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10 MWe SOLAR THERMAL
CENTRAL RECEIVER PILOT PLANT

MODE 1 (TEST 1110) TEST REPORT

ABSTRACT

Solar One is the world's largest solar thermal central receiver electric
power plant. It is currentiy in the midst of a two-year Experimental Test and
Evaluation phase which began in August 1982.

The plant 1s designed to operate in 8 basic operating modes (including
shutdown) which are intended to demonstrate and fully exercise the energy
collection, energy storage, and power generation features of a central
receiver system. During Mode 1 operation, which 1s the subject of this
report, all of the collected solar energy i1s converted into superheated steam
in the receiver with the steam then flowing directly to the turbine for
electrical power production. Neither the charging nor discharging features of
the thermal storage system are involved in this operation.

This report contains baseline plant design information pertinent to Mode 1
operation and presents the results of the Mode 1 test activities. The Test
Results section of the report inctudes information regarding steady state
plant performance at both design and off design conditions, plant startup and
shutdown transitions, and plant trips.



- CONTENTS

Summary

1.0
2'0

3.0
4.0
5.0

6.0

Introduction

Test Goals and ObJectives

2.1 Steady State Mode 1 Plant Requirements and Test Objectives
2.2 Plant Startup and Transition Test Objectives
2.3 Trips
2.4 Sensitivity Studles

Plant Design Summary

Test Approach and Critical Measurements

Test Results
5.1 Steady State Performance
5.2 Transitions Involving Mode 1 Operation
5.3 Trips

Conclusions

List of References

Note of Explanation (day numbering schemes)

"
jii

-l O N

1N
19
19
38
42
46
47

48



.10

1

ILLUSTRATIONS

Solar One System Schematic

Solar One Plant Operating Modes

Mode 1 Flow Path and Principal Instrumentation

"Design Day® Insolation Models

Solar One Mode 1 Design "Waterfall Efficiency" Chart
Baseline Turbine Cycle Performance Characteristics

Heat and Mass Balance Mode 1 (10 MW Design Point)
Impact of Turbine Exhaust Pressure on Electrical Output
Main Steam Flow Required for Gross E£lectric Generation

Performance Comparison Employing "Corrected" Condenser
Pressure

Comparison of Turbine First Stage Pressure to Main
Steam Flow

Gross Heat Rate for Water/Steam Cycle Portion of Plant
Variation in Final Feedwater Temperature

Performance of Individual Feedwater Heaters

Measured Plant Parasitic Loads

Receiver Absorbed Power as a Function of Collector Field
Redirected Power (Steam Temperature 930 - 96Q0F)

Receiver Absorbed Power as a Function of Collector Field
Redirected Power (Steam Temperature 830 - 8609F)

Receiver Absorbed Power as a Function of Collector Field
Redirected Power {Steam Temperature 730- 7600F)

Gross Electric Power as a function of Collector Fileld
Redirected Power Parameter

12

13

20

21

22
24
25
26
28

31

32

33

36



5.12

Net Electric Power as a Function of Collector Field
Redirected Power Parameter

Major Mode 1 Plant Parameters, Day 144 (5/24/83), 08:00 -
18:00 Hours

Major Mode 1 Plant Parameters, Day 144 (5/24/83), 17:00 -
19:00 Hours

System Behavior in Response to Turbine Trip

System Behavior in Response to Receiver Trip

38

1

43
a4

45



3.2
4.1
4.2
5.1

TABLES

Collector Field Average Blocking and Shadowing Performance
Factors

Collector Field Average Cosine Performance Factors

Mode 1 Plant Operating Data Base

Principal Mode 1 Process Instrumentation

Mode 1 Startup Timelines

vi

Page

10
16
18
40



MODE 1 TEST REPORT SUMMARY

Solar One is the largest solar thermal central receiver plant in the
world. Since April, 1982, the plant has been in the process of starting up
major systems and performing preliminary operational evaluation. The testing
and evaluation will continue into 1984 and beginning in August, 1984 the plant
will be turned over to Southern California Edison for the prime purpose of
energy production.

The purpose of this report 1s to document pltant operation and testing in
the mode where ali solar power %s absorbed by the receiver and flows directly
to the turbine in the farm of high pressure, high temperature steam (Mode 1).

