size using a compact 
sodium receiver. The receiver and its support structure are located atop a 
lll-m (365-ft) steel tower. The midplane of the receiver is at 125 m (410 ft) 
above ground elevation. The receiver assembly consists of eight panels as 
shown in Figure 87. Each panel consists of 102 19-mm (3/4-in.) diameter, 
Type 316 stainless steel tubes with a wall thickness of 1.24 mm (0.049 in.). 
The panel is constructed using a Rockwell proprietary system that reduces 
thermal stresses and extends operating life. This system was used and proven 
in the successful CRTF test of the prototYpe panel. The inlet and outlet 
manifolds at each end of the tubes are made of Type 316 stainless steel tub
ing. The inlet manifold is anchored to the supporting structure, while the 
outlet manifold accommodates thermal growth along with the piping. The panel 
detail is shown in Figure 88. 
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TABLE 17 
RECEIVER SUBSYSTEM DESIGN SUMMARY 

Key Design Parameters 
Midplane elevation 
Receiver aperture 

Width . 
Height 

Number .. of pane 1 s 
Panel ,characteristics 

Width 
Height 
Number of tubes 
Tube diameter 
Tube wall 

Material 
Performance 

Incident power 
Absorbed power 
Inlet temperature 
Outlet temperature 
Maximum flux 
Average flux 
Pump flow/head 

Design Model Basis 

125 m (410 ft) 

16 m (52 ft) 
12 m (40 ft) 
8 

2.0 m (6.6 ft) 
15.2 m (50 ft) 
102 
19.1 mm (0.75 in.) 
1.24 mm (0.049 in.) 
Type 316 stainless steel 

116 MWt 
107 MWt 
321°C (610°F) 
566°C (1050oF) 
1.2 MWt/m2 

0.61 MWt/m2 

0.39 m3/s (6200 ga1/min)/167 m (550 ft) 

Test of Rockwell prototype receiver at CRTF 
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Finite element analyses have been performed to validate the design of the 
receiver tubes and manifolds. The major panel stresses are those thermal 
stresses caused by the temperature difference across the wall, especially near 
the crown, and the temperature difference across the whole tube. The proprie
tary panel construction method also allows higher tube-to-tube thermal differ
entials and reduces stresses. On this basis, a 30-year lifetime is achiev
able. Additional panel stresses due to wind, dead \leight, pressure, and 
seismic need to be evaluated to establish the design margin. The portions of 
the system containing the coolant will be designed to Section VIII Division 1 
of the ASME Bo,;ler and Pressure Vessel Code, with supplemental criteria for 
thermal-induced stresses and life calculations. The remainder of the system 
(civil structures) and the steel tower will be constructed to the Uniform 
Building Code and governing local codes. 

6.2 COMPARISON WITH TEST PANEL 

The test panel is compared with the commercial 30-MWe plant panel in 
Table 18. The panel tests confirmed the ability of the design to allow panel 
and tube-to-tube thermal expansion to take place without excessive stresses 
developing. The peak solar flux on the prototype receiver, which causes the 
main stress in the tubes, was more than 25% above the commercial receiver 
flux, thus providing a conservative margin. The test unit was operated at an 
outlet temperature of 593°C (llOO°F), compared to the plant unit temperature 
of 566°C (1050°F), providing a further design margin. During the test, the 
three panels were operated satisfactorily in parallel, although a small amount 
of panel flow rate interaction was observed, as discussed elsewhere. Since 
the pressure drop for the commercial panel is substantially higher than for 
the test panel, the likelihood of flow-rate interaction among panels is 
substantially reduced. 

A change in the plant unit design, compared to the test panel, is to 
include a tube return length at the top end that increases the flexibility of 
the panel to accommodate across-panel temperature gradients. Since the test 
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TABLE 18 
30-MWe CENTRAL RECEIVER PANEL SCALEUP 

CRTF Panel 30-t,1We Panel 

Number of panels 3 8 
Maximum temperature [oC (OF)] 593 ('1100) 566 ( 1050) 
Flux density [MWt/m2] 1.5 1.2 
Aperture height [m (ft)] 3.05 (10) 12.2 (40) 
Width[m (ft)] 0.40 (1.3 ) 2.0 (6.6) 
Tube diameter [mm (in.)] 19.1 (0.75) 19.1 (0.75) 
Tube wall thickness [mm (in.)] 1.24 (0.049) 1.24 (0.049) 
Pressure drop [psi] 0.2 12.4 
Surface paint Pyromark Pyromark of lithium 

sodium sil icate 
Material SS 316 SS 316 
Manifolding Single-plane Out-of-plane 

manifolding manifolding 
Receiver face Vertical Vertical 
Support structure Truss Truss 
Passive cooling system None 22.7-m3 (6000-gal) 

accumulator tank 
Flow control Valving Valving 

panel was much shorter, this added flexibility was not necessary for the test 
duration. These changes are simple and amenable to straightforward analysis. 
The key features of the receiver design have been tested, and the scaleup to 
the commercial receiver is basically in length and total number of panels. 

The philosophy for control of the commercial receiver consists of match
ing flow rate to the heat removal requirement with control valve position set 
by power and trimmed by outlet temperature. This control philosophy \/as 
verified for solar receiver applications by the subject testing. 
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1.0 INTRODUCTION 
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This document establishes the design and operating requirements for the ESG 
sodium-cooled solar test article to be tested in the S.O-MWt Central Receiver 
Test Facility (CRTF) at Albuquerque, New Mexico, in the summer of 1981. 

2. 0 OBJ ECTI VES 

The overall test objectives are as follows: 

1) Provide a proof-of-principle test of sodium-cooled receiver 
panels. 

2) Gain practical fabrication and operating experience. 
3) Be in a position to build a commercial panel by 1984. 

Specific test goals which support the above objectives are: 

Demonstrate satisfactory panel operations at design heat flux 
and temperature 
Achieve a maximum number of diurnal thermal cycles 
Demonstrate satisfactory diurnal startup and shutdown 
Demonstrate satisfactory nocturnal thermal control 
Demonstrate control during insolation changes 
Control several panels in parallel 
Demonstrate panel dimensional stability 
Achieve realistic lateral power distributions and sodium flows 
Demonstrate acceptable panel thermal losses 
Accomodate various simulated emergency conditions. 
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The ESG test article will be tested at the 200-ft level (top) of the CRTF 
tower. The panel and test fixture will be supported by the structural frame 
surrounding the sodium loop. Figure 1 shows an artist's concept of the panel and 
loop arrangement. 

The ESG panel assembly will be connected to the loop assembly mounted on 
the CRTF tower elevator module while the module is at ground level. Prior to 
loading the loop with sodium, the loop piping may be cleaned with alcohol. The 
panels may be attached at this time. After draining the alcohol from the system 
and drying, the loop dump tank will be loaded with sodiumw 

Loop checkout, including flowing sodium, will be conducted at tpe ground 
level. The panel preheat will be accomplished with an electric blanket covering 
the test area of the panels. Following successful checkout of the loop, includ
ing flowing sodium, the elevator module will be raised to the 200-ft level. 

The panel shall be drained at the end of each day and allowed to cool to 
ambient conditions. Panel sections not exposed to insolation during the tes~ 
may be trace-heated when sodium is drained. Preheat at the start of each day 
shall be accomplished using the reflected energy from several heliostats. 

4.0 REQUIREMENTS 

The test article consisting of three subpanels shall be designed, constructed, 
and operated to the requirements of this section. 

4.1 APPLICABLE DOCUMENTS 

The panel shall be designed to ASME B&PV Code Section VIII Division 1 and 
ANSI B31.1, as applicable, and shall meet requirements of the CRTF Experimental 
Manual, SAND 77-1173 (Rev), October 1979. Liquid penetrant examination and 
helium leak testing of welds per these Codes may be substituted for any radio
graphic examination of weld requirements. 
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Figure 1. Artist's Concept of ESG Test Article Installed 
in Sodium Loop at CRTF 
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The stress analysis shall consider creep-fatigue effects. Other applicable 
documents are: 

1) National Electric Code, NFPA 70-1978 
2) National Electrical Manufacturers Association (NEMA) Standards 

4.2 APPLICABILITY TO COMMERCIAL PANELS 

The construction of the panel will be consistent with the requirements for 
a commercial panel with allowance made for the constraints placed on the test by 
the CRTF. The panel shall be designed so as to accommodate 104 diurnal cycles 
over a period of 30 years. 

4.3 TEST PERIOD AND PANEL LIFE 

The test period is to be 3 months, but the panel construction should be 
consistent with a· 30-year-life commercial panel. A shorter panel projected life 
will be acceptable if economic justification is provided. 

4.4 TEST ARTICLE SIZE AND POWER 

The solar radiation heated area of the test article shall be 1.2 m wide 
by 3 m high. 

The panel assembly shall be designed to absorb a maximum thermal power of 
3.0 MWt. 

Maximum expected operating power is 2.5 MWt. The power distribution ratio 
across a panel shall not exceed 1.4. 

4.5 HEAT FLUX 

The maximum throughput heat flux in the panel tubes will be 1.50 MWt/m2. 

A-lO 

". 



• 

: 

4.6 PANEL TEMPERATURES 

NO 

PAGE 

004TI000008 
9 

The nominal panel inlet temperature will be 288°C (550°F). During startup, 
the inlet sodium may be as low as 232°C (450°F). At no time during testing will 
the sodium in the loop be permitted to go below 177°C (3500Fl. During certain 
operations, the inlet temperature may be increased to 371°C (700°F). 

The nominal mixed mean outlet temperature will be 593 ± 10°C (1100 ± 25°F). 
Hot tube outlet temperatures of 621°C (11S00F) may be encountered on a steady 
basis. Peak metal temperatures may be as high as 28°C (50°F) above outlet 
temperatures. The maximum temperature difference between inlet and outlet to a 
panel shall not exceed 361°C L6500F}. The minimum difference shall not be less 
than 1ll0C (200°F). . 

4.6.1 Temperature Mixing in Manifolds 

The outlet manifolds will receive sodium at temperatures that will vary 
laterally by' up to 11loC (2000Fl. The manifolds are required to accommodate such 
temperature variations. 

4.6.2 . Temperature Difference in Adjacent Panels 

An outlet temperature difference of up to 111°C (200°F) may exist between 
tubes in adjacent panels. The panel assembly design must accommodate such 
temperature differences. 

4.7 SODIUM FLOW 

The sodium flow rate in the panel will be nominally 117 gpm with a maximum 
of 175 gpm. 
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The panel coolant fluid will be liquid sodium with a nominal oxide concen-' 
tration of 10 ppm or less by weight. 

4.S PRESSURE IN LOOP 

The maximum design pressure in the panel will be 100 psia. Operating 
pressure will be 30 psia. 

4.9 CONSTRUCTION 

The solar test panel will be made of three subpanels. Each subpanel shall 
consist of 21 tubes for a total width of 0.4 m. The length shall be adequate 
for a solar heated length of 3 m. Each subpanel shall be identical in design and 
construction. The subpanels shall be supported by a test fixture in a manner 
representative of a commercial receiver. ~ach panel shall be supported near the 
bottom and allowed to expand upward. The panel absorber surface shall have a 
curvature representative of that for a commercial-sized receiver. 

4.9.1 Panel Tubes 

The panel tubes will be round~ have an 00 of 3/4 in.~ have a nominal wall 
thickness of 0.049 ± 0.003 in., and be constructed of 316H stainless steel. 

4.9.2 Thermal Insulation and Barrier 

The panel and structure will be able to resist the leakage of the maximum 
heat flux between tubes even with gaps as wide as one tube. The panel structure 
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will be protected from any direct heat flux and from excessive temperatures. 
The subpanel headers and nearby tubing shall be shielded from the collector 
field energy. These areas shall be insulated and heat-traced for preheating to 
a nominal temperature of 5500F ± 1000F. High-temperature insulation shall abut 
the edge tubes of the test article without causing significant shadowing of the 
edge tube. Backside heat loss from a subpanel shall not exceed 0.01 MWt. 

4.9.3 Structural Integri ty 

The panel and its structure will retain its integrity, neither warping 
unduly nor opening up gaps througry which heat flux can penetrate. 

4.10 ENVIRONMENTAL 

The seismic g's will be 0.50 in the horizontal direction. 

The design wind velocity will be 4.5 m/s (10 mph). The maximum operating 
wind velocity will be 22 m/s (50 mph). 

The maximum survival wind velocity will be 44 m/s (100 mph). 

4.11 TRANSIENTS 

The panel will be capable of being started up and shut down once each day 
for the test period. At night, the panel will be drained and will reach ambient 
temperature. 

4.11.1 Cooldown Transient 

The panel shall be able to sustain ten cooldown incidents (no flow, no 
insolation) where the panel will lose temperature at the rate of 1000C/min 
(1800F/min) • 

A-13 

• 



• 

.. RockweIIlntamatIonaI 
.,.. .... e....., s...- Group 

4.11.2 Loss or Recovery of Insolation 

NO 

PAGE 

004 TI 000008 

12 

The panel shall be able to sustain 40% loss or recovery of insolation events 
over a period of 10 sec at a rate of 550 F/sec. 

4.12 INSTRUMENTATION 

The panel shall be instrumented with thermocouples, deflection gauges, 
and heat flux sensors as shown on the sketch. 

All instrumentation shall be accessible for inspection and repair with a 
minimum of disassembly of the panel or test fixture components. Particular 
attention should be given to the accessibility of the deflection sensors and 
flux gauges. Flux gauges may require water cooling (to be supplied ,by the CRTF). 
The cooling water may contain an anti-freeze additive. Selected thermocouples 
and flux gauges may be part of the panel control system. Thermocouples shall be 
mounted so as to minimize response time. Thermocouples used for panel control 
purposes shall be brazed in position. Panel instrumentation for control purposes 
may use any or all of the following: 

1) Subpanel outlet temperature 
2) Subpanel intermediate tube temperatures 
3) Flux gauges 
4) Subpan~l inlet temperature. 

4.13 PANEL CONTROL 

Each panel shall be equipped with a flow control valve. The flow rate 
through each panel shall be controlled to maintain a constant mean outlet 
temperature within ±2SoF. Both manual and automatic control modes are required. 
Automatic control shall be accomplished using process control equipment typical 
of that used by the utility industry. An alternative digital control system 
will be considered if necessary to meet test objectives. Manual override of the 
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automatic control systems is required. The control capability for automatic 
systems is desired to be 25-100% of the subpanel flow rate. All of the sub
panels shall be capable of operating together to represent a single panel. The 
flow control shall also permit the maximum sodium flow (100 gpm) to go through 
anyone of the subpanels. The insolation at such a time may range from zero to 
the normal amount for that subpanel (nominally 1.00 MWt). 

5.0 INTERFACES 

The panel will interface as follows: 

1) Sodium Loop. The test article will be attached to a special 
three-branched manifold tree assembly at both the inlet and 
outlet ends. - These manifold trees will connect to the sodium 
loop piping at locations designated by the CRTF. 

2) Panel instrumentation leads will terminate in the patch panel 
room of the CRTF elevating module. ESG instrumentation used for 
panel control must be also equipped with signal conditioning 
equipment. All measurements including those for control shall 
be supplied to the CRTF control room for recording. 

3) The loop control system and the panel control system shall remain 
separate to the extent possible. The panel control system may 
require informati.on from the loop flowmeter. The dump heat 
control may require the panel mixed mean out temperature from the 
panel thermocouples. 

4) All utilities will be supplied by the CRTF. ESG must designate 
services required. 

5) CRTF will supply solar energy according to the test plan. 
6) ESG must supply data recording requirements and data display 

requirements to the CRTF. 
7) The test article shall be bolted and/or welded to the main support 

columns of the loop. The location shall be compatible with the 
real time aperature flux (RTAFl system. 
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The ESG test panel is intended to provide a data base for commercial-type 
solar panels. A typica~ receiver is the one proposed for solar repowering of 
West Texas Utilities (WTU') Paint Creek Unit 4. In the following tables are 
plant and receiver data generated in the Paint Creek conceptual design study. 
These data may be useful in interpreting the requirements for the solar panel 
test. 

715-B.74/emh 
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TABLE 1 
WTU PAINT CREEK 4 

SOLAR REPOWERED PLANT DATA 

Maximum Solar Power (MWel 
Tower Height m tftl 
Hours of Storage 
Number of Heliostats 
Main Steam Temperature °c (oF) 
Reheat Temperature °c (oF} 
Steam Pressure MPa (psig) 

715-6.74 
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538 (1000) 

538 (1000) 
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01~ Rockwollintornational 
DESIGN DATA SHEET TITLE 

1_ ............... 
WTU Solar Repowering 

PREPARED BY APPROVED BY Receiver Subsystem . 

was NO. 

HI. DESION POINT liN-REv NO. ITEN 
UNIT VALUE ,AIII111 

Receiyer Subsystem I 

Nominal Thenmal Power .MWt 145 

Maximum Thermal Power MNt 226 

Receiver Size and Type mxm 14.0 x 15.4 
(ft x ft) (45.9 x 50~5) 

.. 
Receiver Temperature 

• - In °c (oF) 288 (550) • 
- Out °c (oF) 593 (1100) 

Flow Rate - Max Receiver Kg/hr 6 2.08 x 10 6 
(1b/hr) (4.59 x 10 ) 

- Nom. Kg/hr 6 . 1.33 x 10 6 
(1b/hr) (2.94 x 10 ) 

'Volume of Sodium In Subsystem m3 (ft3) 204 (7230) 

Weight of Sodium in Subsystem kg (1bs) 114,000 (383.0( P) 
MWt/m2 I 

Total Radiation and Convection loss 0.027 , 

Receiver Assembly 
: 

Diameter m (ft) 14.0 (45.9) 

lIelght m (ft) 15.4 (50.5) 

fOnM Joe'A nev ... J. 

'r " 

. 
NUMBER . 
PAOE 

. 
DATE May 23, 1980 

fIR" REFERENCES AND REMARKS 

I , , 
I 

External cylinder. 24 panels I 
I 

I 

I 

. . 
.:JZ 
£»0 

c.Q • 
CD 
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~l~ RockwelllnlernaUonBf TITlE DESIGN DATA SHEET E ........... _O' ... WTU Solar Repowering 
PREPARED BY APPROVED BY Receiver Subsystem 

was NO. 

DESIGN POINT TIN· HEW 
REV NO. ' ITEM 

UNIT VALUE tA1M 

Receiver Assembll - Continued ; 
I 

Receiver Midpoint Elevation m (ft) 154 (505) 

Receiver Maximum Elevation m (ft) 219 (631) 

Humber of Absorber Panels 24 

Receiver Weight, Dry 

Total Kg (tons) 242,000 (266) 

To~al Sodium in Receiver (Panels & T,nks) 
I 

Kg (lb) 110,000 (242,OC 0) 

Absorber Panel 

Jieight m (ft) 15.4 (45.9), , 

Width m (ft) 1.83 (6.0) 

Dry Weight, Pressure Parts Kg (lb) l.350 (3,000) , 
I ' 

Humber of Tubes 95 
i 

em (In.) 1.91 (0.75) Tube 00 
J 

Tube 10 em (In.) 1.65 (0.65) 

Tube Ma tert a 1 CRES 304" . , 
Solar Surface Coating Pyromark 

I . Panel Insulation em (tn.) 16.2 (6) 

'OftM 1oe·A nMV •• ·J. 

" 
, , \ (j 

NUMBER 

PAGE 

DATE Hay 23, 1980 

rlRN REfERENCES AND REMARKS 

. 

. 

Closed-Pore Fibergllss 
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'1' Rockwetllnternattonal 
DESIGN DATA SHEET TITLE 

INt ••• , ••• _ 00 ... 

WTU Solar Repowertng 
PREPARED B;t APPROVED BY Receiver Subsystem 

was NO. 

tllW Ho. DESION POINT TlN-.. IV ITEN 
UNIT VALUE ,An", 

Absorber Panel - Continued 

Thenmal Expansion ·cm (1n.) 12.1 (4.8) 
• 

AbsorpttvltY.,Htnlmum 0.95 

Peak lIeat Flux 2 1.23 (0.76) HW/m 2 
(Btulln'-

I sec.) 

Outlet Temperature °c (oF) 593 (1100) 

Inlet Temperature 0c (oF) 288 (550) 

Haxmlmum Tube Surface Temperature °c (oF) . 649 (1200) 

Tower Assembl.l . 
Construction 

Concrete Uelght m (ft) 141.4 (464) 

Diameter - Base AI (ft) 17.8 (68.4) 

- Top . 
AI (ft) 14 (45.9) 

Wall Thickness - Base m (In.) 0.46 (11) 

- Top AI (In.) 0.25 (8) 

Mat - 00 AI (ft) 33.2 (108.9) 

- 10 m (ft) 13.7 (44.9) 
- Thickness m (ttl 3.0 (10) 

fonM Joe.A ~EV.'.". 

.., 

NUMBER 

PA~E. l 

DATE May 23, 1900 

, ..... REfERENCES AND REMARKS 

Flexible Tube Bends 

.. 
. 

Slip fonned concrete 

., :z 
AI 
~ 
CD 
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PRETEST CHECKOUT AND SODIUM LOADING PROCEDURE 
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; PRETEST CHECl<OUT 

AND 

SODIUM WADING PRXEDURE 

AUGUST 20, 1981 

CCNI'ENI'S: A VALVE CHECl<OUT 

B ARGON SUPPLY SYSTEM 

C DUMP HEAT EXCHANGER CHECKOUT 

D TRACE HEATING CHECKOUT 

E EVACUATE AND PURGE 

F SODIUM FILL 

G HOI' SYSTEM CHECl<OUT 

APPROVALS 

CRTF Test Engineer 

ESG'Test~ineer 

(C F Operations/Safety Engineer 

,9RI'Fupervisor 
I. 
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A. Valve Checkout 

A.l Provide instrument air to the sodium loop at 
100 + 5 psig 

A.2 Operate each of the following mannual valves through 
its full range, leaving each valve in the indicated 
position. 

FILL VALVE 
DRAIN TANK DRAIN VALVE 
BYPASS VALVE 
PLU(l;IOO VALVE 
PIlJGGING UX>P VENT VALVE 

CIDSED 
CIDSED 
OPEN 
CIDSED 
CIDSED 

A.3 Operate sodium drain valve (LCV 003) using the drain 
valve control switch. Verify valve operation and 
limit switch indication. 