Test results reported here show that plant level performance is optimal at
steam pressures and temperatures below the design level of 1450 psi and
9609F. This conclusion is based upon four factors;

1. the turbine performance is relatively insensitive to steam
temperature;

2. improvements in turbine expansion efficiency and reduced turbine
control valve losses are experienced at higher steam flows and lower
operating steam pressure;

3. receiver thermal Tosses are lower at a lower cperating steam
temperature, and

4, lower parasitic power load is associated with a jower steam pressure.

Plant operation at less than design temperature and pressure has posed no
particular operating problems even though an increase in system steam flow
results for a given absorbed recelver power level. This is due to the fact
that insolation levels from Becember, 1982 through June, 1983 are 15 to 20%
below the 1976 destgn baseline values. In addition, the turbine is slightly
oversized (rated for 12.5 MW) and thus is capable of accepting mass flows
above design levels.

During the testing reported here, it has been demonstrated that the
turbine-generator could be repeatably synchronized within two to 2.5 hours of
sunrise and operated until forty-five minutes before sunset. A midday start
required one to 1.5 hours. Trip sequences involving the turbine and receiver
demonstrated that the trip logic and controlled shutdown sequences were
properly executed to protect plant equipment and maintain safe operation.



1.0 Introduction

Solar One is the world's largest solar-thermal central receiver power
plant. It is designed to produce 10 MWe net power for 4 hours on a design
winter day and for 7.8 hours on a design summer day. The plant is also
designed to generate 7 MWe net power for up to 4 hours from stored thermal
energy.

The principal elements of the system are shown schematically in Figure
1.7. They include the collector system which consists of 1818 heliostats
surrounding the central tower, a water-steam single-pass external receiver, a
thermal storage system which stores heat in a single tank filled with 011 and
rock, separating the hot and cold regions by a thermocline temperature
boundary, and a standard steam Rankine electrical power generation cycle.
Detailed information regarding the design and operation of each of these plant
systems 1s contained in Reference 1.

With these systems, it is possible to operate the plant in any of 8 basic
operating modes. The energy flow paths for each of the 8 operating modes are
depicted in Figure 1.2.

The purpose of this report is to document plant operation and testing in
Mode 1 (Turbine Direct). In this mode, all of the redirected power which is
absorbed by the receiver fiows directly to the turbine in the form of high
temperature, high pressure steam. While operating in this mode, neither the
thermal storage charging nor extraction systems are in service.

The principal components and flow paths associated with the feedwater and
steam systems which are active during Mode 7 operation are shown in Figure
1.3. The feedwater circuit starts at the condenser and flows through 4 stages
of feedwater heating enroute to the receiver. Steam which is produced by the
singlie pass to superheat recefjver flows through the main steam downcomer and
directly to the turbine. Other possible steam flow paths shown-in the figure
involve auxiliary steam service {through PV1003), steam dump system operation
{(through PV1001 and FV1006), and through 4 bootleg (low point) drain valves
which flow to the condenser. Also shown in the figure are the relative
locations of the principal process instrumentation used in monitoring and
evaluating Mode 1 operation.

2.0 Test Goals and Objectives

The goals and objectives of this Mode 1 test program were to gather test
data in four areas of plant operation for subseguent analysis and comparison
to design requirements. These are steady state operation, startup and
transition testing, trips involving the turbine and recelver, and off design
operations involving alternate steam temperature and pressure conditions to
support special sensitivity studies.

2.1 Steady State Mode 1 Plant Requirements and Test Objiectives

The basic Mode 1 design requirements were that the plant shall be capable
of producing 10 MWe net for 7.8 hours on a "design summer day" and for 4 hours

2
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Figure 1.1. Seolar One System Schematic

on a "design winter day". 1Implicit in the design summer and winter days are
assumptions regarding the direct insolation, heliostat reflectivity, and
heltostat availability. The insolation profiles used to design the plant are
shown in Figure 2.1. The corresponding assumption for field average heljostat
specular reflectivity is 0.89* with a corresponding heliostat availability of
100%* .

*Design assumptions as specified by the DOE project office during design.
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EPGS — Electrical Power Generation System
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Prior to initiating detailed plant design, the summer and winter operating
time periods were screened to identify the 1imiting instant in time (minimum
power point) for plant sizing purposes. Consideraticn was given to the
simultaneous affects of insolation, collector field "cosine" loss, and
heliostat blocking and shadowing losses. The resulting analysis indicated
that the minimum power point would occur at winter 2 PM (sun time) and thus,
the plant was sized for a winter 2 PM design point.