A.4 Operate pressure equalization valve (PCV 004) using 
the pressure equalization valve switch on the control 
console. Verify operation and limit switch indica
tion. 

A.5 Operate panel "A" flow control valve (FCV 101) 
through its full operating range using Panel "An 
Controller set in the manual mode. Verify valve 
operation, position indication at end points and mid
point, and limit switches and light at end points. 

A.6 Verify that panel nAil flow control valve (FCV 101) 
fails in the open position when either/or both elec
trical and pneumatic inputs are removed. 

A.7 Repeat steps A.5 and A.6 for panel "B" flow control 
valve (FCV 102). 

A.8 Repeat steps A.5 and A.6 for panel "C" flow control 
valve (FCV 103). 

A.9 Operate bypass flow control valve (FCV 001) through 
its full operating range using the bypass flow con
trol. Verify valve operation, position indication at 
end points and midpoint, and limit switches at end 
points. 

A.10 Repeat step A.9 with the plugging meter flow control 
valve (FCV 002) • 

A.ll Connect regulatable gas source to the hand valve at 
surge tank rupture disc vent. Adjust at gas source 
to 1.5 + 0.5 psig. Open the hand valve. Verify that 
PSH066 activates the annunciator and open vent valve 
PCV066. Reset PSH066 if necessary. 
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A.12 Repeat step A.Il for the drain tank rupture disc vent 
for operations of PSH067 and PCV067. 

B. Argon Supply System 

B.l Connect a nitrogen cylinder with regulator to the Argon 
supply inlet. Set the regulator to 48 psig. 

B.2 Close pressure equalization valve (PCV 004). Close 
drain valve (LCV 003). 

B.3 Using the console controls, set cover gas supply 
pressure to 45 psig on both surge and drain tanks. 

B.4 Adjust the low pressure switch of PS046, surge tank 
cover gas Hi-lo pressure alarm switch, to activate 
the annunciator at approximately 1 psig. 

B.5 Raise the pressure of the surge tank to 45 psig using 
the pressure set point controls on the console. 

B.6 Adjust the high pressure contact of PS046 to activate 
the annunciator at approximately 45 psig. 

B.7 Repeat step B.4 for PS063 and the drain tank pressure. 

B.8 Raise the drain tank pressure to 45 psig. 

B.9 Adjust PS063 high pressure contact. 

B.10 Lower surge tank pressure to 30 psig using console 
controls. Read this pressure at manifold pressure 
inlet, outlet (PT 35, 36) and at EM pump inlet and 
outlet (PT 77, 78). 

B.ll with drain tank pressure still set at 45 psig and 
surge tank pressure set at 30 psig, open pressure 
equalization valve. Observe that drain tank supply 
valve (PCV 006) is inoperative, that surge tank vent 
valve (PCV 007) vents, and drain tank pressure drops 
to 30 psig. 

B.12 Reduce system pressure, remove nitrogen supply, and 
reconnect Argon line. 

C. Dump Heat Exchanger Checkout 

C.l Verify that control air is connected to DHX door 
operator. 

C.2 Adjust air pressure to 60 psig. 
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C.3 Operate DHX doors using heat dump door operator switch 
Verify door operation and limit switch lights. 

C.4 Operate DHX louvers using heat dump louver control from 
full close to full open. Verify louver operations and 
record travel time. 

C.S Adjust louvers and DHX doors to full open. Switch heat 
dump control to LOCAL. 

C.6 Operate DHX fan No. lover its full range of operating 
speed using the console control. 

C.7 Repeat step C.6 for DHX fan No.2. 

C.8 With both fans operating, depress emergency shutdown 
switch on the console. Observe both fans stop and the 
DHX doors close. 

D. Trace Heating Checkout 

0.1 Verify data logger sensor input complete per Table I. 
Refer to Figures 1, 2, 3, and 4 for color grouping. 
Verify that DHX doors and louvers are closed. 

0.2 Verify all trace heater control switches off. 

D.3 For each of the following switches, activate switch, 
increase voltage to 40 VAC, monitor the associated 
thermocouples and observe a temperature rise of 
approximately 20oF, switch circuit off. 

SWITCH 

Sl 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
S10 
Sll 
S12 
S13 

S14 
S15 
S16 

S17 
S18 

S19 

'IHERMJCOUPLES 

9A, Bi 10, 11, 12 
19, 138, 136A, B, C 
13, 14, 15, 17, 18, 
20, 21 
137A, B, C 
127A, B, C 
125A, B, C 
126A, B, C 
77 
Spare 
51, 52A, Bi 53, 55 
Spare 
l28A, B, C; l35A, B, C, 
139 

140, 141, 39, 40, 41 
1, 2, 3 
4, 5, 6, 7A, Bi 8A, B 

ST 1, 2, 3, 4 
ST 5, 6, 7, 8, 9, 10, 13 

14 
. ST 11,12 

8-6 

DATA r.cx:;GER CHANNEL 

5-5,5-6,5-7,5-8,5-9 
5-10,6-1,6-2,6-3,6-4 
2-1,2-2,2-3,2-4 
10-8,10-9 
6-5,6-6,6-7 
6-8,6-9,6-10 
7-1,7-2,7-3 
7-4,7-5,7-6 
4-7 
Spare 
1-5,1-6,1-7,1-8,1-9 
Spare 
7-7,7-8,7-9,7-10,8-1 
8-2,8-3 

8-4,8-5,8-6,8-7,8-8 
8-9,8-10,9-1 
9-2,9-3,9-4,9-5,9-6, 
9-7,9-8 

2-3,2-4,2-5,2-6 
2-7,2-8,2-9,2-10,3-1, 
3-2,3-3,3-4, 

3-5,3-6 

-, 
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SWITCH THERMOCOUPLES DATA I.(X;GER CHANNEL 

S2~ 69, 72 4-4,4-5 
S21 5~ 4-6 
S22 65.l\, Bi 66A, Bi 6SA, Bi 3-2,3-3,3-4,3-5,3-6 

70 3-7,3-8 
S23 67A, B 3-9,3-1~ 
S24 71 4-1 
S25 25, 54 4-2,4-3 
S26 61 2-7 
S27 DT 1, 2 1-1,1-2 ' 
S28 DT 11, 12 2-1,2-2 
S29 DT 3, 4, 5, 6 1-3,1-4,1-5,1-6 
S3~ DT 7, 8, 9, 10 1-7,1-8,1-9,1-10 
S31 42, 43, 44, 45 9-9,9-1~,1~-1,10-2 
S32 46, 47, 48, 49A, B 10-3,1~-4,1~-5,10-6,10-7 
S33 28, 29, 30, 31 2-3,2-4,2-5,2-6 
S34 56, 57, 60 1-1,2-1,2-2 
S35 26A, Bi 27A, B 2-8,2-9,2-10,3-1 
S36 HX 1 THRU 18 3-7 to 3-10, 4-1 to 

4-10, 5-1 to 5-4 

E. Evacuate and Purge 

E.l Install blanket heater over receiver panel. 

E.2 Attach vacuum punp to sodium loop. Start pump. 

E.3 Activate all heater circuits at 4~ ~C, monitor 
equilibrium temperatures in each heated circuit. 
Readjust each voltage to reach a uniform temperature 
of 400oF. Record equilibrium temperature and re
quired voltage on each circuit. 

E.4 Readjust heater circuits to attain a uniform 
temperature of 700oF, except for the receiver panel. 
Record the required voltage on each circuit. 

E.5 After 24 hours of pumping, shut off vacuum pump. 

E.6 Close the following valves: 

Pressure equalization valve (PCV 003) 
Bypass loop flow valve (FCV 001) 
Plugging loop flow valve (FCV 002) 
Panel flow valves (FCV 101, 102, 103) 
Bypass valve 
Plugging valve 
Plugging loop vent valve 
Fill valve 
Drain tank drain valve 

E.7 Open the drain valve (LCV 003) 

E.8 Set drain tank cover gas to 10 psig. Set surge tank 
cover gas to 2 psig. 

8-7 



E.9 When pressure at PT077 reaches 10 psig, open plugging 
loop flow valve (FCV 002). Keep valve open until gas 
begins to vent from PCV 007, then close valve. 

E.10 Open bypass loop flow valve (FCV 001) and panel flow 
control valve (FCV 101). Allow gas to vent from 
PCV 007 for 30 seconds, then shut off FCV 101. 

E.ll Open panel flow control valve (FCV 102) for 30 seconds, 
then close and open FCV 103 for 30 seconds, then close. 

E.12 Open pressure equalization valve (PCV 004). 

E.13 Adjust voltages of each circuit to attain best equili
brium system temperature of approximately 400Op. 

F. Sodium Fill 

SAFETY NOI'E 

All personnel involved in the sodium fill shall be 
provided with and shall wear the following: 

A. Fire resistant coveralls 
B. Leather shoes 
C. PVC gauntlet gloves 
D. Hard hat with full face shield 
E. Jones or chemical goggles 

In addition, two 35 lb. NaX portable fire extinguishers 
will be present. 

F.l Close all sodium valves (FCV 001, FCV 002, LCV 003, 
and PCV 004). 

F.2 Prepare sodium melt station by placing barrel heater 
in catch pan. 

F.3 Adjust drain tank supply pressure to 1 psig and vent 
pressure to 1.5 psig. 

F.4 Attach transfer lines to sodium fill valve, provide 
minimum purge to atmosphere. 

F.5 Attach transfer to bottom barrel bung. Attach tem
porary TC to bottom of barrel. 

F.6 Place barrel heater on barrel. 

F.7 Attach bottled gaseous argon to top small bung. 

F.8 Attach pressure gage and relief valve manifold to top 
large bung. 

8-8 
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F.9 Preheat transfer line to 400Op. 

F.10 Preheat sodium fill line to 400oF. 

F.II Preheat sodium barrel to 400oF. 

F.12 Open barrel sodium transfer vlave. 

F.13 Open sodium fill valve. 

F.14 Transfer sodium from barrel to drain tank using 3 psig 
(maximum) pressure in barrel. 

F.15Monitor inventory in drain tank with drain tank level 
probe (LE61). 

F.16 When transfer is complete, drain tank pressure will 
rise. 

F.17 Close barrel sodium transfer vlave. 

F.18 Close sodium fill valve • 

F.19 Allow barrel and transfer line to cool to 150oF. 

F.20 Remove transfer fittings from barrel and replace 
standard bungs. Replace empty barrel with full 
barrel. 

F.21 Repeat steps F.4 through F.20 until approximately 205 
gallons of sodium is loaded into the drain tank. 

G. Hot System Fill Checkout 

SAFETY OOTE 

Personnel required to enter the test loop to monitor 
operations shall wear the following: 

A. Fire resistant coveralls 
B. Leather shoes 
C. Hard hat with full face shield. 

G.I This checkout procedure requires use of the thermal 
blanket covering the test panels to heat and maintain 
the panel tubes in the solar window area at approx
imately 400oF. 

G.2 Monitor all data logger channels to verify 4000p sys
tem terrperature. 

G.3 Establish following valve positions: 

Bypass loop flow control FCV 001 open 

8-9 



Plugging loop flow control FCV 002 
Panel flow control FCV 10,1 
Panel flow control FCV 102 
Panel flow control FCV 103 
Pressure equalization PCV 004 
Bypass valve 
Plugging valve 

open 
open 
open 
open 
closed 
open 
open 

G.4 Adjust surge tank cover gas pressure to 5 psig (vent 
pressure to 5.5 psig). 

G.5 Open drain valve LCV 003. 

G.G Adjust drain tank cover gas pressure to 20 psig to fill 
loop (set vent pressure to approximately 20.5 psig). 

G.7 Increase the drain tank cover gas pressure until the 
sodium level in the surge tank activates the high sodium 
level alarm. Increase drain tank vent pressure setting 
as necessary. 

CAUTION: Note level indication and approach high sodium 
level slowly to prevent overflowing sodium into vent 
lines. 

G.8 Close the drain valve LCV 003 to complete the transfer • 
• 

G.9 Reduce drain tank cover gas pressure to 5.0 psig and 
vent pressure to 5.5 psig. 

G.10 Close bypass valve, plugging valve, and bypass flow 
control valve (FCV 001). Open the pressure equiliza
tion valve. Close panel valves. 

G.ll Calibrate the main flow meter (FE058) by opening the 
drain valve (LCV 003) and measuring the time required 
to drain between the high level and low level probes 
in the surge tank. 

G.12 Close the drain valve to stop the drain. Close the 
pressure equalization valve. 

G.13 Repeat steps GS to G9 to return sodium to the surge 
tank. 

G.14 Set surge tank pressure to 10 psig, open drain valve, 
and again measure flow and time surge tank level change. 

G.15 Refill surge tank per steps G5 - G9. 

G.IG Set surge tank pressure to 30 psig and again measure 
flow and time surge tank level change. 

8-10 
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G.17 Refill surge tank to 6~% level. 

G.180pen bypass loop flow valve (FCV ~~l) and panel con
. trol valve (FCV l~l) • 

G.19 Start EM pump. Use manual control to increase flow in 
5 gpm increments to l3~ gpm. Record flow indications 
of the main flow meter (FE 058) and the panel flow meter 
(FE 101) and record the associated temperatures TC 101, 

TC 73. Close panel valve. 

G.2~ Repeat step G.19 for FE 102. 

G.21 Repeat step G.19 for FE 103. 

G.22· Open FCV 101, 102, 1133 

G.23 Adjust the rip on FCV 1~1,102, 103 to obtain approxi
mately 10 gpm minimum flow. 

G.24 Depress emergency shutdown button on console. 
Observe EM pump stop, equalization and drain valves 
open. Time the return of sodium to the drain tank by 
observing level indication • 
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INTEGRATED TEST PROCEDURE FOR CRTF/ESG SODIUM-COOLED 
SOLAR RECEIVER TESTING 
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1. PRETEST INFORMATION 

The test program for the ESG sodium cooled solar receiver panel is 
comprised of nine tests designed to meet the following goals: 

1) demonstrate satisfactory panel operations at design heat flux 
and temperature 

2) achieve a maximum number of diurnal thermal cycles 

3) demonstrate satisfactory diurnal startup and shutdown 

4) demonstrate satisfactory nocturnal thermal control 

5) demonstrate control during insolation changes 

6) control several panels in parallel 

7) demonstrate panel dimensional stability 

8) achieve representative lateral power distribution 

9) demonstrate acceptable panel thermal losses 

10) accommodate various simulated emergency condtions 

OPERATING PE~SONNEL 

CRTF Test Conductor 

ESG Test Conductor 

Loop Operator 

Panel Operator 

Console Operator 

Field Tvbni tor 

SUPFORT PERSONNEL 

Operations/Safety 

Ins trumen ta tion 

Software 

CREW "A" 

Ken Bell 

Dick Johnson 

Tim George 

Greg Poucher 

Bill McAtee 

Paul Flora 

PRIMARY 

John Holmes 

Milt.Stomp 

Debee Risvold 

C-5 

CREW "B" 

Larry Seamons 

Jim Clark 

Tim George 
Debee Risvold 

B. O. Ellis 

BACKUP 

John Otts 



2. CRTF/ESG SAFETY CHECKLIST 

Test ID __________________ _ Date --------
Test Title _____________________________________________ __ 

Tower Occupants 

Communications established 

Personnel location verified 

Safety equipment in place 
1. PVC protective gloves 
2. Fire retardent coveralls 
3. Hard hats with full face shields 
4. NaX (class D) fire extinguishers 
5. Scott air packs at 287 level 
6. Dry sodium carbonate, shovels 
7. Emergency air l;)acks at 287 level and 

control room 

Water cleared from drip pans, drain plugs install
ed 

"Test In Progress" ligh t ON 

Non-test personnel cleared from area or in 
secure location 

Generator ON (Frequency check Load 
check ) 

Field monitor in place for startup 
1. Communications established 
2. Gates closed, red lights on at tower 

road gates 
3. Field clear 

9981 Control room locked 

Command to beam UP heliostats to far standby 
shall be given only after above checklist 
is c~leted by O/S Engineer 

. 
Heliostat and sodium systems returned to safe 
configurations at termination of testing 
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3. TEST DESCRIPTION 

3.1 Low Power Testing 

The purpose of testing the sodium-cooled solar receiver (SCSR) 
panel at lower power (0.8 MWt) is to demonstrate the operability of 
the sodium loop system and determine the characteristics of the 
system. r-Ethods of operation during this testing phase include both 
manual and automatic control. The system is to be routinely oper
ated, (1) to demonstrate the use of solar preheat prior to filling, 
(2) to selectively utilize the heliostat field, building up a normal 
flux distribution on the panel to achieve the desired power level, 
and (3) to perform a series of tests which verify the character
istics of the system. 

TO demonstrate the operability and stability of the receiver, 
the system will be switched to and from automatic control while 
operating at steady state. The effectiveness of emergency shutdown 
and system response will be determined by initiating at least one 
of each of the following emergency shutdowns, (1) heliostat scram, 
(b) loss of sodium flow scram, (c) dump valve scram, and (d) loss 
of DHX blower scram. 

3.2 Isothermal Testing 

The purpose of performing isothermal testing of the SCSR sys
tem is to determine the conductive and convective heat losses which 
result when subjecting the unheated solar panels to different 
environments. A minimum of two tests will be conducted, one during 
a no-wind condition and the second during an intermediate wind con
dition. 

Solar preheat of the panel is required to fill the loop with 
sodium and assist heating as the loop temperature is increased to 
7000 F. Sodium flow is to be maintained at 115 gpn during each 
test. When desired sodium flow and temperature conditions are 
achieved, solar heat and trace heat are terminated and then thermal 
decay characteristics will be determined. 

3.3 Intermediate Power Testing 

The purpose of performing intermediate power tests (1.7 MWt) 
on the SCSR receiver panel is to (a) demonstrate the operation of 
the system while developing a temperature differential of 370 and 
5500 F across the receiver panel, (b) determine the effects on the 
system resulting from the introduction of either a power step by 
means of increasing or decreasing the heliostat field or a flow 
step by means of increasing or decreasing sodium flow through the 
receiver panel. The tests to be performed in the intermediate 
power test series include: 
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1) Demonstrate stable steady-state operation of the receiver 
panel with a power input of 1.7 MWt. The loop is to be 
operated with 115 gpm total flow through the panels pro
ducing a sodium temperature increase of 3700F (550 to 
920oF). Both manual and automatic operation is required. 

2) Demonstrate stable steady-state operation of the receiver 
panel with a power input of 1.7 MWt using a total flow of 
78 gpm to develop 11000F outlet temperatures. Both manual 
and automatic operation is required. 

3) A series of power and flow step tests are to be performed 
to provide additional data on transient operating charac
teristics while operating at 1.7 MWt with a normal flux 
distribution. A total of two power step tests will be 
performed by initiating a -15 and -25% power change from 
steady state 1.7 MWt. After allowing the system to 
stabilize at the lower flow conditions,. the respective 
positive power change is applied to the panels, returning 
to the original flow. The flow step tests, two each, are 
conducted in the same manner by increasing the flow to 
establish a new (lower) temperature across the receiver 
panel. 

3.4 Design Power Testing 

The purpose of performing design power tests (2.5 MWt) on the 
SCSR receiver panel is to (a) demonstrate the stability of the test 
article operating at design power conditions, (b) determine the 
effects on the system resulting from a series of power steps ranging 
from 10 to 50%, (c) determine the effect on the system resulting 
from redistribution of the incident flux on the receiver panel, and 
(e) demonstrate system response to emergency shutdown. 

The tests to be performed in the design power test series 
include: 

1) Demonstrate stable steady-state operation of the receiver 
panel and system at a power input of 2.5 MWt. The loop is 
to operate at a total flow through the panels of 115 gpm, 
producing an overall sodium temperature increase of 550°F 
(550 to 1100oF). Both automatic and manual control of the 
receiver panel and DHX is required. J:XIring these tests, 
bumpless transfer of panel control sensors is to be demon
strated, i.e., flux sensor to thermocouple. 

2) A series of power step tests are to be performed, either 
allowing natural cloud passage to produce the power 
transient or preprogrammed heliostat removal and replace
ment to produce the power transient. '!he power transient 
tests are to be initiated from a steady-state power level 
of 2.5 MWt with system conditions as described in 1) 
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above. The magnitude of power steps is to range from 10% 
to 50%. During these tests, the system response to both 
both the negative and positive steps will be made to as
sure component temperature limitations are not exceeded. 

3) Flow step tests will be intiated from steady-state condi
tions described above by either decreasing or increasing 
sodium flow from the nominal 115 gpn value. After equil
ibrium conditions are established, the system is returned 
to its pretest condition, during which the response of the 
system is determined. At least one of the intermediate 
flow step tests is to be repeated, where the flow ramp 
cycle is closely coupled. 

4) The receiver will be operated at steady state with a 
,skewed flux distribution. The loop is to operate at a 
total flow through the panels at 115 gpm, groducing an 
overall sodium temperature increase of 550 F (500 to 
1100oF) • . 

5) The open loop tests are initiated from a steady-state power 
level of 2.0 MWt at a total flow of 115 gpm by increasing 
the power in 10% steps (0.2 MWt) until a total power of 
2.5 MWt is achieved. A minimum of three tests are required 
to establish sufficient data on the thermal characteristics 
of the system. 

6) Additional operating experience is to be obtained by per
forming emergency shutdowns. These tests are to be 
initiated at the completion of a day's run and are to 
include: 

a) Heliostat scram 
b) IDss of sodium flow scram 
c) Durnp valve scram 

3.5 High Power Testing 

The purpose of performing tests on the receiver panels in ex
cess of design power is to demonstrate that the panels and DHX can 
be safely operated at thermal power levels up to 20% greater than 
design. 

The tests to be performed in the high power test series 
includes: 

1) Demonstrate stable steady-state operation of the receiver 
panel and system with the full field of heliostats on 
target ( 3.0 MWt). The loop is to operate at a total 
flow of 140 gpm, producing an overall sodium temperature 
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increase of 5500F (550 to 11000F). Both automatic and 
manual control of the receiver panel and DHX is required. 
Transient resonse is to be investigated. During these 
transients, the magnitude of the power step will be 
guided by the system recovery response i.e., feedback 
oscillation during power step recovery, so that test 
limits are not exceeded. 

2) The higher temperature characteristics of the panel will 
be investigated. During this test the overall temperature 
differential across the receiver panels will be increased 
to 6000F~T while maintaining a steady state flow of 125 
g~. 
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TABLE I 

HELIOSTAT GROUP ASSIGNMENTS 
, 

A 

HELIOSTAT 
GROOP ID. HELIOSTAT NO. LOCATION AIM POINT 

1 100 N11Wl 3 
WARMUP 101 NIIW2 3 

102 N11W3 3 
283 NIIEI 3 
284 NIIE2 3 
285 NIIE3 3 

IIYiI EQWER 
-----------------------------------------

2 88 NHJWl 1 
89 Nl0W2 ') .... 
90 N10W3 5 
91 Nl0W4 4 
92 N10WS 3 

103 NIIW4 3 
104 NIIWS 3 
114 Nl2Wl 3 
271 N10El 2 
272 N10E2 1 
273 N10E3 4 
274 N10E4 5 
275 N10E5 3 
286 NIIE4 3 
287 NIIE5 3 
297 N12El 3 

3 77 N9Wl 5 
78 N9W2 4 
79 N9W3 2 
80 N9W4 1 

115 N12W2 3 
116 Nl2W3 3 
117 N12w4 3 
128 Nl3Wl 3 
260 N9El 4 
261 N9E2 5 
262 N9E3 1 
263 N9E4 2 
298 N12E2 3 

• 299 N12E3 3 
300 N12E4 3 
311 N13El 3 
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4 58 N7Wl 5 
67 NSWI 1 
68 N8W2 2 , 
69 N8W3 5 . 
81 N9W5 5 

129 N13W2 3 
241 N7El 4 
250 N8E1 2 
251 N8E2 1 
252 N8E3 4 
264 N9E5 4 
312 N13E2 3 

INl'ERMEDIATE 
PQolER 

5 70 N8W4 4 
71 N8W5 1 
82 N9W6 4 
83 N9W7 2 
93 N10w6 3 
94 Nl0W7 3 
95 N10W8 3 

105 NIIW6 3 
253 N8E4 5 
254 N8E5 2 
265 N9E6 5 
266 N9E7 1 
276 N10E6 3 
277 N10E7 3 
278 N10E8 3 
288 Nl1E6 3 

6 59 N7W2 4 
60 N7W3 2 
61 N7W4 1 
72 N8W6 2 

106 NIIW7 3 
107 N11W8 3 
108 N11W9 3 
109 N11W10 3 
242 N7E2 5 
243 N7E3 1 
244 N7E4 2 
255 N8E6 1 
289 NIIE7 3 
290 NIIE8 3 
291 NIIE9 3 
292 . NIIE10 3 .. 
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7 49 N6Wl 1 
50 N6W2 2 

· 51 N6W3 5 
· 62 N7W5 5 

118 Nl~v5 3 
119 Nl2W6 3 
120 Nl2W7 3 
121 Nl2W8 3 
232 N6E1 2 
233 N6E2 1 
234 N6E3 4 
245 N7E5 4 
301 N12E5 3 
302 N12E6 3 
303 N12E7 3 
304 N12E8 3 

8 39 N5W1 5 
40 N5W2 4 
41 N5W3 2 
42 N5W4 1 

" 52 N6W4 4 
4 

122 Nl2W9 3 
123 Nl2W10 3 
130 N13W3 3 
222 N5E1 4 
223 N5E2 5 
224 N5E3 1 
225 N5E4 2 
235 N6E4 5 
305 N12E9 3 
306 N12EH~ 3 
313 N13E3 3 

DESIGN 
POiJER 
-------------------------------------

9 73 N8W7 5 
74 N8WS 4 
84 N9WS 1 
85 N9W9 5 
96 N10W9 3 
97 Nl0W10 3 

110 N11Wl1 3 
III NllW12 3 
256 N8E7 4 
257 N8E8 5 
267 N9E8 2 

· 268 N9E9 4 
279 N10E9 3 
280 N10E10 3 
293 N11E11 3 
294 N11E12 3 



10 53 N6W5 1 
54 N6W6 2 
63 N7W6 4 

. 
~ 

64 N7W7 2 
124 NI2Wll 3 
125 NI2W12 3 
131 NI3W4 3 
132 N13W5 3 
236 N6E5 2 
237 N6E6 1 
246 N7E6 5 
247 N7E7 1 
307 N12Ell 3 
308 N12E12 3 
314 N13E4 3 
315 N13E5 3 

11 43 N5W5 5 
44 N5W6 4 
75 N8W9 2 
86 N9WI0 4 -133 NI3W6 3 ~ 

134 NI3W7 3 
135 NI3W8 3 
136 N13W9 3 
226 N5E5 4 
227 N5E6 5 
258 N8E9 1 
269 N9E10 5 
316 N13E6 3 
317 N13E7 3 
318 N13E8 3 
319 N13E9 3 

12 28 N4Wl 1 
29 N4w2 2 
55 N&N7 5 
65 N7W8 1 

142 N14w1 3 
143 N14W2 3 
144 NI4W3 3 
145 N14W4 3 
211 N4El 2 
212 N4E2 1 
238 N6E7 4 
248 N7E8 2 
325 N14El 3 
326 N14E2 3 

, . 
327 N14E3 3 
328 N14E4 3 
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HIGH ro-lER 
---------------------------------------

13 45 N5W7 2 
56 N6W8 4 
66 N7W9 5 

J.' 76 N8WI0 1 
87 N9Wll 3 
98 NI0Wll 3 
99 NI0W12 3 

112 N11W13 3 
228 N5E7 1 
239 N6E8 5 
249 N7E9 4 
259 N8E10 2 
'270 N9Ell 3 
281 N10E11 3 
282 N10E12 3 
295 N11E13 3 

14 30 N4W3 4 
46 N5W8 1 

113 NllW14 3 
126 Nl2W13 3 
127 Nl2W14 3 
137 NI3WI0 3 
138 N13Wll 3 
213 N4E3 5 
229 N5E8 2 
296 N11E14 3 
309 N12E13 3 
310 N12E14 3 
320 N13EI0 3 
321 N13Ell 3 

15 31 N4w4 5 
32 N4w5 1 

139 N13WI2 3 
140 NI3W13 3 
141 NI3W14 3 
146 N14W5 3 
147 N14W6 3 
214 N4E4 4 
215 N4E5 2 
322 N13E12 3 
323 NI3E13 3 
324 N13E14 3 
329 N14E5 3 

, 330 N14E6 3 .. 

C-15 



4. STAR'IUP PROCEDURES 

4.1 Panel Preheat 

1. Activate all trace heat circuits. Monitor data 
logger and adjust individual heaters until all 
thermocouples read 4000 F + 50. 

2. Activate/verify CRTF data acquisition system. 

3. Verify 3 gpm cooling water flow to flux sensors. 

4. Set warmup-run switch to warmup position. 

5. Verify heliostat scram circuits. 

6. Complete safety checklist. 

7. Bring all heliostats to standby. 

8. Adjust low delta-T scram set p:>int on panels A, B, 
and C to zero. 

9. Bring warmup group heliostats to target. 

10. Monitor all panel temperatures to verify tempera
ture increase to 4000 F minimum. 

11. Adjust warmup heliostats as necessary. 

4.2 Sodium Fill Procedure 

1. Ver ify sodium in drain tank 4000 F minimum. 

2. Verify argon gas supply at 45 psig. 

3. Close pressure equalization valve (PCV 004). 

4. Pressurize drain tank to 20 psig. 

5. Open drain valve LCV 003 to initiate fill. 

6. Monitor sodium transfer on drain tank level 
indicator. Vent surge tank as needed. 

7. As sodium enters the surge tank, monitor sodium 
level on the surge tank,level indicator. 

8. Verify surge tank low level indicator switch 
clears. 
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9. Fill surge tank to 50% capacity. 

10. Close drain valve when fill is complete. 

11. Adjust drain tank cover gas pressure set point 
to 5 psig. 

12. Open pressure equalization line valve (PCV 004). 

4.3 Sodium Flow Procedure 

1. :Set EM pump control to manual. 

2. Set panel control valves (FCV 101, 102, 103) to 
manual. 

3. Turn EM pump switch on. 

4. Adjust pump voltage in 10% steps to obtain 125 
gpm. At each step monitor: 

a) Pump duct temperature 
b) Pump winding temperature 
c) SCSR manifold inlet/outlet pressure 
d) SCSR manifold differential pressure 
e) Pump inlet/outlet pressure 
f) Pump vol tage 
g) Loop main flow 

5. Turn on EM pump blower as required to maintain 
less than 3000 F duct and winding temperature. 

6. Manually adjust FCV 101, 102, and 103 (equally) 
to obtain a total flow of 115 gpm through panels. 

7. Set warmup-run switch to run. 

8. Request CRTF operator to place on target the helio
stats required for operation. Select nllllber of 
heliostats according to test from Table I. 

9. As the panel outlet temperatures increase above 
550oF, open DHX doors. 

10. Deactivate trace heating except for drain tank. 

11. Adjust DHX outlet tempe~ature to 550oF. Maintain 
5500 F by adjusting DHX fans. 

12. When the required number of heliostats are on 
target, adjust DHX outlet setpoint to 550oF, switch 
DHX control to automatic. 
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13. Adjust panel flow control valves (FCV 101, 102, 
103) to obtain required test temperature. 

14. When equilibrium conditions are established, slowly 
increase set point of Panels, A, B, and C flow 
controllers to obtain required test temperature. 

15. Switch Panels A, B, and C flow controller to auto
matic. 
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5. TEST PROCEDURES 

5.1 Low Power Operability Test 

1. Initiate receiver panel preheat per procedure 4.1. 

2. Initiate sodium fill per procedure 4.2. 

3. Establish 115-gpm sodium flow in loop per proce
dure 4.3. 

4. Maintain manual control of ?anel and DHX. 

5. Ini tia te power increase to o. 8 ~-1Wt per procedure 
4.3 maintaining normal flux distribution on panel. 

6.. At equilibrium conditions, 550°F inlet and 735°F 
outlet, initiate steady-state transf~r from manual 
to automatic control tests for the receiver panel 
flow control and DHX temperature control. 

7. Return receiver panel and DHX control to manual • 

8.' Repeat steps 6 and 7 ten times to complete 
operability test. 

EMERGENCY SYSTEM CHECKS 

9. Depress heliostat slew button on control console. 

10. Return heliostats to target, reestablish equili
brium conditions. 

11. Stop EM pump. Observe flow rate decline to zero. 
Heliostats should scram off target. If scram does 
not occur within 5 seconds after flow reaches 
zero, manually give heliostat scram. 

12. Return heliostats to target, reestablish equili
brium conditions. 

13. Set panel high temperature scram setpoint below 
735°F. 

14. Return heliostats to target, reestablish equili
brium conditions. 

15. Momentarily open drain valve (LCV 003). Observe 
heliostat scram. 

16. If sodium remains above low level alarm in surge 
tank, return heliostats to target, reestablish 
equilibrium conditions. If low sodium alarm is 
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activated, go directly to step 17 without return
ing heliostats. 

17. End test by depressing emergency shutdown button 
on console. 

18. Return loop to standby condition per procedure 
6.2. 

5.2 Isothermal Test 

1. Initiate solar ?reheat on receiver per procedure 
4.1, measure wind speed. Test should be done dur
ing calm conditions. 0-5 mph wind speed. 

2. Initiate sodium fill per procedure 4.2. 

3. Establish 115-gprn sodium flow per pr~cedure 4.3. 

4. Increase solar input to panel in small increments 
to approach 8000 F loop temperature. 

5. When uniform loop temper a tures of 8000 F, reques t 
heliostats be moved to far standby position. 

6. Monitor flow rate and panel inlet and outlet 
temperatures to determine heat loss characteris
tics. 

7. When loop temperature falls to 4000 F, return 
heliostats to bring loop temperatures back to 
8000 F. 

8. Readjust flow rate to 65 gpm, remove heliostats. 

9. Again monitor flow rate, inlet and outlet 
temperatures to determine panel heat loss 
characteristics. 

10. When lowest panel temperature reaches 400°F, 
initiate system shutdown per procedure 6.1. 

11. Repeat this test at a time when winds are moder
ate (l0-15 mph). 

5.3 Intermediate Power Operability Test 

1. Initiate receiver panel preheat per procedure 4.1. 

2. Initiate sodium fill per procedure 4.2. 

3. Establish 115-gprn sodium flow in loop per proce
dure 4.3. 
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4. Maintain manual control of panel and DHX. 

5. Initiate power increase to 1.7 MWt per procedure 
4.3 maintaining normal flux distribution. 

6. Adjust sodium flow to achieve 370°F temperature 
differential across the receiver panel. 

7. Initiate test to demonstrate system stability by 
transferring panel and DHX control from manual to 
automatic control. 

a) Adjust set point of TIC 101 approximately 5% 
high and switch to AUTO, verify decrease of 
flow in Panel A, increase in Panel A ~T. 
Manually adjust flow in Panels Band C to 
maintain system within test limits, maintain 
DHX to a manual set point of 550°F. Return 
manual and auto set points to original set
ting and allow system to stabilize. 

b) Repeat Step 6.a with TIC 102 and 103, manually 
adjusting flow in Panels A and C and A and B 
to maintain system within test limits. 

c) Adjust set points of TIC 101, 102, 103 for 
bumpless transfer to automatic control. Set 
DHX TIC to automatic control. Adjust TIC 
101, 102, and 103 to establish a 410°F ~T 
across the receiver panel. During the transi
tion, monitor the DHX fan speed and control to 
assure outlet temperature of 550°F. 

8. Decrease sodium flow to approximately 80 gpm to 
establish a 550°F temperature differential across 
the receiver panel. Repeat steps 7 a, b, and c. 

9. Shutdown system per procedure 6.1. 

5.4 Intermediate Power, Power Step and Flow Ramp Tests 

1. Startup system per startup procedures 4.1, 4.2, 
and 4.3. 

2. Initiate power ramp tests. Set up initial system 
cond i t ions: 

Sodium flow (FCV 101, 102, 103 
Sodiun inlet 
Sodium outlet 
Total power input 
Flux distribution 
DHX control 
Panel ABC control 
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60% Open) 115 gpn 
550°F 
920°F 
1. 7 MWt 
Normal 
Auto 
Auto 



3. Preselect required heliostats which at time of test 
produce 0.255 MWt power, 15% of total. 

4. Verify pretest conditions established. Initiate 
command to remove heliostats to standby. 

5. Observe (a) total flow has decreased to 96 gpm 
(b) total ~T across panels remains 370°F 
(c) pretest and test temperature profile 

across panel (LUIO) within test 
limits 

6. When equilibrium conditions have been established, 
return 0.255 MWt to panel by realigning heliostats 
of Step 3 on target. 

7. Observe (a) total flow increases to 115 gpm 
(b) total ~T across panels remains 370°F 
(c) pretest and test temperature profile 

across panel (LUIO) within test 
limi ts 

(d) determine magnitude of feedback oscil
lation on outlet temperature 

8. Repeat steps 3 to 7 using a -25% (-0.425 MWt) 
power r~. 

a) Test flow 85 gpm 
b) TOtal ~T across panel 370°F 

9. Initiate flow ramp tests. Set up initial system 
conditions: 

Sodium flow (FCV 101, 103, 103 60% open) 
Sodium inlet 
Sodiurn outlet 
TOtal power input 
Flux distribution 
DHX outlet 
DHX control 
Panel ABC control 

115 gprn 
550°F 
920 0 P 
1. 7 MWt 
Normal 
550 0 P 
Auto 
Auto 

10. Change flow to 96 gpm by changing EM pump voltage. 

11. Observe (a) increased DHX fan speed to control 
leg temperature to 550°F 

(b) total ~T across panel increases to 
450 0 P (outlet 1000°F) 

(c) pretest and test temperature profile 
across panel wi thin test 1 irni ts 

12. When equilibrium conditions are established, 
return loop flow to pretest condition. 
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13. Observe (a) total ~T across panels decrease to 
370°F 

(b) total flow increases to 115 gpm 
(c) DHX fan speed returns to pretest 

condition 
(d) determine magnitude of feedback oscil

lations on outlet temperature 

14. Repeat steps 10-13 to initiate ramp flow test at 
80 gpn. 

a) Test flow 85 gpm 
b) Total ~T across panel 550°F 
c) Outlet temperature 1l00oF 
d) Assure increase DHX fan speed to maintain 550°F 

outlet temperature 

15. Shutdown system per procedure 6.1. 

5.5 Design Power Operability Test 

1. Startup system per startup procedures 4.1, 4.2, 4.3 

2. Initiate power increase to 2.5 MWt maintaining 
normal flux distribution. 

3. Initiate tests to demonstrate system stability by 
transferring panel and DHX control from manual to 
auto control. 

a) Adjust set point of TIC 101 approximately 5% 
high and switch to auto, verify decrease of 
flow in Panel A, increase in Panel A~. Man
ually adjust flow in Panels B and C to main
tain system within test limits, maintain DHX to 
a manual set point of 550°F. Return manual and 
auto set points to original setting and allow 
system to stabilize. 

b) Repeat Step 3.a with TIC 102 and 103, manually 
adjusting flow in Panels A and C and A and B 
to maintain system within test limits. 

c) Adjusting set points of TIC 101, 102, and 103 
for bumpless transfer to automatic control. 
Set DHX TIC to automatic control. Adjust TIC 
101, 102, 103 to establish a 500°F ~ across 
the receiver panel. During transition, monitor 
the DHX fan speed and control to assure outlet 
temperature of 550 0 P across the receiver panel. 
During transition, monitor the DHX fan speed 
and control to assure outlet temperature of 
550o P. 
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4. At convenient periods during this test sequence, 
initiate checkout of the following emergency shut
down and/or safety scrams: 

a) Heliostat scram 
b) Loss of sodilBll flow scram 
c) Dump valve scram 
d) Single-panel high outlet temperature scram 

from panel outlet 
e) Total high sodilBll temperature scram from TE134 

5. Initiate sodilBll drain per Procedure 6.1. 

5.6 Design Power - Power Step And Flow Ramp Tests 

1. Startup system per startup procedures 4.1, 4.2, 4.3 

2. Initiate power increase of 2.5 MWt ~intaining nor
mal flux distribution. 

3. Initiate power ramp tests. Set up initial condi
tions. 

SodilBll flow (FCV 101, 102, 103 80% open) 
SodiLIII inlet 
SodilBll outlet 
Tbtal power input 
Flux distribution 
DHX control 
Panel ABC control 

115 gpn 
550°F 
11000F 
2.5 MWt 
Normal 
Auto 
Auto 

4. Preselect required heliostats which, at time of 
test, produce a 10% power change. 

5. Verify pretest conditions established. 

6. Initiate command to remove heliostats to standby. 

7. Observe (a) totai flow has decrease to 100 gpm 
(b) total ~T across panels remains 550°F 
(c) pretest and test temperature profile 

across panel (LUlO) within test 
limits. 

8. When equilibrilBll conditions have been established, 
initiate return of heliostats removed to standby 
back to target. 

9. Observe (a) total flow. increases to 115 gpm 
(b) total ~T across panels remains 550°F 
(c) test and posttest temperature profile 

across panel (LUlO) within test limits 
(d) determine magnitude of feedback oscil

lation.on panel outlet temperature 
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10. Repeat steps 6-9, initiating a 20% power change. 

11. Repeat steps 6-9, initiating a 30% power change. 

12. Repeat steps 6-9, initiating a 40% power change. 

13. Repeat steps 6-9, initiating a 50% power change. 

14. Initiate flow ramp tests. Set up initial condi
tions per step 2. 

15. Decrease flow by 8% (adjust to 106 gpm). 

16. Observe (a) increased DHX fan speed to control 
cold leg temperature to 550°F 

(b) total ~T across panels increases to 
600°F (hot leg 1150°F) 

(c) pretest and test tempera~ure profile 
across panel within test limits 

17. When equilibrium conditions are established, re
turn loop to pretest condition • 

18. 

19. 

a) TOtal ~T across panels decreases to 550°F 
b) TOtal flow increases to 115 gpm 
c) DHX fan speed returns to pretest condition 
d) Determine magnitude of feedback oscillations 

on outlet temperature 

Repeat steps 14-17 to initiate flow step test at 
increased flO\Al. 

Expected ~T Expected Outlet 
Across Temp. with Inlet 

Flow Panel at 550°F 

a) 127 490°F 10400 F 
b) 138 460°F lOlO°F 
c) 144 440°F 990°F 
d) 150 420°F 970°F 

Shutdown system per procedure 6.1. 

5.7 Design Power Operability Tests With Skewed Flux Distribution 

1. Startup system per startup procedures 4.1, 4.2. 4.3 

2. Increase power to 2.5 MWt, maintaining normal flux 
distribution. 

3. Change the heliostat aimpoints to obtain the fol
lowing conditions: 
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Panel 
A B C 

a) .9 .8 .7 
b) 

Thermal power d~stribution (MWt) 
Peak flux (W/cm ) 1.5 1.25 1.0 

c) Panel outlet temperature (OF) 1100 1100 1100 
d) Flow rate (gpn) 44 38 

4. Observe following sensors~ maintain within test 
limits: 

a) Panel A, B, C flux 
b) Panel A, B, C hot tube temperature 
c) Panel A, B, C temperature distribution 
d) Panel A, B, C sodiun flow 
e) Total sodium flow 
f) Panel outlet temperature 
g) DHX outlet temperature 

32 

5. Initiate power steps and flow ramps as per proce
dute 5.6. 

6. Shutdown system per procedure 6.1. 

5.8 ~sign Power ~n wop Test 

1. Startup system as per startup procedures 4.2, 4.2, 
4.3. 

2. Increase power to 2.0 MWt maintaining normal flux 
distribution. 

3. Adjust flow control to maintain 950°F panel out
let temperature. 

4. Set panel A, B, and C flow controls to manual. 

5. Initiate 10% power step change (to 2.2 MWt). 

6. Monitor system response during step until equili
brium conditions are established. 

7. Initiate another 10% power step change (to 2.4 MWt). 

8. Monitor system response. Careful monitoring of 
panel temperatures is required. 

9. Shutdown system per shut:Qown procedure 6.1. 

5.9 High Power Testing 

1. Startup system per startup procedures 4.1, 4.2, 4.3. 
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2. Adjust EM pump and flow control valves to establish 
a flow of 140 gpn. 