One of the steady state test objectives involved demonstrating the degree
to which the power levels and durations stated above could be satisfied
recognizing that the actual values of insolation, heliostat reflectivity, and
heliostat availability may deviate significantly from the design values. The
other principal steady state test objective involved gathering full and part
power performance data to compare to predicted plant perfarmance estimates and
to determine the minimum threshold power for Mode 1 operation.

2.2 Plant Startup and Transition Test Objectives

The requirements for plant startup and transitions are that the plant
shall be capable of being started up and transitioned into Mode 1 operation.
The plant shall also be capable of being shutdown from Mode 1 operation.. 1In
addition, the plant shall be capable of transitioning between low and high
power levels as a routine part of Mode 1 operation.
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Although no times for these startup, shutdown, and transition operations
were established as part of the plant design requirements, the implicit goal
is to accomplish these operations in a timely fashion. Testing in these areas
involved developing baseline timeline data and identifying system, component,
and operator constraints. From this information, 1imiting hardware and
operational related issues were identified for future investigation.

2.3 Trips

The stated requirement involving trips is that the plant shall be capable
of transitioning to a safe condition (or shutting down if appropriate) if an
anomalous (trip) condition exists. Types of trips appropriate for
investigation during Mode 1 operation are fturbine trips and recelver trips.
The principal test objectives are to verify that the proper trip sequence is
executed and that the plant transitions to a safe condition.

From an actual test planning standpoinit, no dedicated trip tests were
specified. Instead, sufficient data were gathered during naturally occurring
trips that occurred during routine operation as a result of either process
upsets or instrumentation maifunctions.

2.4 Sensitivity Studies

The goal of the sensitivity studies was to determine the preferred
operating conditions (steam temperature and pressure) which maximize Mode 1
performance and to determine the magnitude of the performance penalty
associated with operation away from the peak performance condition. These
types of tests were not included in the original test planning but were
included when intuitive insight seemed to indicate that improvements in plant
performance could be realized by operating at something other than design
steam conditions. Implicit in these studies is the influence of steam
temperature and pressure on the combined receiver-turbine cycle efficiency.

3.0 Plant Design Summary

Before discussing plant test results for Mode 1 operation, it is
appropriate to review basic performance predictions that were developed as
part of the initial plant sizing and overall design activities. With this
information, it 1s possible to make direct comparisons to actual operating
data and to identify areas of discrepancy or uncertainty against which further
investigations and analysis can be made.

A summary of the overall plant design point (Winter 2 p.m.) performance
predictions along with the peak power (Summer noon) predictions are contained
in Figure 3.1 (based on information contained 1n Reference 2). The efficiency
Waterfall" format starts at the left side with the thermal power incident on
the heliostats 4f all heliostats were oriented normal to the incoming sun
1ight. The waterfall attempts to account for all of the performance factors
that would he experienced as the thermal power flows through the collector and
receiver systems and i1s ultimately converted to electricity in the turbine
cycle. The specific loss mechanism for each of the waterfall steps 1s listed
along with the corresponding efficiency or thermal loss factor.
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The heliostat reflectivity value of 0.89 which appears in both of the
waterfall charts was a specified assumption (by the Department of Energy) to
be used in all plant sizing and design calculations. This allows for a slight
degradation from the field average clean reflectivity of 0.906 which
represents an area weighted average for the mixture of Tow and high iron
(glass) heliostats used in the Solar One field.

The indicated values for heliostat blocking and shadowing and collector
field cosine in both cases represent area weighted average values for the
entire collector field. They were calculated based on "as bullt" heljostat
locations and the instantaneous orientation of adjacent heliostats assuming
all heliostats were tracking the receiver. Tabulations of field average
blocking and shadowing and field average cosine factors appropriate to various
times of day and days of the year were developed in Reference 3 and are
contained in Tables 3.1 and 3.2. Due to daily and seasonal symmetry, the
7 x 7 array of numbers contained in each table actually represents 13 instants
of time on 12 days spaced throughout the year.