3 •. Increase power to 3.0 MWt or until all available 
heliostats are on target. 

4. Initiate auto control of both DHX and panels. 
Establish 1100°F panel outlet temperature. 

5. Preselect required heliostats, which at time of 
test produce a 10% power change. 

6. Initiate command to remove heliostats to standby. 

7. Observe (a) total flow has decreased 
(b) total ~T across panels remains 550°F 
(c) pretest and test temperature profile 

across panel (LUIO) within.test limits. 

8. When equilibrium conditions have been established, 
initiate return of heliostats removed to standby 
back on target. 

9. Observe (a) total flow increases to pretest value 
(b) total ~T across panels remains 550°F 
(c) test and post-test temperature profile 

across panel (LUIO) within test limits 
(d) determine magnitude of feedback oscil

lation on panel outlet temperature 

NCYI'E: Limit succeeding tests so feeb
back oscillation temperatures do 
not exceed test limits. 

10. Repeat steps 6-9, initiating a 20% power step. 

11. Repeat steps 6-9, initiating a 25% power step. 

12. Shutdown system per shutdown procedure 6.1. 

5.10 High Power, High Temperature Test 

1. Startup system per startup procedures 4.1, 4.2, 4.3. 

2. Adjust EM pump and flow control valves to establish 
a flow of 140 gpm. 

3. Increase power to 3.0 MWt or until all available 
heliostats are on target. 

4. Maintain auto control of both DHX and panels. 
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5. Establish panel outlet temperature of IIOOoP and DHX 
outlet of 550oP. 

6. Increase panel outlet setpoint to l150o P. 

7. Observe (a) total flow has decreased 
(b) test temperature profile across panel 

(WIO) within test limits 
(c) DHX outlet remains at 5500 P 

8. Shutdown system per shutdown procedure 6.1. 
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6 • SHU'I'lXWN PROCEDURES 

6.1 Manual Shutdown 

1. Request CRI'F operator to remove helisotat field to 
far standby, then to normal stow position. 

2. Switch panels A, B, and C flow control to manual. 

3. Open Panels, A, B, and C control valves to 100% open. 

4. Switch DHX fans off. 

5. Close DHX doors. 

6. When loop temperatures approach 400-450o F range, 
switch EM pump off, EM pump blower off. 

7. Initiate trace heating on all loop circuits. 

8. Open pressure equalization valve. 

9. Open drain valve. 

10. Observe sodium level in surge tank decrease to o. 
Sodium drain is complete when sodium level in 
drain tank reaches 100%. 

11. Close drain valve, close pressure equalization 
valve. 

12. Adjust drain tank and surge tank cover gas pressure 
to 5 psig. 

13. When panel temperatures fall below 150°F, turn off 
flux sensor and RTAF cooling. 

6.2 Emergency Shutdown 

In the event of any abnormal condition on the system, either the 
tower operator or the CRTF operator can initiate a heliostat scram, 
which removes all the heliostats from the target and repositions them 
at the far standby position. 

Four conditions: 1) drain valve open, 2) loop over temperature, 
3) loss of sodium flow, and 4) panel over temperature will cause an 
automatic heliostat scram. Following the initiation of the scram, if 
the system is left in automatic control, the panel flow control 
valves will close to minimum and the DHX fan speed will decrease in 
an effort to maintain system set point temperatures. 

At this point the system will be in the same condition as it 
\\QuId be after step 1 in the normal shutdown procedure, 6.1. To 
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complete the shutdown, the remaining steps 2 through 13 of the shut
down procedure (6.1) should be followed. 

If the cause of the scram is found and the test director desires, 
operation may resume at this point by bringing the group 1 heliostats 
back to target. If at any time sodium temperatures fall below 400°F, 
a drain down should be initiated. 

Should an emergency situation arise that would require fast ac
tion by the loop operator, an emergency shutdown switch is provided 
on the control console. This switch immediately slews the helio
stats, stops the EM pump and pump blower and closes the heat dump 
doors. About 10 seconds later the drain valve and the pressure 
equalization valve opens and the system begins to drain. This same 
sequence of events occurs when a loss of power is experienced. 
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7. SODIUM LEAK RECOVERY 

A sodium leak is detected either by the loop smoke detector or 
by visual observation. In the event of this occurance, Unmediately 
implement the following procedures. 

1) Either CRI'F operator or loop operator may initiate a helio
stat scram. 

2) Call for continued visual observation from ground level. 
When CRI'F operator verifies heliostats are at far standby, tower 
operator may observe module from tower top. 

3) If sodium oxide smoke is present, loop operator will imme
diately drain the system via the emergency shutdown switch. 

4) Loo? operator will verify sodium drain completed before 
any entry into module is made. 

5) Any entry into the loop structure following a sodium leak 
shall be made with the following personnel safety precautions: 

a) Full fire retardent coveralls with openings taped 
shut. 

b) PVC gauntlet gloves 

c) Hard hat with full face shield 

d) Chemical or Jones goggles 

e) NaX extinguishers and dry sodium carbonate avail
able 

f) Scott air packs available 

6) Determine source of sodium leak. 

7) Clean fire residue. 

8) Repair defect in loop. 
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TRACE HEATERS AND THERMOCOUPLES IDENTIFICATION 
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,~, Rockwell International NO OSOOPOOOOOI 
Energy Sptema Group PAGE 12 

TABLE I 

DATA LOGGER SENSOR SCHEDULE 
(Sheet 1) 

~ 

HTR 
Data Logger Sensor Circuit 

Channel No. Function No. 

001 rC9 Cold leg piping-A HTR-9A&B S-l Red 
002 TClO Cold leg piping-A HTR-IO S-l II 

003 TCll Cold leg piping-A HTR-11 S-l II 

004 TC12 Cold leg piping-A HTR-12 S-l 
OOS TC19 Cold leg piping-B HTR-19 S-2 
006 TC138 Panel inlet piping HTR-138 S-2 
007 TC136A Inlet piping panel A HTR-136A S-2 
008 TC136B Inlet piping panel B HTR-136B S-2 
009 TC136C Inlet piping panel C HTR-136C S-2 
010 TC13 PTI line HTR-13 S-3 

- 011 TC14 PTI line HTR-14 S-3 
012 TClS PTI line HTR-lS S-3 
013 TC17 PTI line HTR-17 S-3 
014 TC18 PTI 1 ine HTR-18 S-3 
01S TC20 Sodium bypass line HTR-20 S-4 
016 TC2l Sodium bypass line HTR-21 S-4 
017 TC137A Valve bonnet FCVlOl HTR-137A S-S 
018 TC137B Valve bonnet fC102 HTR-137B S-S II 

019 TC137C Valve bonnet FCl03 HTR-137C S-S II 

020 TC127A Inl et header panel A) 
021 TC127B Inlet header panel B HTR-127 S-6 II 

022 TC127C Inlet header panel C 

023 TC12SA Panel A lower HTR-12S-l S-7 Green 
024 TC1258 Panel Blower HTR-125-2 S-7 II 

025 TC125C Panel Clower HTR-125-3 S-7 II 

026 TC126A Panel A upper) 
027 TC1268 Panel 8 upper HTR-126 S-8 II 

028 TC126C Panel C upper 

029 TCEP125 Panel Outlet Pres Sensor HTREP128 S-9 White 
030 TCEP129 Panel Inlet Pres Sensor HTREP129 S-10 II 

031 TCEP136 Pump Outlet Pres Sensor HTREP136 S-11 II 

032 TeEP137 Pump Inlet Pres Sensor HTREP137 5-12 II 

. , 
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Il.' Rockwellintemational NO . OSOOPOOOO01 
Energy systems Group PAGE . 13 

TABLE I 

DATA LOGGER SENSOR SCHEDULE 
(Sheet 2) 

"-

HTR 
Data Logger Sensor Circuit 

Channel No. Function No. 

033 TC12BA Outlet header panel A HTR-128A S-13 Amber 
034 TC12BB Outlet header panel B HTR-12BB S-13 .. 
035 TC12BC Outlet header panel C HTR-12BC 5-13 
036 TC13SA Outlet piping panel A HTR-13SA 5-13 
037 TC135B Outlet piping panel B HTR-135B 5-13 
038 TC13SC Outlet piping panel C HTR-135C 5-13 
039 TC139 Hot leg piping HTR-139 S-13 
040 TC140 Hot leg piping HTR-140 S-13 
041 TC141 Hot leg piping HTR-141 5-13 
042 TC39 Hot leg piping A HTR-39 5-14 

, 

043 TC40 Hot leg piping A HTR-40 S-14 
044 TC41 Hot leg piping A HTR-41 S-14 
045 TC1 Hot leg piping B HTR-1A&B 5-15 
046 TC2 Hot leg piping B HTR-2A&B 5-15 
047 TC3 Hot 1 eg piping B HTR-3A&B S-15 
04B TC4 Hot leg piping C HTR-4A&B S-16 
049 TCS Hot leg piping C HTR-5A&B S-16 
050 TC6 Hot leg piping C HTR-6A&B 5-16 
051 TC7 Hot leg piping C HTR-7A&B 5-16 
052 TC8 Hot leg piping C HTR-BA,B,C S-16 
053 TC5Tl Surge tank top HTR-STl S-17 
054 TCST2 Surge tank top HTR-ST2 S-17 
055 TCST3 5urge tank top HTR-ST3 S-17 
056 TCST4 Surge tank top HTR-5T4 S-17 
057 TCSTS Surge tank sides HTR-STS S-18 
058 TCST6 Surge tank sides HTR-5T6 S-1B 
059 TCST7 Surge tank sides HTR-ST7 S-18 
060 TCSTS Surge tank sides HTR-STS S-1S 
061 TCST9 Surge tank sides HTR-ST9 S-1S 
062 TCSTlO Surge tank sides HTR-STlO S-1S 
063 TCSTl1 Surge tank bottom HTR-5Tl1 S-19 
064 TCSTl2 Surge tank bottom HTR-STl2 5-19 
065 TC69 Sodium fill line HTR-69 5-20 
066 TC72 Bonnet valve EP207 HTR-72 S-20 . 
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11' RockwefllnternatlonaJ NO OSOOPOOOOOI 
Energy systems Group PAGE . 14 

TABLE I 

DATA LOGGER SENSOR SCHEDULE 
(Sheet 3) 

" HTR 
Data Logger Sensor Circuit 

Channel No. Function No • 

067 . TCSO EM pump duct HTR-50 S-21 White 
068 TC6S Valve bonnet FCV001 HTR-62 S-22 II 

069 TC66 Valve bonnet FCV002 HTR-63 5-22 II 

070 TC68 . Valve bonnet LCV003 HTR-67 S-22 
071 TC70 Valve bonnet EPl17 HTR-64 5-22 
072 TC67 Valve bonnet PCV004 HTR-6S 5-23 
073 TC71 Valve bonnet EPl16 HTR-66 5-24 
074 TC2S- Drain line HTR-25 S-25 
075 TC54 Drain line HTR-54 S-25 
076 TC61 Drain tank to VT HTR-61 S-26 

-: 077 TCDTl Drain tank top HTR:;DTl 5-27 
078 TCDT2 Drain tank top HTR-DT2 S-27 
079 TCDTl1 Drain tank bottom HTR-DTll 5-28 
080 TCDTl2 Drain tank bottom HTR-DT12 S-28 
081 TCDT3 Drain tank sides HTR-DT3 5-29 
082 TCDT4 Drain tank sides HTR-DT4 S-29 
083 TCDT5 Drain tank sides HTR-DT5 5-29 
084 TCDT6 Drain tank sides HTR-DT6 S-29 
085 TCDT7 Drain tank sides HTR-DT7 5-30 
086 TCDT8 Drain tank sides HTR-DT8 5-30 
087 TCDT9 Drain tank sides HTR-DT9 5-30 
088 TCDTlO Drain tank sides HTR-DTlO 5-30 
089 TC42 Equalizing line HTR-42 5-31 
090 TC43 Equalizing line HTR-43 5-31 
091 TC44 Equalizing line HTR-44 5-31 
092 TC45 Equalizing line HTR-45 5-31 
093 TC46 Equalizing line HTR-46 5-32 
094 TC47 Equalizing line HTR-47 5-32 
095 TC48 Equalizing line HTR-48 5-32 
096 TC49 Equalizing line HTR-49 S-32 
097 TC28 Drain tank vapor trap HTR-28,30 S-33 
098 TC29 Drain tank vapor trap HTR-29,31 S-33 
099 TC56 Surge tank vapor trap HTR-56,58 S-34 
100 TC57 Surge tank vapor trap HTR-57,59 S-34 
101 TC60 Surge tank to VT HTR-60 S-34 
102 TC26A Cold trap HTR-26A S-35 II 

. . 
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,~, RockwelllnternationaJ 

Energy Systems Group 

Data Logger Sensor 
Channel No. 

103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 

TC27A 
TC26B 
TC27B 
TCDHXl 
TCDHX2 
TCDHX3 
TCDHX4 
TCDHX5 
TCDHX6 
TCDHX7 
TCDHX8 
TCDHX9 
TCDHXI0 
TCDHX11 
TCDHX12 
TCDHX13 
TCDHX14 
TCDHX15 
TCDHX16 
TCDHX17 
TCDHX18 -
TC73 

TABLE I 

NO . 0500POOOOOl 
PAGE • 15 

DATA LOGGER SENSOR SCHEDULE 
(Sheet 4) 

Function 

Cold trap 
Cold trap 
Cold trap 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Dump Heat Exchanger 
Main Flowmeter 

D-6 

HTR-27A 
HTR-2GB 
HTR-27B 

DHX Heaters 
ON 

HTR 
Circuit 

No. 

S-35 
$-35 
$-35 

$-36 

White 
II 

II 

II 

II 
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Figure 1. Red Group, S l-S6, Trace Heaters and Thermocouples 

D-7 



, ." . 
r:'r.r:.c. 

-~~~-- 517 SURGE TANK TOP 

S14, HOT LEG PIPING - A 

513 OUTLET HOR 
AND PIPING 

, , 

{ , 
\ 

I 
I 

) : : 

(: ~j : I .... ,"1' • 
I tw', u 

'. I Y 
(......... :, ,L I 

II' (... I • I 

~\, ... .... 11' ! \.' .......... ... ... ~ ... ~ .... 

'~.-~ --.- -, : ) '-
.. "")f"A ~ ~: 

(. ~,II ... :;j 
./'... ....'1' ........ oJ) ........ \...- ~ .... ~ .. 

S18 SURGE TANK SIDES 

519 SURGE TANK BOTTOM 

5 HOT LEG PIPING - B 

516 HOT LEG PIPING - C 
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Figure 3. Green Group, 57-58, Trace Heaters and Thermocouples 
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APPENDIX E 

INCIDENT FLUX MEASURING SYSTEM DATA 
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,,:,. :) .. 135G01:·:FILE".FOa·ESG FLUX DATA 
TIME 

HR: HI: .SE: W/CI'J2 W/CJ.1J2 W/CM2 W/CM2 W/Cli2 W/Cl'I2 W/Cl'I2 W/CJ1f2 W/CM2 W/CM2 

10 18 25 0.09 8.18 8.07 8.19 8.21 
10 18 29 8.20 0.18 8.17 0.19 0.31 
10 18 33 0.20 0.18 0.17 0.29 0.41 
10 18 38 0.42 0.27 0.46 8.70 0.94 
10 18 42 0.65 8.56 0.15 8.90 1.36 
10 18 .46 0.54 0.66 1.04 1.62 2.20 
10 18.51 0.99 1. 14 1.72 2.64 3.67 ..... 7V v ....... v.v ... v • • ~ v. 
10 18 55 1.55 1.82 2.68 4.06 6.56 7.61 8.31 9.94 9.8fS 9.61 
10 18 59 2.01 2.40 3.65 5.59 7.76 10.47 11.79 14.16 14.20 14.00 
19 19 .4 2.80 3.46 5.39 7.94 18.81 14.55 16.20 19.26 19.51 19.27 
10 19 0 4.04 5.00 7.61 11.10 14.91 19.85 21.88 25.81 25.99 25.42 
10 19 12 5.51 6.84 10.13 14.4'l 19.21 25.26 27.60 32.70 32.76 32.25 
10 19 17 6.53 0.09 12.26 17.5a 23.52 31.12 34.64 40.H7. 41. n' 40.51 
13 19 21 7.32 9.15 13.90 20.38 27.13 36.11 40.10 47.53 48.~4 48.~1 

rr1 10 19 25 9.24 11.4'[ 17.19 24.36 32.27 42.03 46.20 54.52 55.21 55.4,4 
I 

N 0 0 0 11.41 14.82 21.54 29.25 36.58 .47.30 51.40 60.84 64.71 62.97 
]0 19 25 12. ]4 16.84 24.23 32.54 30.65 49.51 53.40 62.99 69.66 66.37 
]0 19 21 12.75 17.26 24.66 32.75 39.05 50.32 54.28 64.37 i: I '3 rl 67.71 
10 19 17 13.75 17.7B 24.77 32.43 30.75 49.61 53.73 63.73 70.84 67.15 
]e) 19 12 14.34 10.72 25.51 32.64 38.26 47.87 5i.12 60.02 66.24· 62.30 

,10 19 0 13.34- 17.15 23.48 29.78 34.59 43.39 46.21 54.19 59.60 56.()<) 
10 19 4 It. 9{. 15.18 20~49 25.54 29.54 36.96 39.4& 46.39 51. (l9 4'I.BH 
10 18 59 10.25 12.68 16.91 20.98 23.79 29.82 31.39 37.3B 40.92 3B.56 
IQ 18 55 8.25 9.98 13.17 16.06 IB.0·~· 2.~.48 23.32 27.71' 30.33 28.68 
10 18 51 6.04 7.48 9.96 12.14 13.34 16.52 16.85 19.79 
1-0 18 46 4.14 5.09 6.85 8.43 9.08 11.32 11.51 13.81 
1@ 18 42 2.60 3.22 4.50 5.68 6.2J . 
10 18 a8 1.60 2.0', 3.00 3.77 4.23 5.40 5.29' 6.1'(' 6.75 
10 18 33 0.90 1.35 1.82 2.39 2.8-4 3.46 3.55 4.0:) 4.6"0 
1 f:) 18 29 0.50 0.83 1.29 1. 715 1.95 2.44· 2.4·6 2.89 3.11 
l() 18 25 0.30 0.52 0.86 1.22 1. 15 1.63 1.48 1.93 2.04 1. fiB 

Test #18, Time = 1018, 110 Heliostats 

:.. .. ( t' , . 



~ , .. . , }. , . 

135501 - FILE FOR ESG FLUX DATA 
TUfF. 

HIl: Hi: SE: W/C~2 w/cJ.I'"a W/CM2 W/CIi2 W/CM2 W/CM2 W/CJ.l'".12 W/CM2 

10 18 25 0.56 0.46 0.39 0.41 0.00 0~27 0.13 0.04 
10 18 29 0.66 0.56 0.69 0.62 0.00 0.27 0.25 0.24 
]() 18 33 1. 10 0.99 0.89 0.83 0.00 0.37 0.25 0.24 
10 18 38 1.90 1.74 1.48 1.26 0.00 0.58 0.59 0.44 
10 18 4·2 2.98 2.70 2.27 1.93 0.00 0.98 0.82 0.65 
10 18 46 4.60 3.10 0.00 1.60 1.27 0.99 
10 18 51 6.97 6.13 5.99 4·.48 0.00 2.41 1.96 1. 10 
10 18 55 10.00 8.69 7.27 6.28 0.00 3.2'l 2.64 1.91 
10 18 59 14.42 12.87 10.74 9.46 0.00 5.11 3.83 2.83 
10 19 4 19.82 17.79 15.00 13.38 0.010 7.45 5.65 3.95 
10 19 8 26.41 23.89 20.15 18.26 0.00 10.21 ' 7.70 5.38 
10 19 12 33.54 30.63 25.90 23.24. 0.00 13.27 9.98 7.01 
10 19 17 42.14 38.08 32.04 28.65 0.00 15.82 11.81 8.24 
10 19 21 50.88 46.64 39.54 35.64 0.00 20.51 15.80 10.99 

", 10 19 25 58.55 53.81 45.38 41.54 0.00 24.28 18.65 12.93 I 
w () 0 0 65.79 59.56 52.21 47.79 20.51 28.57 22.36 15.31 

10 19 25 68.17 61.28 54.97 50.25 38.73 29.89- 23.35 15.66 
10 19 21 69.76 62.52 56.56 51.62 40.45 31. 17 24.68 16.76 
10 19 17 68.74 61.49 55.28 49.88 38.93 30.32 24.07 16.36 
10 19 12 63.64 57.06 51.26 46.53 36.30 28.39 22.74 15.57 
10 19 8 57.27 50.92 46.17 41.82 32.67 25.50 20.29 13.94 
1.0 19 4 48.8a 43.71 39.53 35.62 28.12 21.97 17.54 11.67 
10 18 59 39.26 35.16 31.90 28.60 22.61 17.76 13.97 9.49 
10 18 55 29.22 26.61 .24·.16 21.73 16.95 13.26 10.60 7.31 

• 10 18 51 20.'33 18.58 16.74 14.91 11.80 9.20 7.65 5.33 
10 18 46 14. ]3 12.87 11.65 10.65 8.37 6.52 5.40 3.85 
10 18 42 . . 4 .4·8 6.80 5.44 4.38 3.67 2.86 
1" ~ .• ' 18 38 6.04 5.45 4.83 4.45 3.52 2.88 2.55 1.97 
1-' v 18 33 3.99 3.5C1 3.03 2.83 2.41 2.13 1.93 1.47 
10 18 29 2.73 2.36 2.07 1.9'{ 1.60 1.49 1.42 1.07 
IJ 18 25 1.93 1.65 1.65 1.59 1.30 1. 17 1.01 O.6B 

Test H18, Time = 1018, 110 Heliostats (cont) 



I35502F ILK FOR ESC FLUX DATA 
TINE 

IIR: HI: SE: W/C~2 W/CiV"J2 w/cm W/Cl'12 W/C~..2 W/CN2 W/Cl'12 W/C1'J'2 W/CM2 W/CM2 

12 17 16 0.22 0.36 0.42 0.52 0.55 0.57 
12 17 20 0.56 0.46 0.61 0.72 0.97 1.06 
12 17 25 0.45 0.55 0.71 0.92 1. 18 1.55· 
12 17 29 0.79 0.84 1. 10 1.43 1.81 2.43 
12 17 33 1.24 1.42 1.68 2.15 2.76 3.89 
12 17 38 1.69 1.91 2.64 3.58 4.44 6.27 
12 17 .,2 2.37 2.87 4.10 5.62 7.06 9.69 
12 17 46 3.61 4.22 6.13 8.17 10.21 12.64 13.02 15.02 14.37 
1 ~~ 17 51 5.08 6.15 8.93 12.04, 15.36 18.97 19.87 22.46 20.81 
12 17 55 6.78 8.t'S 12.02 16.33 20.82 26.15 27.52 31.34 29.11 
12 18 0 8.92 10.78 15.80 21.73 27.26 34.10 35.87 40.62 37.76 
12 18 4 11.18 13.58 19.86 26.97 33.98 42.16 44.18 49.72 48.38 46.64· 
12 18 8 12.99 15.90 23.14 31.67 39.97 49.91 52.65 59.38 57.71 • 55.71 
12 1B ·13 14.57 18.12 26.37 36.46 46.27 57.36 60.19 67.B2 66.25 : 64.40 

ITt 
12 18 17 15.36 19.18 28.12 39.21 49.84 61.95 65.52 73.81 72.38 71.04 

I (li (7) 0 15.66 20.68 30.19 40.95 49.97 62.54 66.13 75.07 77.30 73.82 
.j:>. 12 18 17 15.84 22.24 32.53 43.47 51. 11 64.18 67.86 71.44 83.88 77.95 

12 18 13 15.74 21.93 31.89 42.19 49.47 62.25 65.68 75.11 'm':'To 75.29 
12 18 8 15.43 20.78 29.22 38.06 44.91 56.64 60.12 69.17 75.11 69.85 
12 18 4 13.74 18.50 25.90 33.29 39.16 49.64 53.03 61.33 66.34 61.74 
12 18 0 11.63 15.58 .21.73 27.99 32.82 41.4.8 44.58 52.04· 56.49- 52.69' 
12 1'( 55 9.54 12.5'(' 17.51 22.37 26.38 32.91/ 35.64 41.76 45.73 42.70 
18 17 51 7.74 9.66 13.34.· 17.24 20.03 25.36 27.24 32.22 32.71 
12 17 ~6 6.04 7.26 9.59 11.94 14.44 17.92 19.51 23.21 24.49 
12 11 42 4.63 5.39 6.92 8.44 10.08 12.67 13.7'9 16.70 17.57 
J2' 17 g8 3.34 3.83 4.88 5.90 6.71 9.00 11.0 11.79 
12 17 33 2.29 2.69' 3.39 4.10 4.63 5.64 5.95 . '( • 0 
I? 17 29 1.610 I.B6 2.32 2.72 3.15 3.4·9 3.66 4.40 4.58 
12 17 25 1. 10 1.34 1.57 1.77 1.96 2.27 2.35 2.81 2.91 
12 17 20 0.60 0.82 0.93 1.02 1.26 1.35 1.37' 1.65 1.58 
j:~ I', 16 0.29 0.40 0.60 0.71 0.67 0.74 0.71 0.91 0.92 

,. 
Test #18, Time = 1217, 110 Heliostats 
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135582 FILE FOR ESC FLUX DATA 
TIME 

HR,: ' HI: SE: W/CN2 W/CM2 W/CM2 W/Cl'i2 w/cm W/Cl'i2 W/CM2 W/Cl'12 

12 17 16 8.49 8.45 8.88 8.28 8.22 0.20 
12 17 29 8.59 8.4.·5 8.00 8.28 8.22 0.30 
12 17 25 8.89 8.77 8.88 8.38 8.45 9.61 
12 17 29 1.48 1. 19 8.00 8.61 8.68 0.58 
12 17 33 2.37 1.87 8.00 1.82 1.02 0.85 
12 17 38 4.16 3.25 8.00 1.73 1.59 1.36 
12 17 42 . . 6.58 5.37 8.00 2.54 2.16 1.77 
12 17 46 14.62 12.73 18.14 8.44 0.00 4.01 3.09 2.18 
12 17 51 28.77 17.97 14.01 11.62 8.00 5.44 3.92 2.99 
12 17 55 29.09 25.83 19.56 16.88 8.00 7.69 5.63 4.01 
12 18 8 37.95 33.86 26.20 21.91 8.00 18.54 7.45 5.03 
12 18 4 47.30 41.68 33.43 28.37 0~0D 13.91 9.73 6.16 
12 18 8 56.70 58.14 48.43 34.52 8.00 17.87 11.90 7.69 
12 18 13 65.77 58.37 47.87 40.52 8.00 28.64 14.52 9.11 

m 12 18 17 72.79 65.44 52.82 45.92 8.00 24.11 17.37 11.15 
I 0 0 0 75.82 66.36 55.79 ' .8.98 18.78 26.62 19.56 12.45 
U'I' 12 18 17 78.42 67.95 59.25 (h.88 38.23 28.13 20.89 13.96 

....... 1 12 18 13 75.79 65.69 57.45 58.64 37.73 28.92 28.80 13.06 0\' 
12 18 8 79.44 61.95 53.63 47.41 35.61 26.73 19.99 12.77 
12 18 4 62.23 54.36 48.01 42.82 32.58 24.78 18.76 12.47 
12 18 8 53.15 46.78 41.59 37.12 28.34 21.68 16.62 11.98 
12 17 55 43.35 38.64 34.79 38.92 23.73 18.24 14.07 9.40 
12 17 51 33.55 29.99 26.96 23.85 18.28 13.96 18.81 7.32 
12 17 46 25.57 23.19 28.68 18.82 13.63 18.21 8.05 5.64 
12 17 42 18.22 16.35 14.56 12.89 9.79 7.43 6.12 4.35 
12 17 38 12.18 11.28 8.88 6.56 4.97 3.97 2.97 
12 17 33 . . 5.95 4.34 3.15 2.65 2.07 
12 17 29 5.09 4.71 3.72 2.82 2.38 2.04 1.58 
12 17 25 3.06 2.76 2.23 1. 71 1.65 1.42 1. 18 
12 17 20 1.69 1.52 1.36 1.11 1.81 1.01 0.89 
12 17 16 8.99 8.88 8.86 8.78 8.69 8.61 8.59 

Test #18, Time = 1217, 110 Heliostats (cont) 
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18GI.3 FlU! FOR ESC FI.UK DATA 133603 t'1I.t: t'OIl E80 t'LUX DATA 
TIItF. 

1m. "" SE' lI/CID V/CID lI/CII2 lI/Cra ",cra "'CID lI/C/!2 ./cra ./cm ./Cf12 ""'Cti2 III'Ctl2 .... Cli:l ./CtA tI/Ctr~ ,,/crt! "I'Ct;:~ """Cll! 

1:1 69 Bt .... •• 69 .... i.aa •• 88 0.715 11.64 •• Id •• 00 •• 40 •• 22 0.(111 11 • .." 1.17 I." 1.'8 I.at 1.83 ,. IT •• 116 •. eo •• 1. •. 16 0.63 14 8 •• 18 '.46 ••• •••• a.I' a.11 1.93 1.80 •• 00 •. 81 •• 79 •• 'f'1 
.4 12 1.9:11 1.9' •• 11 8." 8.69 '.71 •• 20 •• 89 •• 00 1.82 1.'3 0.97 11 16 •• 98 •••• .... '.tt 6." '.98 8.24 8.66 •••• 1.98 1.48 1.28 It 2. 8.91 '.16 8.'10 7 •• ' 8.78 .81 8.21 ••• 0 2.BI 2.S9 1.89 ... 28 8 •• a 6.0. 8.al ... " la.7a •• 0 .' .• 6 7.90 •• 1' 4.22 8.46 2.61 
.l 29 7.113 8.la ".12 ••• 79 .7.76 .'.11 .1 .... lIB." 82.61 a •. (19 H.8' .7.82 18.70 11.81 1.00 6.01 '.71 8.112 
". 8, ..... ".8. II.BI a •• '" ".22 29.82 8 •• 86 .8.715 8a.1O 80.07 29.'1 21.1' 19.94 16.91 1.80 8.71 , 6.1' '.44 11 38 12.76 14.78 21.79 27 •• 7 33.2' 89.92 4 •• 80 ..... 48.'3 010.66 39.91 3 •• 16 27.18 22.91 1.88 11.97 8.93 1.97 
If .a .6.49 .9.2:1 26.63 8'.72 42.06 8 ••• a 1 •• 01 ..... 88.14 1 •• 12 49.m 43 •• 7 •••• 2 28.17 1.00 1'.88 1 •. 98 7.20 

fT1 If .. 7 '9.88 22.88 31. .. ' •• 63 '8.99 88.38 19.11 61." 6 •• 68 19.40 i 19.010 12.17 41." 81.67 •• 80 19.2'1 ".40 9.14 
I 11 GI 82.19 26.H 86 ••• ".11 11.61 66.14 67.71 74.78 71.111 68.68 ".0. 61.69 49 •• 48.01 •• 118 23.18 17.60 11.99 ...... I: 86 ".010 28.'2 89.29 ..... 61._ 79.87 71.29 82.81 79.81 76.72 n.91 69.93 16.77 49.84 '.00 27.68 21. IS ".14 11 • a'.IB 28.8a 89.7B 12.86 68.79 71.84 79.8B 88.47 BI.09 B4.'4 116. II 78.82 6 •. 28 117. II •••• 8a.1I7 2'.09 111.66 \) 0 23.111 29.211 '8.118 12.IB 61.83 TII.81 79.01 88.69 9'.80 86.17 B7.97 78.10 66." 19.26 2:1.64 3 •• 77 27.17 17.29 11 0 23.1' 81.'7 '3.97 16.11 68.69 n.97 81.8' tl.60 90,'11; " 91.14 92.11 BO.'8 70.00 6 •. 74 .7 •• 3 36.61 28.60 18.115 11 16 .8.18 Be.8. '1.88 18.88 60.82 74.71 78.1' 88.17 ,.-;utI 87.Ul' 118.8a 76.82 67.8' 89.09 ".82 81.61 2B.29, IB.11:1 It .. 81.28 26.9. 86.38 46.18 111 •• 8 61.63 69.81 ft.9I 86.40 80.21 OI.IIG 711.24 62.22 111.84 '11.19 • •. 0' 27.07 .0.45 I~ 47 18." 113." 81.2. 89.77 41.39 16.81 6 •••• 69.6;1 "'.19 78.411 7.1.21 62.31 11.711 10.39 89.21 81.26 25.09 16.86 11 48 '4.7' 18.'0 24.61 8 •• 86 811.78 ".16 67.77 16." 62.11 17.79 119." 12.63 '7.80 '11.82 8'.71 28.811 22.64 111.3/1 II 38 11.84 1'.97 19.911 2'.61 28." 81.28 87.82 ".43 '8.99 46.111 ,".2. '2.68 88.88 81." 28 .... 22.49 18.'" '2.67 J .~ 3. B.74 11.82 1".72 18.21 21..1 26.1. 28.69 •••• 4 87.76 81.42 86.112 83.00 80.14 87.78 2:1.12 18.06 .'.99 .8.39 I ~ 29 6 .... 7.8B 9.911 1 ••• 0 I •.•• 18 .• 4 19.61 .'.29 .7.06 ".lil 26.72 2'.611 22.72 .1.00 17.18 1'.18 11.00 8.61 It 8 21 8.98 '.78 6.37 B •• 8 '.68 11.29 1'.61 ".4. 'U.28 If.bIJ 18.12 16.8" 11.62 1".88 12.23 1 •. 211 8.67 6.33 II • 21 2.40 8 •• 1 3.80 '.96 6.21 .21 • 3 I .... 8.49 7.0' 6.12 4.66 I: 0 16 1.78 2 •• 7 2.73 8.68 '.83 .: .. B.09 7.41 6.99 6.117 1.116 '.117 '.10 3.46 H • •• 0.89 1.2. '.66 2.'1 8.96 8.82 4.81' 1.29 4.96 11.2' •• 04 .... a ••• 9 8.84 2.86 2.711 2.37 n • 8 '.10 '.72 1.2. 1.67 2.'1 8.78 8.82 8.87 ' •• 7 8.29 8.42 8.19 8.96 2.72 2.13 1.98 1.8.') 1.48 1< 0 3 0.89 •• 12 '.7. '.98 1.21 1.18 1.79 '.88 8.00 1.8$ 1.93 I.BI 1.69 1.78 1.'2 1.86 1.22 1.811 1:1 119 69 '.29 0.'1 •• 38 •• IIB '.76 '.86 •• 97 1.1' 1.2:1 1.0. 1.14 1.112 8.911 •• 99 •• 91 •. 88 •. 81 '.79 

Test #18, Time = 1400, 158 Heliostats 



101401 FILE FOR ESG FLUX DATA 
TIME 

HR: 1111: SE: w/cm w/cra w/Cf'"a W/CI12 w/cm w/cl'f.2 W/C¥l.2 W/CN2 W/CM2 W/CN2 

12 19 17 0.80 0.92 1.38 1.55 1. 71 1.46 1.38 
12 19 22 1.25 1.02 1.28 1.65 2.02 2.18 2.46 
12 19 27 1.36 1.21 1.67 2.06 2.65 3.20 3.54 
12 19 33 2.04 1.89 2.63 3.28 4.02 4.73 5.41 
12 19 38 2.72 2.66 3.60 4.71 5.80 6.87 8.16 
12 19 43 3.85 4.01 5.54 7.16 8.95 1.flI.54 12.08 
12 19 49 4.98 5.36 7.76 10.42 13.05 1 • 1 . 
12 19 54 6.67 7.39 10.76 14.81 18.65 23.13 24.16 27.49 26.62 24.93 
12 20 (,) 8.82 10.28 15.11 20.66 26.53 32.82 34.48 39.03 37.67 35.28 
12 20 5 11.08 13.37 19.60 27.19 35.03 43.73 46.38 52.42 50.83 48.12 
12 20 10 12.89 15.63 23.66 33.51 43.96 55.73 59.72 68.40 66.74 63.64 
12 20 16 16.39 20.26 30.43 42.79 55.57 69.60 73.99 83.77 81.41 78.03 
12 20 21 18.70 23.44.· 35.07 49.12 64.08 80.41 85.87 97.09 94.57 91.69 
12 210 26 20.39 25.76 38.84 54.59 71.22 89.02 95.85 108.1 105.9 103.6 

fTl 12 20 32 21.41 27.40 41.45 58.46 76.36 95.75 103.3 116.9 V4 .• ~ 112.5 I 
CX> 0 0 0 22.31 30.17 44.83 61.73 76.09 96.09 103.5 117.8 121.5 115.8 

12 20 32 22.74 32.40 48.49 65.96 77.14 98.94 106.1 121.4 131.9 t2J-:-:9 
12 20 26 22.84 32.40 47.63 64.26 74.87 95.37 102.4 117.2 1..2'[ .. 2. 117.5 
12 20 21 22.34 30.84 44.85 59.70 69.41 87.72 94.36 108.7 117.9 108.7 
12 20 16 19.M 27.04 39.29 52.22 61. 19 77.68 83.63 97.26 105.8 97.71 
12 20 10 17.14 23.50 33.83 44.70 52.27 65.85 70.11 82.17 89.47 82.57 
12 20 5 15.04 20.07 27.84 36.43 42.10 52.69 55.62 65.95 71. 71 66.47 
12 20 0 12.44 16.32 22.49 29.01 33.68 41.51 43.34 51. 15 54.91 51.31 
12 19 54 9.94 12.79 17.31 21.59 24.46 30.19 31.03 37.16 39.76 37.32 
12 19 49 8.04 9.98 13.35 16.35 18.12 21.82 21.87 25.82 27.34 25.67 
12 19 43 6.04 7.38 9.60 11.47 12.63 Hl. H;; 14.85 17.61 18.57 17.5~ 
12 19 38 4.44,· 5.40 7.04 8.40 9.16 i . Cit . 9 .4 11.4::: 
12 19 33 3.24 3.74 4.79 5.54 6.49 7.30 7.33 8.18 8.58 7.75 
12 19 27 2.30 2.59 3.18 3.84. 4.40 4.85 4.82 5.42 5.69 5.20 
12 19 22 1.60 1.66 2.11 2.57 2.82 3.42 3.19 3.83 3.98 3.76 
12 19 17 0.80 0.72 1.04 1.30 1.33 1.99 1.77 2.,24 2.37 2.43 

Test #21, Time = 1200, 173 Heliostats 
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181481 FILE FOR ESC FLUX DATA 
TIME 

DR: I'll: BE: W/Cl'f2 W/Cl'f2 W/Cl'f2 W/Cl'f2 W/Cl'f2 W/Cl'f2 W/Cl'f2 W/Cl'f2 

12 19 17 1.27 1. 15 8.87 8.88 8.66 8.58 8.33 
12 19 22 1.92 1.55 1.45 8.08 8.76 8.84 8.88 
12 19 27 3.80 2.54 2.19 8.88 1.27 1.29 1.29 
12 19 33 4.73 3.73 3.25 8.80 1.98 1.86 1.80 
12 19 38 7.43 5.46 4.95 8.80 2.90 2.59 2.31 
12 19 43 10.99 7.83 7.87 0.88 4.86 3.62 3.13 
12 19 49 16.9 . . 8 18.46 8.80 5.98 4.99 3.64 
12 19 54 24.49 20.57 16.95 14.49 0.88 7.84 6.36 4.76 
12 20 8 34.32 29.82 23.49 19.89 8.80 10.18 7.84 5.57 
12 20 5 47.13 40.08 32.11 27.21 9.99 13.86 19.23 7.21 
12 29 19 63.22 54.23 43.27 36.75 9.99 18.45 13.31 8.74 
12 29 16 77.73 67.97 53.38 45.18 9.00 22.63 16.16 10.67 
12 29 21 92.31 81.93 64.97 55.46 9.09 27.93 19.92 13.22 
12 20 26 105.1 93.55 75.62 65.00 9.90 32.83 23.46 15.16 I'T1 12 20 32 114.4 192.2 82.65 71.47 8.00 36.79 25.96 15.06 I 

\0 0 0 0 117.1 103.2 86.99 75.79 28.74 49.04 28.79 15.71 
12 20 32 122.2 105.4 91.52 79.60 58.03 42.09 30.65 17.85 
12 29 26 118.1 102.4 89.61 78.36 57.63 42.09 30.75 16.77 
12 20 21 198.6 94.98 82.19 72.16 53.38 39.31 29.12 17.06 
12 20 16 97.41 84.66 73.56 64.47 48.93 35.35 26.26 14.79 
12 20 10 82.20 72.40 63.60 56.99 42.17 31.60 23.98 13.96 
12 29 5 66.35 59.12 52.04 46.95 35.00 26.57 20.61 10.59 
12 20 0 50.78 45.67 40.21 35.63 27.53 21. 18 16.73 7.91 
12 19 54 36.76 33.51 29.61 26.83 21.41 17.12 13.98 6.53 
12 19 49 25.47 23.31 20.60 18.89 15.55 12.73 10.82 5.04 
12 19 43 17.45 16.96 14.35 13.26 11.00 9.30 8.06 4.85 
12 19 38 . . . 8.68 7.27 6.31 5.72 3.66 
12 19 33 7.76 7.31 6.67 6.07 5.15 4.49 4.09 3.16 
12 19 27 5.25 4.94 4.55 4.21 3.53 3.10 2.86 2.17 
12 19 22 3.77 3.70 3.39 3.10 2.52 2.24 1.84 1.38 
12 19 17 2.51 2.47 2.33 2.23 1.81 1. 71 1.43 1.08 

Test #21, Time = 1200, 173 Heliastats (cant) 



101501 FILE FOR ESC FLUX DATA 
TIl'IE 

HR: I'll: SE: W,/CN2 W/CM2 W/C:M2 W/C:M2 W/C:M2 W/C:M2 W/C:M2 W/C:M2 W/C:M2 W/CN2 

13 30 30 0.76 0.99 1.34 1.63 2.10 1. 13 1.63 1.51 1.34 
13 30 35 1.55 1.47 1.82 2.04 2.41 2.52 2.85 2.59 2.32 
13 30 41 1.89 1.76 2.21 2.44 3.04 3.34 3.85 3.77 3.29 
13 30 46 2.57 2.44 3.18 3.57 4.30 5.19 5.84 5.63 5.05 
13 30 51 3.59 3.50 4.53 5.40 6.51 7.51 
13 30 57 4.83 4.75 6.27 7.54 9.23 11.22 
13 31 2 6.19 6.59 8.79 10.81 13.22 . 16. l' • 

13 31 7 8.67 9.58 12.94 16.25 19.67 23.80 24.33 27.45 26.61 24.73 
13 31 13 11.84 13.24 18.01 23.09 28.07 33.70 34.84 38.99 37.21 34.39 
13 31 18 14.21 16.27 23.04 30.23 37.52 45.53 47.49 53.09 50.61 46.78 
13 31 23 17.37 20.91 29.81 39.41 48.76 59.26 61.80 68.67 65.44 61.37 
13 31 29 20.92 25.44 36.48 48.69 60.58 73.64 77.11 85.72 81.89 76.94 
13 31 34 24.20 29.88 43.25 57.93 72.23 87.14 90.64 100.2 95.94 90.31 
13 31 39 26.01 32.58 47.70 64.36 80.32 96.83 101.0 111.7 106.8 101. 4 
13 31 45 28.49 35.67 52.01 70.17 87.04 105.2 110.2 121.2 116.1 110.8 rrJ 0 0 0 28.69 37.84 54.66 72.52 85.64 104.3 109.0 120.6 121.8 113.2 I ...... 13 31 45 29.25 40.93 59.02 77.75 87.01 107.8 112.3 124.4 J.aat , 119.5 a 13 31 39 28.36 39.47 56.66 74.14 83.25 102.4 106.7 118.7 126. 114.2 
13 31 34 26.96 36.87 51.85 66.89 75.62 93.15 97.91 110.0 117.7 106.4 
13 31 29 24.20 32.82 45.64 58.52 65.91 81.36 84.87 96.15 102.9 93.51 
13 31 23 20.60 28.14 39.05 50.04 56.35 68.71 72.01 81.99 87.97 79.75 
13 31 18 17.40 23.35 32.20 40.50 45.95 55.62 57.58 65.62 70.42 63.72 
13 31 13 13.40 17.84 24.28 30.58 34.39 41.74 43.19 49.72 53.47 48.74 
13 31 7 10.20 13.41 17.76 21.88 23.99 29.03 29.72 34.39 37.15 33.91 
13 31 2 8.00 10.29 13.26 15.95 17.25 20.87 21.22 24.43 26.23 23.80 
13 30 57 5.80 7.59 9.48 11.03 12.15 14.04 14.13 13.95 17.24 15.48 
13 30 51 4.20 5.30 6.59 7.32 7.70 . . . . 9.89 
13 30 46 2.90 3.53 4.34 4.78 4.82 5.43 5.15 5.94 6.29 5.89 
13 30 41 2.10 2.39 2.84 3.08 2.94 3.29 3.08 3.50 3.72 3.67 
13 30 35 1.50 1.66 1.77 1.81 1.85 1.86 1.88 2.02 2.33 2.23 
13 30 30 0.90 0.83 0.81 0.64 0.66 0.64 0.57 0.75 0.83 0.78 