Table 3.1. Collector Field Average Blocking and Shadowing Performance
Factors (Prepared by the University of Houston November 1981)

(Solar (10° Sun
Noon) Elev)
Hour = 0. 1.05 2.09 3.14 4.18 5.23 6.28
Day = 93 0.9682 0.9670 0.9682 0.9726 0.9705 0.9190 0.7341
Hour = 0. 1.02 2.04 3.06 4,07 5.09 6.11
Day = 124 0.9674 0.9667 0.9682 0.9723 0.9698 0.9187 0.7288
Hour = 0. 0.95 1.90 2.85 3.81 4.76 5.1
Day = 155 0.9664 0.9668 0.9688 0.9714 0.9665 0.9123 0.7245
Hour = 0. 0.86 1.72 2.59 3.45 4.31 5.11
Day = 186 0.9680 0.9684 0.9695 0.9694 0.9569 0.895 06.7113
Hour = 0. 0.717 1.53 2.30 3.06 3.83 4.60
Day = 216 0.9683 0.9683 0.9675 0.9619 0.9376 0.8690 0.7000
Hour = 0. 0.68 1.36 2.04 2.1 3.39 4.01
Day = 246 0.9631 0.9616 0.9558 0.9418 0.9083 0.8375 0.6953
Hour = 0. 0.64 1.28 1.92 2.56 3.20 3.85
Day = 276 0.9564 0.9547 0.9460 0.9288 0.8925 0.8240 0.6883

Legend: "Hour" - Hours from Solar Naon (appropriate to morning or afternoon)
Day 93 - June 21 (summer solstice)
124 - May 21 or July 22
155 - April 20 or Aug 22
186 -~ March 20 or Sept 22 (equinox)
216 - Feb 18 or Oct 22
246 - Jan 19 or Nov 21
276 - Dec 21 (winter solstice)




Table 3.2. Collector field Average Cosine Performance Factors
' (Prepared by the University of Houston November, 1981)

(Solar (10° Sun
Noon) Elev)
Hour = 0. 1.05 2.09 3.14 4.18 5.23 6.28
Day = 93 0.8376 0.8315 0.8134 0.7842 0.7451 0.6978  0.645]
Hour = 0. 1.02 2.04 3.06 4.07 5,09 6.11
Day = 124 0.8406 0.B346 0.8172 0.7888 0.7506 0.7043 0.6524
Hour = O. 0.95 1.90 2,85 3.81 4.76 5.71
Day = 155 0.8455 0.8401 0.8242 0.7983 0.7632 0.7203 0.6714
Hour = 0. 0.86 1.72 2.59 3.45 4.3 5.17
Day = 186 0.8463 0.8418 0.8284 0.8065 0.7767 0.7399 0.6974
Hour = 0. 0.77 1.53 2.30 3.06 3.83 4.60
pay = 216 0.8409 0.8374 0.8269 0.8098 0.7863 0.7570 0.7229
Hour = 0. 0.68 1.36 2.08 2.7 3.39 4.07
Day = 246 0.8327 0.8300 0.8221 0.8090 0.7910 0.7685 0.7420
Hour = 0. 0.64 1.28 1.92 2.56 3.20 3.85
Day = 276 0.8288 0.8264 0.8195 0.8080 0.7922 0.7724 0.7489

Legend: ‘“Hours" - Hours from Solar Noon (appropriate to morning or afternoon)
Day 93 - June 21 (summer solstice)
124 - May 21 or July 22
1565 - April 20 or Aug 22
186 - March 20 or Sept 22 (equinox)
216 - Feb 18 or Oct 22
246 - Jan 19 or Nov 21
276 - Dec 271 (winter salstice)

The value for atmospheric transmittance (0.978) was analytically
determined based on assumptions for water vapor and aerosols consistent with a
dry desert environment. No attempt was made during the plant design
activities to include values as a function of time of day or season.

The receiver interception factor (0.976) represents a field average
value. It was calculated by the existing University of Houston collector
field performance computer codes based on a set of heliosat assumptions
regarding tracking accuracy, surface waviness, and structural rigidity which
were consistent with the heliostat procurement specification. No attempt was
made as part of the baseline plant sizing task to inciude the impacts of
vartations in wind speed, ambient temperature, or differing aim strategies on
the interception factor. It was also assumed that all heliostats were
perfectly aligned to the proper receiver aim point following their initial
installation.
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The receiver absorption value of 0.95 was based on the "new" absorptivity
characteristics of pyromark. No additicnal allowance was included for
possible degradation of the coating as a result of receiver exposure to
concentrated sunlight or natural weathering affects.

The convection and radiation loss values reflect seasonal differences in
ambient temperature and wind speed which, based on existing correlations
involving natural and forced convection, directly influence averall convection
loss. The higher summer time losses result from the higher average summer
wind speed (14.5 mph vs 8.5 mph for winter day average operating periods).

The corresponding summer and winter day average temperatures used for
convective loss calculations were 87%F and 55C0F respectively. The piping
Yoss value (1% of maximum power) is based on heat Joss and change 4in
thermodynamic state point conditions experienced by the steam as it passes
through the downcomer and to the turbine.

The gross cycle efficiency assumptions which oeccur in the turbine
generator cycle are bhased on published GE performance data based on the
turbine guaranteed performance in conjunction with a four feedwater heater
cycle. The difference in efficiencies shown in Figure 3.1 refiect the effect
of higher power level (steam flow) associated with summer noon operation. The
detailed variations in power level as a function of throttle steam flow and
the resulting gross heat rate are shown in Fiqure 3.2 (taken from Ref. 4).

The plant parasitic power estimate i1s based on the simultaneous power demand
for all electrical equipment that would normally be operational during Mode 1.

Detailed data involving actual state point conditions at various points
around the water/steam portion of the system, as presented in Reference 5, are
shown in Figures 3.3A and B for the 10 MWe design point condition (winter 2
p.m.). Explicit in these data are turbine inlet conditions of 9509F and
1450 psi and a condenser pressure of 2.5 in Hg. The impact of varying the
condenser pressure in terms of incrementail change in electrical output is
shown in Figure 3.4 (taken from Ref. 4). The figure shows the significant
advantage to be realized in running the turbine at a minimum exhaust pressure.

4.0 Test Approach and Critical Measurements

The approach to Mode 1 testing invoelved developing a sufficient
operational data base so that both steady state and transition operations
could be thoroughly analyzed. This included plant operations at both design
and off design operating conditions.

In general, a significant portion of this data base was developed as part
of routine power production operations carried out on weekends and during
holiday periods as well as during dedicated power production tests.

Additional Mode 1 operations which were required to develop data at specific
test conditions were accomplished during dedicated periods of the (weekday)
test program. Data invelving trips during Mode 1 operation were gathered
during naturally occurring trips that occurred as part of routine plant
operations. No dedicated trip tests were conducted.

11
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Table 4.1 presents the Mode 1 operating data base that served as the basis

for this report.

1983. These days were selected since they contained substantial periods of

steady state Mode 1 operation at a variety of operating conditions as well as
data pertaining to transitions and trips.

The plant evaluation associated with the water/steam cycle during Mode 1
operation was based on the principal process measurements 1isted in Table

4.2. Also contained in this table is the instrument range for each

measurement.
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Table 4.1. Mode 1 Plant Operating Data Base (Page 1 of 2)

Date Day of Week Online Period Comment
12/25/82 (359)* Sat 09:22 - 16:02
1/10/83  (10) Mon 10:28 - 16:10  Power step tests
2/1/83  (32) Tue 10:48 - 16:38
2/14/83 (AS) Mon 09:52 - 15:05 Off design temp and press
3712783 (1) Sat 08:47 - 16:38 Midday ciouds, steam dump valve
, leak thru
3/15/83 (74) Tue 10:32 - 17:03
4/9/83  (99) Sat 08:42 - 16:27 Afternoon winds to 35 mph
4/16/83 (106) Sat 08:44 - 17:30
4/17/83 (107) Sun 08:12 - 16:11
4/18/83 (108) Mon 07:29 - 12:23 Power step tests
5/1/83  (127) Sat 09:46 - 18:46 Max power = 11.3 MWe gross
5/8/8B3 (128) Sun 08:35 - 18:31 Afternoon winds to 30 mph
5/15/83 (135) Sun 08:37 - 18:26
5/21/83 (141) Sat 0B:21 - 14:42 High winds, midday trip
16:24 - 18:40 (air system problems)
5/22/83 (142) Sun 08:15 - 12:09  Midday trip
13:42 - 18:58 (air system problems)
5/23/83 (143) Mon 08:17 - 18:50 Air system problems
5/24/85 (144) Tue 08:05 -~ 19:03 Air system problems
5/25/85 (145) Wed 08:26 - 18:56 Air system problems
5/26/83 (146) Thurs 10:09 - 18:58 Air system problems
5/27/83 (147) Fri 08:30 - 18:47  Air system problems
5/29/83 (149) Sun 08:44 - 17:4%  Air system problems
5/30/83 (150) Mon 07:42 - 19:04 Air system problems
6/2/83  (153) Thurs 08:30 - 18:51 Air system problems