Test #22, Time = 1330, 183 Heliostats 
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101501 FILE FOR ESG FLUX DATA 
TIME 

HR: HI: SE: W/Cl'f2 W/Cn2 W/Cn2 W/Cl'f2 W/Cl'f2 W/Cn2 W/Cl'f2 W/Cn2 

13 30 30 1.19 0.63 0.00 0.48 0.30 0.13 
13 30 35 1.89 1.80 0.00 1.30 1.44 1.45 
13 30 41 2.68 2.33 0.00 1.50 1.67 1.35 
13 30 46 3.87 3.60 0.00 2.12 2.01 1.86 
13 30 51 5.26 4.66 0.00 2.93 2.92 2.37 
13 30 57 7. 3 6.88 0.00 4.16 3.61 2.78 
13 31 2 . . . 9.96 0.00 5.48 4.41 3.19 
13 31 7 24.01 20.35 16.46 13.99 0.00 7.32 5.66 4.00 
13 31 13 33.19 27.79 22.01 18.44 0.00 9.26 6.80 4.72 
13 31 18 45.40 38.28 29.99 25.07 0.00 12.91 8.74 5.94 
13 31 23 59.91 59-.41 39.51 32.92 0.90 15.68 11.25 7.37 
13 31 29 75.03 63.47 49.22 40.55 9.00 19.15 13.75 9.10 
13 31 34 88.60 75.88 58.57 48.39 0.00 23.23 16.72 11.04 

·13 31 39 101. 1 88.25 69.28 58.72 0.00 29.41 21.39 14.00 fT1 13 31 45 110.6 97.34 77.36 65.72 0.00 33.49 24.01 14.51 I 
~ 0 0 0 112.5 97.76 81.00 70.17 26.87 37.58 27.68 16.14 ...... 13 31 45 116.8 99.13 85.05 73.34 53.20 38.88 28.84 17.46 

13 31 39 112.7 96.15 82.72 . 72.55 53.61 39.95 30.06 17.56 
13 31 34 104.9 90.52 78.16 68.33 50.68 37.92 28.74 17.46 
13 31 29 92.56 80.43 69.89 61.64 46.54 35.24 27.21 16.17 
13 31 23 79.00 68.79 60.35 53.45 40.68 31.07 24.25 14.49 
13 31 18 63.22 55.67 49.29 43.99 33.97 26.25 20.99 12.31 
13 31 13 48.40 43.10 38.37 34.53 27.20 21.33 17.58 9.99 
13 31 7 33.74 30.37 27.17 24.73 19.93 16.94 13.30 7.62 
13 31 2 23.59 21.41 19.22 17.79 14.58 12.99 10.34 5.64 
13 30 57 15.73 14.51 13.39 12.33 10.18 8.55 7.58 4.45 
13 30 51 . 1 . . 8.44 7.15 5.99 5.44 3.76 
13 30 46 6.11 5.92 5.55 5.34 4.52 3.85 3.50 2.47 
13 30 41 3.83 3.65 3.60 3.36 2.90 2.46 2.28 1.68 
13 30 35 2.34 2.31 2.22 2.12 1.89 1.60 1.46 1.08 
13 30 30 0.98 0.97 1.06 1.00 1.09 9.96 0.95 0.79 

Test #22, Time = 1330', 183 Hel iostats (cont) 



101502 FILE FOR ESC FLUX DATA 
TIME 

1m: HI: BE: W/CM2 W/CM2 W/CYJ2 W/CYJ2 W/C:M2 W/CM2 W/C:M2 W/C:M2 W/CM2 W/CYt?, 

13 49 47 0.45 0.57 0.87 1.22 1.36 1.25 
13 49 52 1.35 1.25 1.45 1.63 1.89 2.07 
13 49 58 1.69 1.44 1.74 1.83 2.20 2.47 
13 50 3 1.92 1.93 2.32 2.75 3.25 3.70 
13 50 8 2.71 2.70 3.38 3.97 4.72 5.53 
13 50 14 3.61 3.76 4.73 5.81 7.03 .19 
13 50 19 4.40 4.72 6.28 7.75 9.34 . 11.43 12.95 12.84 11. IU" 
13 50 24 6.32 6.85 9.08 11.42 13.96 17.00 17.58 19.94 19.62 18.18 
13 50 30 7.68 8.78 11.99 15.60 19.25 23.73 24.66 28.00 27.43 25.46 
13 50 35 11.18 13.12 18.12 23.50 28.81 34.95 36.09 40.21 38.63 35.51 
13 50 4·0 13.33 15.63 21.89 . 29.21 36.58 45.35 47.93 53.86 51.82 48.20 
13 50 46 18.75 22.52 31.65 41.65 51.38 62.76 65.72 73.22 70.19 65.51 
13 50 51 21.85 27.15 39.00 52.02 64.47 78.26 81.73 90.83 87.24 82.26 
13 50 56 26.37 32.75 46.64 61.71 75.91 91.87 95.95 105.9 100.9 95.83 rrr 13 51 2 28.40 35.45 50.67 67.83 83.89 101. 1 105.4 116.2 111.4 106.3 I 

0 0 0 29.85 38.77 55.14 72.89 86.20 185.1 109.7 122.8 124.1 115.5 ..... 
N 13 51 2 29.56 41.62 68.12 79.83 87.96 108.3 113.1 125.9 ·Jaa.a. ' 121. 2 

13 50 56 30.36 41.30 58.73 76.70 86.37 106.6 111.4 124.7 133.5 121.3 
13 50 51 27.36 37.62 53.48 69.70 78.44 97.50 182.7 116.0 125.3 114.9 
13 50 46 25.65 35.13 49.74 63.83 72.38 88.87 93.77 185.8 114.5 104.2 
13 50 40 22.50 30.45 42.57 54.71 62.65 77.44 B2.32 94.31 102.4 94.17 
13 50 35 19.28 25.77 35.77 45.91 52.44 64.55 67.67 76.B2 82.94 75.52 
13 50 30 15.78 28.98 2B.78 36.63 41.44 50.5B 52.38 59.61 64.2B 58.83 
13 50 24 11.98 15.99 21.B6 27.09 31.27 37.87 39.16 44.77 4B.23 43.84 
13 58 19 9.38 12.18 16.40 28.30 22.95 27.B7 28.48 32.73 .34.79 31.79' 
13 58 14 6.00 7.92 18.47 12.B4 14.42 17.47 1B.01 28.64 22.38 ""7 
13 50 8 4.00 5.22 6.94 8.68 9.63 . 1 • 15.00 13.69 
13 50 3 3.18 3.86 5.81 5.95 6.56 7.43 7.40 8.41 8.96 8.43 
13 49 58 1.60 2.10 2.6.6 3.3~ 3.78 4.57 4.67 5.44 5.86 5.55 
13 49 52 1.60 1.89 2.23 2.45 2.49- 2.64' 2.49 2.79 2.86 2.77 
13 49 47 0.50 0.74 1.05 1.08 1.01 1.21 1. 18 1.42 1.58 1.55 

Test #22, Time = 1350, 188 Heliostats 
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181382 FILE FOR ESC FLUX DATA 
TINE 

DR: I'll: SE: l{/CM2 l{/CM2 l{/CM2 l{/CM2 l{/CM2 l{/CM2 l{/CM2 l{/CM2 

13 49 47 8.64 8.55 8.31 8.08 8.31 8.26 8.12 
13 49 52 1.68 1.44 1.37 8.80 8.81 8.71 8.42 
13 49 58 1.92 1.64 1.69 8.88 1.82 0.94 8.93 
13 50 3 3.18 2.73 2.54 8.08 1.73 1.63 1.14 
13 50 8 5.82 4.32 .4.82 8.88 2.34. 2.20 1.75 
13 50 14 5.72 8.88 3.46 2.77 1.85 
13 58 19 . . • 8' 7.73 8.88. 4.59 3.68 2.67 
13 50 24 18.12 15.30 12.44 18.91 8.80 5.91 4.59 3.08 
13 50 38 25.89 21.48 17.18 14.84 0.88 7.85 5.84 4.18 
13 50 35 34.68 28.84 22.75 19.08 8.00 9.69 7.18. 4.58 
13 58 48 47.82 39.86 31.33 26.56 8.08 13.36 9.93 6.63 
13 58 46 64.34 54.14 42.83 35.36 8.88 17.34 12.57 8.28 
13 58 51 81.25 69.87 34.36 46.86 8.88 22.84 16.33 18.62 
13 58 56 95.88 82.34 63.97 53.95 8.08 27.09 19.52 12.87 

ITt 13 51 2 186.3 93.36 73.98 62.96 8.88 32.29 23.40 14.48 J 0 0 0 115.1 99.95 83.37 72.27 29.03 38.67 28.55 17.11 ..... 
. w 13 51 2 118.8 181.4 87.44 75.44 54.96 48.46 38.23 18.52 

13 58 56 119.8 182.5 88.93 77.79 57.28 42.68 31.86 19.11 
13 58 51 114.9 99.95 87.66 77.92 38.49 44.16 33.78 28.99 
13 58 46 103.8 91.03 88.28 71.42 53.65 48.68 31.25 19.21 
13 50 40 95.85 84.33 75.89 67.45 51.42 39.39 38.53 18.81 
13 58 35 75.44 66.72 59.29 53.81 41.93 33.19 26.96 16.24 
13 50 38 58.64 52.15 46.95 42.98 33.91 26.98 22.17 12.97 
13 50 24 43.70 39.49 35.40 32.41 25.83 28.88 17.74 18.16 
13 50 19 31.78 28.92 26.11 24.18 19.47 16.02 13.66 7.69 
13 50 14 20.61 18.82 17.32 15.92 12.84 10.67 9.38 5.51 
13 58 8 . 12.81 11. 0 18.83 8.80 7.36 6.52 4.42 
13 50 3 8.82 8.38 7.78 7.31 6.18 5.32 4.99 3.53 
13 49 58 5.85 5.50 5.13 5.08 4.16 3.61 3.16 2.14 
13 49 52 2.89 2.92 2.86 2.72 2.34 2.11 1.93 1.35 
13 49 47 1.75 1.79 1.80 1.73 1.53 1.47 1.42 1.05 

Test #22, Time = 1350, 188 Heliostats (cont) 



101801 FILE FOR ESC FLUX DATA 
TINE 

fiR: 1'11: SE: l'i/(;1'J2 W/CI'I2 W/CJ:l2 W/CYQ; W/(;1I"12 W/CN2 W/CN2 w/em W/CY.t2 W/CN2 

13 9 1 1. 17 1.42 1.77 2.10 2.61 2.49 1.87 2.41 2.47 2.14 
13 <;I 7 1.85 1.52 I.S'1 2.20 2.71 3. II 3.15 3.86 3.75 3.41 
13 9 12 2.4.·1 2.29 2.74 3.22 3.97 {,.64 4.66 5.63 5.42 5.01 
13 9 17 3.20 3.06 4.00 4.85 6.G7 6.98 7.21 8."1.01 8.1'[ 7.65 
13 I) 23 4.56 4.61 6.03 7.40 9.01 1G.76 11. 15 12.74· 12.49 11. fl·1-
13 9 28 5.92 6.25 3.35 10. <;:1{]' 12.'l9 15.4·5 15.91 18.18 17.69 16."'2 
13 9 33 8.52 9.05> 12.02 15.25 18.51 22.02 22.64, 25.50 24.86 23.26 
13 9 39 11.68 12.91 17.19 21.72 26.28 3l.09 31.57 35.38 34.15 31.95 
13 9 4,4 14.~4 16.52 22.60 29.17 35.73 42.93 44.05 49.32 47.50 44.40 
13 9 49 17.33 19.89 28.102 37.12 46.12 55.64 57.62 64.4,·2 61.55 57.48 
IS 1]1 55 22.35 26.17 36.72 48.55 59.94 72.06 74.4.<4, 82.67 78.67 73.62 
1:3 10 0 25.51 30.32 4:J..29 58.20 72.12 87.19 91.08 101.2 96.74 91.68 
13 10 5 28.00 34·.8', 49.93 67.99 85.03 102.4 107.4 118.9 113.5 108.5 
13 10 11 31.16 38~52 55033 75.54 94,.63 113.7 119.5 131.5 125.9 121.2 

I'T'l 13 10 16 33.53 41. 61 6@.OB 8@.74 100.5 121. 0 • 127.5 140.3 134,.8 130.7 
I 0 (') 0 33.@8 43.30 61.98 82.07 97.31D 118.9 125.5 139.1 141.2 132.8 ..... 
~ 1'" 10 16 34.23 47.5~ 67.88 83.88 99.27 122.6 129.1 143.1 15j}.4 140.0 ' .. 

13 10 11 32 .. ~t4 '1.,4.87 63.81 83.4'1 93.92 116.5 122.8 137.0 146.9 133.8 
13 10 5 290.83 40.92 57.82 75.73 85.60 106.0 112.0 126.0 135.2 123.4 
13 10 0 27.23 36.97 51.44 65.98 74.06 90.82 95.93 108.4 116.6 106.1 
13 9 55 24.13 32,50 4.1{1 .. ~19 56.55 63.16 76.39 79.75 90.05 96.56 87.45 
13 9 49 19.13 25.67 34.·.64 44. •. 08 49.72 59.87 62.31 70.97 76.72 69.36 
1:3 9 ~4l 14.93 19.95 26,51 33.06 37.14 44.61 45.89 52.4.·6 56.18 51.09 
!~3 9 39 11.63 15.17 20,09 24.36 26.63 31.96 32.38 37.09 39.53 36.10 
13 9 33 8.54 H)'90 14.16 16.9@ 18.01 21.25 21.15 24.48 26.05 23.89 
13 9 28 6.34 7.99 10.10 11,610 11.93 13.66 13.37 15.53 16.70 15.52 
13 9 23 4.74 5.81. 6.99 7.79 7.86 8.67 8.25 9.4·9 1O,28 9.64 
1 0 _v 9 17 3.5~1 t;l" 25 4.96 5.1-10 4.89 5.510 5.109 5.89 6.32 6.(1) 

13 '} 12 2.70 3.10 3.46 3.55 3.21 3.36 3.12 3.56 3.96 3.65 
13 9 7 2.09 2.2"" 2.50 2.27 2.02 2.14 1.92 2.28 2.36 2.31 
13 9 1 0.70 0.71 0.68 10.68 0.73 0.81 0.83 1.01 1. 18 1.2~ 

Test #23, Time = 1309, 213 Heliostats' 
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191891 FILE FOR ESG FLUX DATA 
TIME 

HIt: Ifl: SE: W/Cn2 W/Cn2 W/Cn2 W/Cn2 W/Cn2 W/Cn2 W/Cn2 W/Cn2 

13 9 1 1.73 9.99 " 1. 12 9.68 9.43 
13 9 7 2.48 9.99 '·1.63 1.79 1.49 
13 9 12 3.64 9.99 2.24 2.27 2.11 
13 9 17 5.66 9.99 3.39 3.99 2.62 
13 9 23 7.88 9.99 4.52 3.92 3.23 
13 9 28 19.85 9.99 6.16 5.96 4.94 
13 9 33 . . . 14.67 9.99 8.99 6.42 4.66 
13 9 39 31.63 27.33 22.75 19.75 9.99 19.64 8.26 5.98 
13 9 44 43.79 37.78 39.68 26.33 9.99 13.79 19.39 7.19 
13 9 49 56.32 48.48 38.66 33.99 9.99 16.97 12.47 8.33 
13 9 55 72.41 62.17 48.67 40.81 9.99 29.13 14.63 9.45 
13 19 9 91.03 78.91 61.96 52.94 9.90 25.54 18.39 11.69 
13 19 5 197.8 94.32 74.28 62.64 9.90 31.15 22.27 14.65 
13 10 11 121.8 197.9 85.78 72.61 9.99 36.25 26.93 17.99 

I'T1 13 19 16 132.3 118.9 94.69 89.92 9.90 41.29 29.79 17.29 I ..... 0 0 9 133.5 116.9 98.91 00.41 32.25 45.81 33.92 18.24 
U1 13 19 16 138.8 118.5 193.9 99.28 65.85 48.62 35.84 29.26 

13 19 11 133.0 114.0 99.62 87.92 64.84 48.72 36.55 19.47 
13 19 5 122.9 195.6 92.63 82.34 61. 71 46.89 35.74 29.36 
13 19 9 195.7 92.43 81.77 73.29 55.81 42.94 33.39 18.87 
13 9 55 86.75 75.89 66.83 59.78 46.21 35.88 28.39 16.19 
13 9 49 68.85 60.56 53.58 48.54 38.23 39.32 24.68 14.98 
13 9 44 59.20 44.74 39.84 36.27 29.24 24.01 29.19 11. 21 
13 9 39 35.49 32.07 29.93 26.72 22.11 18.61 16.21 9.33 
13 9 33 23.75 21.87 29.02 18.78 15.55 13.48 11.93 6.66 
13 9 28 15.73 14.72 13.87 . 13.93 10.99 9.63 8.77 5.27 
13 9 23 . . 8.81 7.57 6.74 6.32 4.98 
13 9 17 6.26 5.97 5.77 5.71 4.94 4.49 4.28 3.19 
13 9 12 3.87 3.81 3.76 3.73 3.43 3.10 3.06 2.39 
13 9 7 2.39 2.47 2.38 2.49 2.22 2.24 2.04 1.61 
13 9 1 1.36 1.33 1.32 1.25 1.11 1. 17 1.01 0.82 

Test #23, Time = 1309, 213 Heliostats (cont) 



102601 FILE FOR ESG FLUX DATA 
TINE 

HR: HI: SE: W/CM2 W/CM2 W/CM2 W/CM2 W/CM2 W/CM2 W/CM2 w/CM2 w/CM2 W/CM2 

12 16 10 0.41 0.18 0.33 0.49 0.49 
12 16 15 0.75 0.66 0.62 0.70 0.49 
12 16 21 1.09 0.95 1.01 0.60 1.54 
12 16 26 1.20 1.24 1.69 2.23 2.80 
12 16 31 1.66 1.82 2.56 3.45 4.27 
12 16 37 2.56 2.78 3.91 5.29 6.58 
12 16 42 3.58 4.04 5.75 7.94 9.94 
12 16 47 4.59 5.58 8.07 11.31 14.56 18.43 19.63 22.49 22.14 21.06 
12 16 53 6.52 7.90 11.84 16.65 21.32 26.89 28.80 32.82 32.06 30.43 
12 16 58 7.76 10.02 15.26 21.85 28.57 36.48 39.35 45.21 44.79 42.88 
12 17 3 10.24 13.59 21.07 30.12 39.49 50.11 53.58 61. 19 60.01 57.23 
12 17 9 11.94 16.14 25.22 36.85 48.83 62.14 67.26- 76.55 75.27 72.30 
12 17 14 14.31 19.42 30.45 43.99 58.55 74.89 81.11 92.54 91.28 88.60 fT1 12 17 19 16.69 22.99 35.86 51.60 68.11 86.46 93.76- 106.1 104.4 101.5 I 

...... 12 17 25 18.43 25.50 39.92 57.31 75.35 94.72 102.5 115.6 113.6 110.9 O'l () 0 0 19.91 28.33 43.43 60.40 75.51 95.40 103.2 117.2 122.0 115.6 
12 17 25 20.95 31.57 48.57 66.68 78.94 99.85 107.4 121.9 133.2 122.4 
12 17 19 20.84 30.63 46.33 62.86 74.68 94.96 102.5 117.2 128.8 118.5 
12 17 14 20.05 28.87 42.69 57.14 67.24 85.12 92.18 106.4 117.3 107.9 
12 17 9 18.55 26.20 37.87 50.19 58.62 73.60 79.10 91.66 101.6 93.72 
12 17 3 17.05 23.50 33.06 43.08 50.04 61.77 65.25 75.62 83.50 76.74 
12 16 58 14.94 19.86 26.96 33.86 38.84 47.53 49.82 57.70 64.45 60.09 
12 16 53 12.05 15.49 20.54 25.17 28.63 34.57 36.19 42.27 47.16 43.93 
12 16 47 9.14 11.54 15.15 18.17 20.61 24.27 25.29 29.44 32.93 30.61 
12 16 42 6.64 8.21 10.55 12.73 14.23 16:48 16;97 19-;80 22.34 21-.% 
12 16 37 4.25 5.20 6.69 8.06 8.58 10.36 10.54 12.65 14.46 i4.03 
12 16 31 2.91 3.43 4.23 4.99 5.41 . • 1 
12 16 26 1.90 2.07 2.63 3.08 3.23 3.83 3.78 4.60 5.49 5.48 
12 16 21 1.21 1.35 1.45 1.60 2.04 2.30 2.47 2.90 3.57 3.48 
12 16 15 0.90 0.93 1.02 1.07 1.24 1.59 1.49 1.84 2.18 2.15 
12 16 10 0.30 0.41 0.38 0.54 0.45 0.77 0.62 0.89 1.00 1.04 

Test #24, Time = 1216, 175 Heliostats 



182681 FILE FOR ESC FLUX DATA 
TIPIE 

DR: HI: BE: 1(/Ol'l2 1(/Ol'l2 1(/Ol'l2 1(/Ol'l2 1(/Ol'l2 1(/0l'J2 1(/Ol'l2 W/Ol'l2 