*Day of the year
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Table 4.1. Mode 1 Plant Operating Data Base (Page 2 of 2)

Date Day of Week Online Period Comment
6/6/83 (157) Mon 08:50 - 16:44 Partly cloudy afternocn
6/9/83  (160) Thurs 08:45 - 19:04 Hazy, Tow morning insolation
6/10/83 (161) Fri 09:09 - 1B:47 Hazy, low morning insolation
6/12/83 (163) Sun . 09:06 - 19:13
1/1/83  (188) Thurs 08:34 - 16:00 Power step test

Before reviewing the test results for Mode 1 operation, 1t 1s essential to
understand both the overall philosophy associated with the instrumentation and
data acquisition system as well as specific characteristics associated with
particular instruments.

First and foremost, the piant is cperated as a utility power plant as
opposed to a precise laboratory experiment. As a result, the instrumentation
used for the most part is of the type normally used in the process and utility
industries. In addition, no dedicated pretest and post test calibration
checks are made as would be done in a laboratory experiment to verify the
quality of the data being recorded. As a result, uncertainties implicitly
exist as to the absolute and relative accuracy of the data being recorded.

It should also be understood that the errors in the final data arise not
only from the sensors themselves but from the entire data system through which
the signals must fiow. Most of the sensors used in the plant have accuracies
typically on the order of 1/2 - 1% of full scale value. By the time the data
signal ts transmitted, processed, recorded, and retrieved, the accuracy may be
more typically in the 2 - 2-1/2% range, even for precisely calibrated
instrumentation. Factors in the data system which can contribute to the
overall errors are the excitation power supplies, signal conditicning
equipment, analog-to-digital converters, the precision of the digital system,
and the calibration curves used to convert the digitized data into engineering
parameters.

The maintenance of the instrumentation and data system represents a major
task for plant maintenance personnel. With 3383* individual plant measurement
tags contained in the Master Information File (2400 tags related to the
Subsystem Distributed Process Control system, 744 tags deédicated to the
engineering Data Acquisition System, and 239 tags associated with the Special
Heliostat Instrumentation and Meteorological Measurement System), it is
virtually impossible to conduct a periodic calibration check of all
measurement channels within the limitations of the available manpower.

*A total of 1815 tags are currently scanned and recorded at any one time due to
data base limits.
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Table 4.2. Principal Mode 1 Process Instrumentation

Tag ID* Description Rahge
ATX1817A Normal incident pyrheliometer (control room roof) 0-1394 w/m2
TI2001P Receiver intet water temperature 0-500°F
PI2002P Receiver inlet water pressure 0-3000 ps?
TI2005P Receiver (bailer panel) inlet water temperature 0-800°F
TI2904P Receiver discharge steam temperature (RTD) 0~1200°F
P12902°P Receiver discharge steam pressure 0-2000 psi
FI2233P Total receiver feedwater flow 0-208.5 k1b/hr
PIVCQOTP Steam pressure at base of tower 0-1800 ps)
T11001P Steam temperature at base of tower 0~1100°F
JIC5100P Gross generated electrical power 0-28800 KW
STX1801 Wind speed 0-100 mph
NE5SI102AP Net generated electrical power 0-1B417 KW
TI2903P Recejver discharge steam temperature 0-1500°F
TEX1102 Final feedwater temperature 0—450°F
PI640P Condenser pressure 0-12 In Hg Abs
TI115P Feedwater temperature (inlet to 4th pt. heater) 60-200°F
TI97pP Feedwater temperature {outlet to 4th pt heater) 0-250°F
TI90P Feedwater temperature (outlet from deaerator) 0—300°F
TI40P Feedwater temperature (inlet to 2nd pt. heater) 0-400°F
TI13P Feedwater temperature (inlet to 1st pt. heater) 0-500°F
PESQO0TP Plant electrical load 0-2800 KW
P1992P Turbine first stage pressure 0-1500 pst

*See Figure 1.3 for Relative Location of Process Instrumentation

Instead, as deficiencies are noted by plant operators or engineering
personnel, maintenance orders are written and corrective actions are
Priorities in general are given to those parameters which directly
involve the plant control system or those which monitor principal plant

initiated.

parameters for display in the control room.