12 16 18 1.84 8.99 8.88 8.44 - 8.2f1 8.88 
12 16 If1 1.33 1.28 8.88 8.fifl 8.47 8.18 
12 16 21 1.63 l.fl2 8.88 1. fl7 1.84 8.69 
12 16 26 3.8f1 3.43 8.88 2.18 1.73 1.30 
12 16 31 4.17 8.88 2.48 2.88 1. fI 1 
12 16 37 5.76 0.00 3.34 2.80 2.12 
12 16 42 14.89 11.97 9.88 ----;).62 0.00 5:07 4:-:ia 3:"34 
12 16 47 21.32 18.39 14.8f1 12.97 8.88 7.42 5.99 4.36 
12 16 fl3 38.61 26.63 21.29 18.38 8.88 9.97 7.78 fI.28 
12 16 fl8 43.31 37.93 38.61 26.11 8.88 13.8f1 18.32 6.91 
12 17 3 57.46. fl8.23 39.68 33.85 8.88 17.fl2 12.72 8.14 
12 17 9 73;34· 65.88 fl2.17 44.83 8.88 23.43 16.94 18.99 
12 17 14 98.81 79.81 63.96 fl4.58 8.88 28.13 28.36 13.85 

IT1 12 17 19 182.9 92.U 73.81 63.49 8.88 32.92 - 23.55 US.79 
I 12 17 25 112.6 181.2 81.54 78.86 8.18 36.49 26.17 15.18 ..... 8 8 9 116.2 182.8 86.72 75.fll 48.61 29.72 16.45 ....... 29.1f1 

12 17 2f1 121.2 184.2 98.73 79.26 fl7.63 42.39 31. 4f1 18.84 
12 17 19 117.8 192.9 89.67 78.88 fl8. 13 43.24 32.17 18.15 
12 17 14 198.9 94.fl7 83.fl2 74.95 fl5.48 41.64 31.35 19.14 
12 17 9 94.05 82.89 73.83 66.24 58.25 38.22 29.21 17.76 
12 17 3 76.96 68.37 68.88 fl4.63 41.77 32.81 24.88 14.88 
12 16 58 69.76 54.7? 48.82 44.34 33.99 26.23 28.48 12.17 
12 16 53 44.73 48.88 36.78 33.38 26.95 28.fl2 16.52 9.88 
12 16 47 31. fl8 29.37 26.81 24.37 19.49 If1.69 12;95 8.91 
12 16 42 22.16 "20762 m-."76 17.96 13.43 10.78 8.97 5.44 
12 16 37 15.8 12.17 9.69 7.89 6.63 4.15 
12 16 31 .57 -'---0:0B- -'-0'.66 --5·.64---- '4-:-B"IJ----"- - ~C26 
12 16 26 6.94 5.18 4.34 3.72 3.36 2.47 
12 16 21 3.87 3.37 2.92 2.65 2.24 1.78 
12 16 15 2.28 2.13 1.81 1.69 1.42 1. 18 
12 16 18 1. 13 1.26 1: 11 1. If1 1.81 8.79 

Test #24, Time = 1216, 175 Heliastats (cant) 



106901 FILE FOR ESC FLUX DATA 
TIME 

DR: HI: SE: W/C!'".!2 W/CM2 W/CI'i.2 w/cm W/C!'".!2 W/C.l'l"2 W/CY.!2 W/Cftf.2 W/CJ.1i2 W/CM2 

11 45 32 0.19 0.29 0.31 0.44 0.58 0.58 0.37 0.34 0.55 0.42 
11 45 38 0.00 0.00 0.000 0.01., 0.48 0.68 0.71 1.23 1.24 1.40 
11 45 43 0.53 0.58 0.70 0.85 1. 21 1.29 1. fJ't' 2.67 2.72 1.99 
11 45 4·9 0.75 0.78 1. fJ9 1.36 2.3"' 2.92 2.92 3.11 2.72 2.28 
11 45 54 1.09 1.26 1.5'(" 2.18 3.10 3.64 3.73 4.00 3.70 3.25 
11 46 0 1.66 1.84· 2.63 3.50 4.57 -
11 46 5 2.56 3.00 4·.18 5.75 7.51 8.94· 9:4f 10.11 9.39 8.62 
11 46 11 3.800 4.44 6.31 8.60 11. 19 13.63 14.29 15.55 14.60 13.31 
11 46 16 5.39 6.47 9.40 13.09 17.11 21.02 22.17 23.98 22.61 20.73 
11 46 22 7.B7 9.56 14·.05 19.46 25.3';) 30.91 32.80 35.70 33.81 31.03 
11 46 27 10.92 13.32 19.31 26.70 34.23 42.44 45.21 49.25 46.87 43.62 
11 {.6 33 14.20 17.61 25.69 35.47 45.36 55.76 59.41 64.61 62.03 5B.30 
11 46 38 17.97 22.33 32.36 44.14· 56.23 69.73 74.84 81.48 78.19 74.21 

I'TJ 11 46 44 21.82 26.39 37.87 51.65 65.79 81.67 88.02' 96.09 92.23 88.13 
I 11 46 49 25.09 30.83 44·.16 59.91 75.97 93.23 100.5 1108.8 104.2 99.68 ....... 0 0 0 27.47 35.16 50.73 67.37 81. 31 100.0 107.6 117.9 120.5 112.1 CO 

11 46 4·9 29.15 38.85 57.06 74.63 84.71 104.0 110.3' 123.1 131. 4 118.5 
11 46 44 28.85 38.23 55.67 72.72 83.62 103.2 110.4 122.8 L32.5 120.2 
11 46 38 27.95 36.87 54.49 70.60 80.74· 99.29 106.0 119.2 128.1 115.6 
11 46 33 26.65 35.00 51.49 66.74· 75.69 92.36 98.12 109.8 117.6 105.2 
11 46 27 22.49 29.39 43.04 55.51 63.50 77.Bl 82.14 92.96 100.2 90.18 
11 46 22 19.69 25.54 37.09 47.24 53.75 64.86 67.81 76.32 81. 71 73.31 
11 46 16 16.19 20.B6 30.03 37.95 43.34 51.96 53.75 60.58 64.33 57.73 
11 46 11 12.19 15.66 22.33 27.99 31.98 38.44 39.63- 44.6~ 47.64 42.63 
11 46 5 9.19 11.64 16.44 20.25 22.87 27.22 27.86_ 31. 5_8 33.45 29.80 
11 46 0 6.69 8.32 11,4.8 13.79 15.43 F -r.:'.1~ 10 " S,C- '" 11 45 54 4.{·9 5.61 7.52 9.08 10.14 12.18 12.44 14. 
11 45 49 2.99 3.53 4.95 5.79 6.58 7.80 7.86 9.07 9.76 9.00 
11 45 43 1.79 2.07 2.81 3.25 4.00 4.43 4.81 5.36 6.13 5.56 
11 45 38 1.09 1.24. 1.85 2.19 2.31 2.80 2.74. 3.24 3.45 3.34 
11 45 32 0.69 0.72 1. 10 1. 13 1.52 1.5B 1.65 1.86 2.17 2.00 

Test #34. Time = 1145. 161 Heliostats 



106901 FILE FOR ESG FLUX DATA 
TIME 

HIt: HI: SE: W/CM2 W/CM2 W/CM2 W/CM2 W/CM2 W/CM2 W/CM2 W/CM2 

11 4,5 32 0.72 0.64 0.5.1 0.34 0.00 0.10 0.09 0.14 
11 45 38 1. 15 0.85 0.61 0.45 0.00 0.30 0.09 0.14 
11 45 43 1.47 1. 17 1.01 0.87 0.00 0.40 0.31 0.14 
11 45 49 2.01 1.60 1.30 1.40 0.00 0.61 0.43 0.24 
11 45 54 3.20 2.67 2.10 1.93 0.00 1.02 0.77 0.75 
11 46 0 2.68 0.00 1.42 1.11 0.85 
11 46 5 8.06 6.63 5.07 4.27 0.00 2.14 1.80 1.36 
11 46 11 12.71 10.48 8.14 6.70 0.00 3.36 2.71 2.18 
11 46 16 19.73 16.26 12.50 10.31 0.00 5.20 4.08 3.10 
11 46 22 29.51 24.35 18.55 14.97 0.00 7.34 5.56 4.01 
11 46 27 42.15 35.58 27.23 22.07 0.00 10.50 7.50 4.83 
11 46 33 56.66 . 48.00 36.54 29.88 0.00 14.17 10.00 6.77 
11 46 38 72.97 62.48 48.04 39.20 0.00 18.25 12.74 8.50 
11 46 44 87.62 76.46 59.38 49.06 0.00 23.05 15.93 10.34 

rr1 11 46 49 99.39 86.94 67.40 56.21 0.00 27.29 18.78 10.64 I 0 0 0 111.3 95.30 77.74 65.71 25.41 33.04 23.31 13.38 ...... 
~ 11 46 49 116.3 97.41 82.72 69.19 47.47 34.38 24.72 15.08 

11 46 44 118.6 99.47 84.73 71.91 49.99 36.63 26.35 15.78 
11 46 38 114.4 96.18 82.29 70.30 48.88 36.10 26.35 16.27 
11 46 33 103.3 86.84 74.45 63.61 45.24 34.28 25.43 15.58 
11 4,,6 27 89.30 76.13 65.97 57.16 41.30 31.82 24.01 14.79 
11 46 22 73.00 63.11 55.12 47.73 34.90 27.00 20.40 12.21 
11 46 16 57.45 49.52 43.14 37.86 28.23 22.29 17.23 10.43 
11 46 11 42.45 36.58 32.11 28.56 21.77 17.48 13.87 8.81 
11 46 5 29."'''' ""~ ~ ~ .. ..,. nr· ,-~,.,~. 20.38 15.61 12.84 10.40 6.53 
11 46 0 :': ' .. :::.<s; 18.04< 'f": :""",", 14.18 11.00 8.98 7.44 4.85 
11 45 5·..;: ""-1 • 12.89 11. 9 10.34 8.28 6.84 5.71 3.86 
11 45 49 9.34 8.52 7.56 6.94 5.35 4.38 3.67 2.57 
11 45 43 5.92 5.64 5.02 4.58 3.53 2.99 2.55 1.88 
11 45 38 3.53 3.48 3.18 3.10 2.42 2.24 1.83 1.38 
11 45 32 2.2B 2.24 2.22 2.23 I.Bl 1.60 1.32 0.89 

Test #34, Time = 1145, 161 Heliastats (cant) 
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NOOI000399 Panel Assembly - Solar Receiver Test 
NOOI000397 (two sheets) Test Fixture, Solar Panel 
NOOI000425 Fitting, Manifold - Solar Panel 
NOOI000426 Solar Panel to Test Fixture, and Insulation Assembly 
NOI000426 Heater Installation Details 
NOOI000427 Solar Panel Test Fixture to Sodium Loop Assembly 
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This report documents the controls and instrumentation design of a 2.5 MW 
Sodium Cooled Solar Receiver Panel. Included are the specific controls and 
instrumentation used for the control of the sodium temperature through the panel 
and the supporting analysis that was performed to substantiate this part of the 

receiver design. 

Analytical confirmation of the design will be required when the model of the 
receiver is integrated with the overall sodium loop. This analysis will be 
performed by the technical personnel of Sandia National Laboratories located at 
the Central Receiving Test Facility in Albuquerque, N.M. 

Sufficient versatility has been designed into the control system to allow 
changes to be made,- if required, after the.fSG'su"ppl ied rece-rver panel and con
trols are installed and operated at the CRTF. 
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2. SODIUM RECEIVER PANEL CONTROLS AND INSTRUMENTATION 

The ESG test article (solar receiver panel assembly) EI&C control panel 
contatns the controllers, switches, indicators and logic to control the test 
article subpane1 inlet flow control valves. The operator can set the controllers 
for local manual or automatic valve operation. The valves can be manually or 
computer controlled from the main control room when the controllers are set in 
the remote mode. Figure 2.11 shows the logic employed in the valve control system. 

The logic diagram shows the scram signals which will be sent to the facility 
system as well as the facility-generated scram signals for valve control. These 
signals are (1) the high temperature limit alarms on the outlet thermocouples 
indicating excessive outlet sodium temperature, (2) high differential temperature 
between the inlet and outlet sodium temperatures, (3) the condition of any of the 
inlet valves going closed when insolation is impinging on the absorber panel, 
(4) the loss of two or more of the flux sensors (computer programmed) and the loss 
of the flux signal (due to conditioning instrument failure as detected by the 
signal voltage dropping below the zero insolation level). 

The Figure 2.10 P&ID shows the instrumentation for the above. It also shows 
the heater thermocouples and a typical heater. The heater thermocouples are not 
controlled via the ESG control panel. 

The controllers utilized in the ESG control panel are a microprocessor
based design. They can be switched from local control to remote control. A 
second set of set points can be utilized at the remote (main computer room) 
control point. The controllers receive their temperature signal from immersion 
type thermocouple located in each outlet duct of the abosrber sub-panel. These 
thermocouples are 0.125 diameter ungrounded junction type which are reduced to 
0.060 inch diameter for faster response. 

G-6 
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The controllers also have provlSlon for receiving a feed-foreward signal 
input as illustrated on the Figure 2.11 logic diagram. This allows the controller 
to be used as a manual valve controller when set in the Manual mode and to be 
switched back to Automatic mode without having to separately adjust for the 
feed foreward signal. It provides for bump1ess transfer. 

The absorber panel flux sensors are the water-cooled type. The cooling 
water passages employ 1/4-in. tube lines and 0.100 diameter minimum water passages 
within the sensor proper. The passages are large enough to assure there will be 
no cooling water blockage due to contaminant buildup. 

Each of the receiver subpane1s has 14 0.060-in.-diameter underground junc
tion thermocouples strapped to the back of the absorber panel tubes with spot
welded clips. These are shown on the Figure 2.10 P&ID. The signals are not dis
played on the ESG control panel but are multiplexed dat~ channels. One centrally 
located back-of-tube thermocouple in each absorber subpanel is also brazed to 
the tube and will possibly be tested as a substitute for the flux sensors. Pre
sent indications, however, are that the time response will be too slow. 

Three front-of-tube thermocouples, which would have sufficiently fast res
ponse, are to also be tested. These are 0.030 in. diameter ungrounded junction 
Incone1 stainless steel-sheathed units which are heat-sinked to the receiver 
panel tubes to prevent their experiencing excessive temperatures. These will be 
tested to determine the feasibility of using thermocouples as indicators of 
solar flux changes and to assess their reliability. 

A magnetic flowmeter is provided in each of the absorber subpane1s to 
measure sodium flow rate. The signal is not used for control but is a multiplexed 
data channel and is also displayed on the ESG control panel. A thermocouple is 
provided for each of the flow meters to measure flowmeter permanent magnet tem
perature to correct the magnet temperature-related signal error. 
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The center absorber subpanel has three deflection sensors from which the 
signals are fed to the main computer for recording. These are not displayed on 
the ESG panel. 

The valve position signal is a multiplexed signal channel and is also dis
played on the ESG control panel. The valve Open-Closed lights for these valves 
are also displayed on line ESG control panel. 

G-lO 
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3.0 SODIUM RECEIVER PANEL CONTROL ANALYSIS 

A. ANALYSIS OBJECTIVES 

In support of the 2.5 MW sodium solar panel tests to be conducted at Sandia 
Laboratories, an analysis was conducted of the panel temperature control system. 

B. SCOPE 

This analysis considered only the panel temperature control loop. This 
entailed modeling the panel and its related variables (heat transfer, etc.) as 
well as the sodium loop hydraulics and associated control system. 
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4.0 DISCUSSION 
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The test panel consists of three panels, each consisting of 21, 3/4-in. 
tubes, operating in parallel. Flow is admitted to the three panels through an 
inlet manifold assembly and the flow to each of the three panels can be monitored 
and modulated by P-M flowmeters and bellows seal throttle valves. The panel 
"solar window" consists of a heat transfer section 118 in. in length. The exit 
manifold contains an immersed control thermocouple located 1t in. above the 
"window". 

The hydraulic loop (in a closed loop configuration) is powered by an E-M 
pump which provides flow through the elevated panel and expansion tank, back to 
grade through an air blast heat exchanger (cooler) and back to the pump. 

B. PANEL CONTROL SYSTEM OPERATION 

The primary control requirement is that the panel exit sodium temperature 
be held constant (1100 ± 25°F). As there is a direct relationship between the 
solar flux available to the panel and the required flow to achieve a given set 
of operating conditions, solar flux is used as the primary master signal in a 
feed foreward configuration. Panel exit sodium temperature is then processed 
through a controller (TIC) and used as a trim to this master. The resulting 
summed signal is then used to modulate the sodium inlet valve. A diagram of 
the system is shown in Figure 3. 

C. CONTROL SYSTEM REQUIREMENTS 

1) Control panel(s) outlet sodium temperature to 1100 ± 25°F at 
full load 

2) Nominal panel inlet temperature: 
Maximum panel inlet temperature: 
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3) Maximum bT (inlet to outlet) +650°F 
4) Minimum bT +200oF 

5) Regulating Range (flow) +25 to 100% 
6) Maximum bT rate +550°F in 10 sec 
7) Temperature Trip 1200°F 

D. SIMULATION MODEL AND ASSUMPTIONS 

The panel thermal model essentially consists of four thermal nodes in each 
panel and an output manifold mixing node (shown in Figure 4). The equations are 
derived in Appendix L of ESG report 79-2, Vol II, Book 2 "Conceptual Design of 
Advanced Central Receiver Power Systems". The control system was simulated using 
the information contained in Figure 1 and standard control algorithms. The 

:':fl-ydrau1ic loop was modeled using ca1culate4" friction and inertia losses for the 
panel and steady state friction losses only for the rest of the loop. Variable 
transport delays were used to characterize the flow through the panel. The 
expansion tank, DHX, thermal action of the sodium piping or the pump dynamics 
were not simulated in this model. 

The following assumptions were made: 

1) Spatially constant flux distribution. The effects of varying 
panel flux distributions were not considered. 

2) Constant inlet temperature: +550°F 
3) Simplified E-M pump model. Only the H-Q curve was modeled. 
4) No dump heat exchanger 
5) Only panel fluid inertia was modeled 
6) Complete loop static friction loss was simulated. 

A program listing is provided in Appendix A in this report. 
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Initial runs were made to evaluate the need for a flux feed forward signal. 
Flux changes of 10% per second (cloud transient) produced excursions of several 
hundred degrees so the feed forward system was implemented. Set point and load 
changes were used to establish acceptable TIC gains; the limiting condition being 
the low flux, low flow, long transport delay-relationship. 

2. Feed Forward Characterization 

The feed forward loop was characteriied by plotting the steady-state 
relationship between input flux and sodium valve position. This resulted in a 
linear curve fit that did not go through zero. Hence the "fudge" term in 
Figure 3. Additionally, provisions for lead-lag compensation were included. 

It should be noted that this characterization of the feed-forward loop only 
applies to a given system resistance drop and pump pressure (voltage). Signi
ficant changes in either will require the generation of a new feed-forward gain. 
This requirement can be eliminated if individual flow control loops are provided 
for each subpanel. This would probably be desirable on a commercial plant but 
were thought not to be required to demonstrate controllability in this test series. 

3. Solar Flux Ramps 

On the advice of Sandia, these were characterized as linear ramps (up and 
down) of 10% per second. Figures 5 and 6 show typical results for ramps to 40% 
flux (where the control remains active) and to 0% (where the valve goes to 25% 
open limit). In the former it can be seen that the ~250F control range has not 

been exceeded. In Figure 6, however, the outlet temperature will decay to inlet 
temperature with decay to inlet temperature if the cloud transient is long enough. 
It is likely, at this point, that prescribed course of action will be to defocus 
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the mirrors until flux is against established and slowly refocus with the control 
on manual. An alternate approach would be to incorporate a TIC closed valve 
position stop which would result in the undamped response shown in Figure 6. 

4. Loss of Flow and Heliostat Scram 

This transient was simulated by stepping the pump discharge pressure to zero 
(no pump dynamics) followed by a defocusing of the mirrors 2 sec later. The 
defocusing was assumed to have a time constant of 0.5 sec (see Figure 7). 

The result of this transient was a rapid drop in sodium flow which accounts 
for the initial rise in the wall temperature to 1243°F. However the rapid 
defocusing results in the turnaround at 4 sec. The sodium flow is essentially 
stagnant 2 sec into the transient and the sodium outlet temperature remains 
constant. 

5. Loss of One Flux Sensor 

This transient simulated the loss of one of the three feed-foreward loop 
flux sensors. A peak wall temperature of 1235°F resulted and was considered to 
be within acceptable limits. See Figure 8. Loss of two sensors results in wall 
temperatures of 1440°F and is not acceptable. 

6. Inlet Temperature Ramps 

This transient was simulated by imposing a -2°F per second inlet sodium 
ramp followed by a (+) per second ramp, each for 15 sec. This resulted in 
only a -8°F excursion in outlet sodium temperature. See Figure 9. 
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", l 
PROGRAM CSMPD(3,Q9),SOLAR PANEL CONTROL SYSTEM SIMULATION. 

I:CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

THIS PROGRAM SIMULATES THE SOLAR PANEL CONTROL SYSTEM. 

INTEGRATION 
METHOD=l 
METHOD=2 
METHOO:3 

METHODS AVAILABLE: 
EULER INTEGRATION 

-- TRAPIZOIDAL INTEGRATION 
-- ADAMS-MOULTON INTEGRATION 

FUNCTIONS AVAILABLE: 
INTGLCINITIAL VALUE,DERIVATIVE) 
REALP(INITIAL VALUE,TIME CONSTANT, INPUT) 
STEP(TIME OF OCCUR~NCE) 
INSW(COIL VARIABLE, INPUT 1,INPUT 2) 
LIMIT(LOWER,UPPER,INPUT) 
AFGEN(FUNCTION,INPUT,# OF POINTS) 
NANO(INPUT 1,INPUT 2)-REAL ~OT AND 
FIORCINPUT 1,INPUT 2)-REAL INCLUSIVE OR 
OE~IV(INITIAl VAlUE,VARIABLE) 
DELAY(# OF INCREMENTS,DELAY TIME,VARIABlE) 
RUNAV(# OF INCREMENTS,AVG TIME, VARIABLE) . .", 

PSHLD(SAMPLE PERIOD, VARIABLE) 
PLOT1(Vl,V2,V3,VQ,VS) 

THE LIMITS ON THE FUNCTION UTILIZATIONS ARE: 
l)INTGl ~REALP = 10~'PER SIMULATION 
2)STEP,lIMIT, AND AFGEN = NO LIMIT PER SIMULATION 
3)INSW : 25 PER SIMULATION 
Q)NAND : 25 PER SIMULATION 
S)FIOR : 25 PER SIMULATION 
b)DERIV = 20 PER SIMULATION 
7)DElAY + RUNAV : 10 PER SIMULATION 

3 <: # OF INCREMENTS <= 100 
8)PSHLO =10 PER SIMULATION 
9)PLOT = 1001 POINTS PER PLOT 

5 PLOTS PER GRAPH 
10 GRAPHS PER SIMULATION 

C 
C 
C 
C C ~ 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
**********************************'************************************ 

CSMP COMMON. 
11-

* 
'* 

COMMON ICSMPO/ TIME,OELT,FINTIM,PROEL,ACC,~ETHOD,CSMPR(800) '* 
REAC INSW,LIMIT,NAND,INTGL '* 
DOUBLE PRECISION NAMEO(S),NAME1CS),NAME2CS),NAME3(S),NAMEQ(S) '* 
DOUBLE PRECISION NAMES(S),NAMEb(5);NAME7CS),NAME8(5),NAME9(5) * 
DOUBLE PRECISION TITLE(20) 

.******~*******'****'************************'******************'***'*'*****'* ----------------------------------------------------------------------
USER VARIABLES. 

REAL lBSGPV.,OT~AN(3),OTAO(3),TCI(3),TOUT(3),SUMO(3),PSUMO(3),CV(3) 
REAL XCV(2b),HANR(3,Q),TUP(3,Q),TNRO(3),TIN(3),ETAO(3) 
R£ Al KFH (3) , PLOGA (3)_I_TNRC.3 .. ~J , Q 1(3, Q), QA (3,4) , CP (3, 4) 
REAL TR~(3,4),KFHC(3),IR(3),RHO(3,Q),VPI(3),WN~(3j,bi~~(3,j) 
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REAL 
REAL 
REAL 
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DTNR(3,4),DWNR(3),WNRA(3),FH(3),DPCV(3),QIT(3),OAT(3) 
lC(3),IES(3),ES(3),QO(3,4),QAI(3),TMAN(3),TCO(3),TCD(3) 
FFG(3) ,000(3,4) ,TAUOI (3) ,FUDGE (3) ,BIAS(3) ,FFTEMP(3) 
VALVEO(3) 

c------------------------------------------------------------------------

oosq 
0060 
(1061 
0062 
0063 
0064 
0065 
0066 
0067 
00b8 
OObq C 
0070 C 
0071 C 
0072 C 
0073 .C 
0074 C 
0075 C 
0076 C 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 
0094 
0095 
0096 
0097 
0098 
0099 
0100 
0101 
0102 
0103 
0104 
0105 
0106 
0107 
0108 
0109 
0110 
0111 
0112 
0113 
0114 
0115 
0116 
0117 
0118 

C 
C 
C 

C 

USER DATA FUNCTIONS. 

DATA -- DATA POINTS FOR FUNCTION GENERATION, 
DATA XCV/-l.,30.,0.0,30.,0.1,28.9,0.2,24.8,0.3,14~q,0.4,8.b, 

1 0.5,5.7,0.6,4.4,0.7,2.4,0.8,I.b,0.9,1.0,1.0,0.1,2.0,0. II 
DATA SUNO/125.0/,WNRR/l.12001 

* 
* 

DATA TNRf3*695.17,3*83b.47,3*971.92,3*1100.001 
DATA SUNO/200.0/,WNRR/l.8b851 
DATA TNR/3*b93.00,3*834.00,3*970.00,3*1100.001 
DATA SUNO/300.0/,WNRR/2.8bb31 
DATA lN~/3*688.50,3*827.50,3*965.00,3*1100.001 
DATA SUNO/400.0/,WNRR/1.B3981 
DATA TNR/3*b87.88,3*B2b.13,3*963.69,3*1100.01 
DATA SUNO/500.0/;WNRR/4.86231 
DATA TNR/3*687.53,3*825.70,3*963.55,3*1100.001 
DATA TMAN/3*1100.001 
DATA TC/3*1100.001 
DATA WNR/3*1.00001 
DATA VALVEO/.b2575,.b2394,.b25751 
DATA fUD gE/3*-O.055001 
OEN(T)=59.566-(7.9504E-3+(2.872E-7-b.035£-11*T)*T)*T 
NAMES OF VARIABLES TO BE PLOTTED. 
DATA NAMEO/6HSUN-l ,6HT WALL,bHT NA 
DATA NAMEI/6HSUN-2 ,bHT WALL,bHT NA 
DATA NAME2/bH ,bH ,bH 
DATA NAME3/6H ,bH ,bH 
DATA NAME41bH ,bH ,bH 
DATA NAME5/6H ,6H ,6H 
OATA NAMEb/bH ,bH ,bH 
DATA NAME7/bH ,6H ,6H 
DATA NAME8/6H ,bH ,bH 
DATA NAME9/bH ,6H ,bH 
DATA TITLE/6H ,bH ,bH 

6H ,bH ,bH 
6H ,6H ,6H 
bH,bH ,bH 

,bHFLOW 
,6MFLOW 
,bM 
,bH 
,6H 
,bH 
,6H 
,bH 
,bM 
,bH 
,bH 
,bH 
,bH 
,bM 

,bHVALVE I 
,6HVALVE I 
,bH 
,bH 
,6H 
,6H 
,bH 
,bH 
,bH 
,6H 
,6H 
,bM 
,bH 
,6H 

I 
/ 
I 
I 
I 
I 
I 
I 
, 
, . 

, 
I 

.... : ... .. -. 

c------------------------------------------------------------------------
C 
C 

C 

USER CONSTANTS. 

TIME=O.O 
FINTIM=:tOO.O 
DELT=0.010 
PRDEL=0.5 
ACC=O.OOOI 
METHOD=2 

,/ 

PUT IN THE REST OF YOUR CONSTANTS HERE 
lAU500=4.8b23*1.5 
TI=550.0 
HFA=5.5bE-4 
TA=60.0 
ASRA=1.4598E-12 
TG=CTA+4bO.0)**4 
TS=TG 
ALPHA=.o. 95 .. .. ~ - ___ . ___ G-25 ______ ~ ___ . __ . _____ . _____ .. ____ .. ________ ._ .. _ 
WCPTw=2.51 



01 tf~ 
0120 
0121 
0122 
0123 
Ot24 
0125 

.0126 
0127 
0128 
0129 
0130 
0131 
0132 
0133 
0134 
0135 
0136 
0137 
0138 
0139 
0140 
0141 
0142 
C}1 43:, 
0144 
0145 
0146 
0147 
0148 
0149 
0150 
0151 
0152 
0153 
0154 
0155 
0156 
0157 
0158 
0159 
0160 
0161 
0162 
0163 100 
0164 
0165 
0166 200 
0167 
0168 
0169 
0170 
0171 
0172 300 
0173 
0174 
0175 
0176 
0177 
0178 

OTUBF.:=O.(~5208 

CRTlIS=Q~~.06 

ALCRTU=ALPHA*CBTUS 
VOL=0.119a 
VOLIH=2.304 
VOLOH=1.334 
AFLO=O.(t478 
ENRI=9.B4 
ERIT=17.23 
RNL=2.46 
ENRO=34.13 
ENRI.I=27.07 
SINFT=144.0 
·LBSGPM=7.1928 
ELRST=37.B 
TASP=1100.0 
TNRV=TI 
TNRM=TI 
TNRI=TI 
AREEF=0.9 
KFH=1.4/4.B4**2 
KFH(2)=1.1/I.I.B4**2 
KFH(3)=1.4/4.84**2 
HART=B.453 
PLOGA=0.145 
PLOGA(2)=0.18 
PLOGA(3)=0.145 
TAUTC=0.28 
CP~=0.3 
RHOI=OENCTI) 
SPG=RHOI/62.4 
PSOH=30.5 
QTMAX=300.0 
QTMAX2=1.0/CQT~AX*QTMAX) 
FLOK=24.0/(175.0*175.0) 
QT=3.0*WNRR*I.II.1B.B/RHOI 
QT2=QT*QT 
PORI=PSOH*(1.0-QT2*QTMAX2)-FLOK*QT2 
DO 300 1=1,3 
IRCI)=PLOGACI)*WNRR 
QTI=WNRR*LBSGPM/SPG . 
DPCV(I)=PORI-KFH(I)*WNRR*WNRR 
CV(I)=QTI*SQRT(SPG/OPCV(I» 
J=l1 
IF(XCV(J+l).LT.CV(I» GO TO 200 
J=J-2 

.~. 

NO. OSOTI000005 
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.,.,.~ 

IF(J.GT.l) GO TO 100 
VPI(I)=XCV(J-2)+(CV(I)-XCV(J-l»*(XCVfJ)-XCV(J-2»/(XCVeJ+l)-

1 XCV(J-t» 
00 300 J=I,4 
QDOCI,J)=2.5/12.0/AREEF*SUNO/500.0 
QICI,J)=QOOCI,J)*CBTUS*AR£EF 
QAI(I)=QAI(I)+QI(I,J)*ALPHA 
CONTINUE 
DAF=DTUBE/AFLO 
AD=HART/OTUBE 
DO 400 1=1,3 
DO 400 J=I,4 
CALL S(lOED-fOAF ~-AO •. WN.RR-#_TNR Cl.,Jl ... CP U; J), HANR (1, JJJ 
TRW(I,J)=TNR(I,J)+QI(I,J)/HANR(I,J) 
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1 
,~ 

~ 

400 
'j 
, 
.) 

1 

') 410 

1 

QCR=HF~*AR*(TRW(I,J)-TA) 
TR~4=(TRW(I,J)+4bO.O)**~ 
QR=ASRA*(TRW4-TG) 
QA(I,J)=QJ(I,J)*ALPHA-QR-DCR 
QAI(I)=DAI(I)+OA(I,J) 
CONTINUE 
SNAR=DEN (TNRV) 
SPG=SNAR/b2.4 
SNAR44=448.8/SNAR 
TPK=2.0 
TIK=,O. 0 1 
TD,K=O.O 
TLL=O.O 
TUL=12.0 
DO 410 1=1,3 
BIASCI)=8.0+1b.0*FUDGECI) 
FFG(I)=VALVEO(I)+FUDGE(I) 
Pl=1000.0 
P2=PI/10.0 
CONTG=1.0 
TJLL=TLL+O. 0 1 
TIUL=TUL-O.Ol 
TCI0=8.0 

Nt). 0"01']000005 
Pagf' 25 

c------------------------------------------------------------------------
-C * * *** ****** * * * ** * * * * * * ** * * * ** ***** * * * * * * * * * * * * * * *.if-** * * * * * ** * ** ** * ** ***** 

~ .• --~ > .:1-: ~~.. .• . j._~ 
C .~ * 

1 

C 
C 
9901 
9902 
9903 

CSMP PROGRAM COMMANDS. 

ICSMP1 =-1 
CALL CSMP1(ICSMP171CSMP2) 
CONTINUE 

* 
* 
* 
* 
* 

3 
9 
o 
1 
2 

C************************************************************************ 
c-----------------------------~-----------------------~------------------C DYNAMIC SECTION OF USER PROGRAM. 

,3 C 
4 RAMP=(STEP(O.O)-STEP(10.0)-STEP(SO.O)+STEP(bO.0»/I0.0 

.5 SUN=SUNO*LIMIT(O.0,1.0,1.0-INTGL(0.O,RAMP» 
6 C SUN=SUNO*(1.0-0.1*STEP(10.0» 
7 C CLOUD=STEP(I.0)-STEP(S1.0) 
8 C SUN=SUNO*(1.0-REALP(0.0,10.0,CLOUD» 
q C PSOH=30.S*Cl.0-STEP(1.0» 
o C SUN=SUNO*(1.0-REALP(0.0,O.50,STEPC3.0») 
1 C SUN=SUNO 
2 C TTTTT=OELAY(20,2.00,TIN(2» 
3 C IF(SCRA~.GT.0.5) SCRAM=INSW(TTTTT-1225.0,1.0,0.O) 

'4 C SUN=SUNO*SCRAM 
5 RSUN=SUN/SUNO 
6 01=O.02*REALP(SUN,O.02S,SUN) 
7 FAVE=I.b*REALP(OI,O.OS,Ql) 
8 DO 500 1=1,2 

.9 DO 500 J=I,4 
o RHO(I,J)=DEN(TNR(I,J» 

-I TRW4=(TRW(I,J)+4bO.0)**4 
2 OL=HFA*(TRW(I,J)-TA)+ASRA*(TRW4-TG) 
~3 QD(I,J)=QDOCI,J)*RSUN 
'4 QA(I,J)=QD(I,J)*ALCBTU-QL 
;S 500 CONTINUE 
:6 C DTNRV=-2.0*(1.0-2.0*STEP(15.0)+STEP(30~0» 
~ 7 C _.- .TNRV=lNIGL UNRV, DINRY) ____ _______ ___ _____ ____ _ ___ _ 
iA C TAUOO=TAUSOO/(WNRA+0.001) G-27 



023Q 
02~O 

02~1 

02~2 

0243 
02~4 

0245 
02~6 

0247 
0248 
02~9 

0250 
0251 
0252 
0253 
0254 
0255 
0256 
0257 
0258 
0259 
0260 
0261 
0262 
0263 
0264 
0265 
0266 
0267 
0268 
0269 
0270 
0271 
0272 
0273 
0274 
0275 
0276 
0277 
0278 
027Q 
0280 
0281 
0282 
0283 
0284 
0285 
0286 
0287 
0288 
028Q 
0290 
0291 
0292 
0293 
0294 
0295 
02Q6 

C 

4 

bOO 

5 

b 
700 
C 
C 
C 
C 
C 
C 

13 
14 

15 

16 

17 
800 

TNR~=DELAY(20,TAUDO,TNRV) 

QT=(2.0*WNR+WNR(2»*WNRR*SNAR~~ 
QT2=fH*IH 
PFLO=PSOH*(1.0-QT2*QTMAX2)-FLOK*QT2 . 

N0. 
PagE' 

DTNRJ=WNR(l)~WNRR*(TNRM-TNRI)/VOL/~HO(l,l)/CP(I,I) 
TNRl=INTGL(TNR1,DTNRI) 
00 800 1=1,2 
WNRACI)=WNR(I)*WNRR 
TUP(I,1)=TNRI 
00 700 J=l,~ 
IF(J.LT.2) GO TO 600 

0501'1000005 
26 

TUP(I,J)=TNR(I,J-l) 
DTNR(I,J)=WNRA(I)*CP(I,J)*(TUP(I,J)-TNR(I,J»+HANR(I,J)* 

1 (TRW(I,J)-TNR(I,J» 
TNR(I,J)=fNTGL(TNR(I,J),OTNR(I,J» 
CALL SODEQ(DAF,AO,WNRA(I),TNR(I,J),CPCI,J),HANR(I,J» 
DTRW(I,J)=(QA(I,J)-HANR(I,J)*(TRW(Y,Jl-TNRCI,J»)/WCPTW 
TRW(I,J)=INTGL(TRW(I,J),DTRW(I,J» 
CONTINUE 
TEMP FEED FOWARD COMPUTATION 
FFTEMP(I)=(TRW(I,2)+TRW(I,3»/2.0 
FAVE1=(2.0*FFJEMP(I)+FFTEMPC2»/3.0*0.OI6 
Fl=REALP(FAVE1,P2,FAVE1) 
F2=Pl*DERIV(0.0,F1) 
FAVE=Fl+F2 ~:,,'-.~,:.",-.JI..- ...• .: .. -. -'--'-1:;-
TAU01(I)=TAU5~O~{WNRA(J)+0~OOl) 
TNRO(I)=DELAY(20,TAUD1(I),TNR(I,4» 
DTMAN(I)=WNRA(I)*(TNRO(I)-TMAN(I»/VOL/RHO(I,4)/CP(I,4) 
TMAN(I)=INTGl(TMAN(I),DTMAN(I» 
TC(I)=REALP(TMAN{I),TAUTC,TMAN(I») 
TIN(I)=PSHlO(0.5,TC(I» 
ETAO(I)=(TASP-TIN(I»/75.0 
OTAO(I)=TIK*ETAO(I)*FIOR(ETAO(I),TCO(I)-TIlL)*FIOR(-ETAO(I), 

1 TIUL-TCOCI»*TPK 
TCICI)=INTGl(TCIO,DTAOCI» 
TCDCI)=DERIV(O.O,ETAO(I» 
TCO(I)=TPK*(ETAO(I)+TDK*TCDCI»+TCI(I) 
TOUT(I)=LIMIT(TLl,TUl,TCO(I» 
SUMO(I)=-FFG(I)*FAVE+CONTG*(TOUT(I)+BIAS1I» 
PSUMO(I)=lIMITCO.00,0.75,SUMO(I)/16.0) 
VPICJ)=REAlP(VPI(I),0.05,PSUMOCJ» 
CV(I)=AFGENCXCV,VPJ(1),13) 
XQT=WNRA(I)*SNAR~~ 

DPCV(I)=XQT*ABSCXQT)*SPG/(CV(I)*CV(I» 
OWNR(I)=(PFlO-KFH(I)*WNRA(J)*WNRA(I)-OPCV(I»/IRCI) 
WNRCI)=INTGL(WNR(I),OWNR(I» 
CONTINUE 

c------------------------------------------------------------------------
C***************************************************** ******************* 
C * 
C CS~P PROGRAM COMMANDS. * 
C * 
Q904 ICSMP1=0 * 
Q905 CAllCSMP1(ICSMP1,ICSMP2) * 
9906 IF (ICSMP2) QQ03,9Q07,9Ql1 * 
Q907 CONTINUE * 
C************************************************************************ 
c------------------------------------------------------------------------

. .()2Q?--C WRIT.£ OAl'A.£-OR THIS TIME PERIOD. 
0298 C 
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02QQ 
0300 

o IF(TIME.GE.FINTIM) GO TO 1000 
IFCISSw(14).LT.0) GO TO 1002 

8301 01000 WRITECb,1001) TIME,TNRO,TNR,DTMAN,TMAN,TC,TIN,ETAO,OTAO,TCI,TCO, 
8302 o 1 TCO,TOUT,SUMO,PSUMO,VPI,CV,OPCV,OWNR,WNR,IR,TPW,TAU01,HANR,WNRA, 
0303 
03014 

o 2 SUN,QT,PFLO 
01001 FORMAT(" VARIABLE 

* "TNRO =",G20.5,~ 
* " TNR(1) =-,G20.5," 
* " TNR(2) =",G20.5," 
* " TNR(3) =",G20.5," 
* " TNR(4) =",G20.5," 
* "OTMAN =",G20.5," 
* ", TMAN =",G20.5," 
* " TC =",G20.5," 
*", TIN = " , G 2 0 • 5 , " 
* "ETAO =",G20.5," 
* "OTAO =",G20.5," 
* "TCI =",G20.5," 
* ~ TCO =",G20.5," 
* "TCO =",G20.5," 
* "TOUT =",G20.5," 
* "SUMO =",G20.5," 
* "PSUMO =",G20.5," 
* "VPI =",G20.5," 
*,~;." CV =",G20.5," 
* "OPCV = ,G20.5," 
* "OWNR = ,G20.5," 
* "WNR = ,G20.5," 
* " IR = ,G20.5," 
* " TRW(1) = ,G20.5," 
* " TRW(2) = ,G20.5," 
* " TRW(3) = ,G20.5," 
* " TRW(4) = ,G20.5," 
* "TAUOI = ,G20.5," 
* " HANR(I)= ,G20.5," 
* " HANR(2)= ,G20.5," 
* "' HANR(3)=",G20.5," 
* " HANR(4)=",G20.5," 
* "WNRA =",G20.5," 

VALUE"I" TIME =",G20.51 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 

0305 0 
030b 0 
0307 0 
0308 0 
030Q 0 
0310 0 
0311 0 
0312 0 
0313 0 
0314 0 
0315 0 
0316 0 
0317 0 
0318 0 
031Q 0 
0320 0 
0321 0 
0322 0 
0323.",0 .. 
0324 0 
0325 0 
0326 0 
0327 0 
0328 0 
0329 0 
0330 0 
0331 0 
0332 0 
0333 0 
0334 0 
0335 0 
0336 '0 
0337 0 
0338 0 
0339 1002 

* "SUN =",G20.5," QT 

= " , G 20 • ~f, " 
=",G20.5," 
=",G20.5," 
="',G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," 
=",G20.5," PFLO 

CONTINUE 

=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.S1 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.S1 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.51 
=",G20.5) 

0340 
03141 
()3Q2 
0343 

c------------------------------------------------------------------------

0344 
0345 
034b 
0347 
0348 
0349 
0350 
0351 
0352 
0353 
0354 
0355 
0356 
0357 
0358 

C USER PLOTS OF VARIABLES. 
C 

CALL PLOT1(TNR(I,4),TRW(I,4),TMAN(I),WNRA(I),VPI(I» 
CALL PLOT1(TNR(2,4),TRW(2,4),TMAN(2),WNRA(2),VPI(2» 

C-------------~----------------------------------------------------------
C*******************************************************************._*** 
C * 
C CSMP PROGRAM COM~ANOS. * 
C * 
9Q08 ICSMP1=1 * 
9QOQ CALL CSMP1(ICSMP1,ICSMP2) * 
9910 IF(ICSMP2) Q903,QQ07,9911 * 
9911 CONTINUE * 
c------------------------------------------------------------------------
C USER PLOTS OF VARIABLES. 
C 
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035Q C 
0360 C 
0361 C 
0362 
0363 
0364 
0365 
0366 
0367 
0368 

NI}, O~OTIOOOOOS 

Pag(' 28 

SUBROUTINE SOOEQ(OAF,AO,WOOT,T,CP,HA) 
TKNA=(54.306-(O.01878-2.0Q14E-6*T)*T)/3600.0 
CP=O.34574-(7.Q226E-5-3.4086E-8*T)*T 
HA=CS.O+O.025*CWDOT*DAF*CP/TKNA)**O.8)*TKNA*AD 
RETURN 
END 
ENDS 
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