As a result, data which may be in

error are continually recorded with no corrective action being taken until
someone observes the problem and initiates the necessary corrective actions.
Data of this type are of greatest concern for the more obscure parameters

which are not widely reviewed on a routine basis.

When a problem is observed,

no effort is made to "correct" previously recorded data due to the uncertainty
associated with when the problem originated.
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Individual sensors in the plant also have unigue preventive maintenance
requirements which must be accomplished in order to afford reasonable
measurement accuracy. For example, the alignment of the normal incidence
pyrheliometer must be adjusted daily to insure proper alignment with the sun
while dust on the lens, which will directly Influence the measurement, must be
cleaned away. Anemometers that are located at various points throughout the
site to gather wind data, which can influence plant operation, must receive
routine maintenance in terms of lubrication and bearing replacement. New
bearings and fresh lubrication can significantly change the spinning
resistance of the anemometer.

Finally, many critical sensors experience changes in output signals with
operating conditions or tend to degrade with time. For example, flowmeters
which are widely used in the receiver feedwater system (21 receiver
flowmeters) tend to experience a zero point shift with operating temperature.
Thus, as sensing elements change in temperature which occurs naturally as a
result of normal variations in feedwater temperature, measured flow values are
also directly affected. Flux sensors, which are integral part of the receiver
control system, tend to experience a long term degradation in output signal
with time. As a result, periodic surveillance of these signals is required
and controi system gain changes are necessary to offset these affects.
Attempts are also made to periodically recalibrate these sensors to preserve
the "engineering" quality of the data. However, since a standard calibration
device is not available, the post calibration tests data still contain a great
deal of uncertainty.

5.0 Test Results

This portion of the report presents the results of the Mode 1 test
program. It is divided into three sections which cover steady state
performance, transitions (startup and shutdown), and trips. MWhere
appropriate, comparisons between the actual test data and the predicted design
values are made to further enhance the meaning of the test data and to verify
the quality of the assumptions and analysis used to develop the Solar Cne
plant design.

. 5.1 Steady State Performance

The goal of this section is to present system level performance data for
Mode 1 operation. The data cover both design and off design operating
conditions. It is intended that these data provide insight as to the
preferred operating conditions which maximize plant performance and net
electrical power production.

In preparing the data for presentation in this report, the Mode 1 data
base was sorted by critical parameters which can influence plant or system
performance. Data pertaining to the water/steam portion of the system
(1ncluding the turbine-generator cycle) was sorted by steam temperature and
pressure. Data pertaining to the collector/receiver portion of the plant was
sorted by steam temperature (indicative of receiver temperature), steam
pressure, and wind speed. In all cases, data were screened to verify that a
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reasonably steady state condition existed before individual data points were
selected for reporting purposes,

The system level performance and parametric sensitivity data for the
water/steam portion of the plant are summarized in Figures 5.1 - 5.7. Fiqure
5.1 shows the gross electrical power production as a function of steam flow at
two operating steam temperatures. It also shows the design relationship as
specified in the GE Thermal Kit (see Reference 4) which 1s based on a steam
condition of 9500F, 1450 psi and a condenser pressure of 2.5 in Hg. The
high temperature data points (depicted as circles) show reasonable agreement
to the GE performance predicted although the lower operating condenser
pressures (0.6 - 1.4 in Hg) tend to result in a higher power for a given steam
flow than would occur with a condenser pressure fixed at 2.5 in Hg.

The figure also shows, as expected, the higher steam flow required for low
steam temperature operation (depicted as triangles). It is interesting to
note that the high and low temperature data points tend to merge in the Tow
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power portion (left side) of the curve. From a turbine c¢cycle standpoint, this
implies that no significant advantage exists during low power operation in
maintaining a high steam temperature. The fact that no distinguishable
pressure affect was observed in plotting the low temperature data (low
temperature data cover the pressure range of 750 - 1450 psi) indicates that
pressure effects are of secondary importance to the relationship shown in the
figure. . :

To make a direct comparison between the high temperature, high pressure
data points (design point conditions) and the GE Thermal Kit prediction shown

in Figure 5.1, the data were modified to “correct" the condenser pressure to
the 2.5 in Hg design value. The basis of this correction was the "incremental
change in electrical output" with turbine "exhaust" pressure shown in Figure
3.4. The resulting data compartson to the GE predictions are shown in Figure
5.2. Because the condenser pressure correction factors in all cases resulted
in a reduction in gross electrical power generation for a given flow, the
correlation bhetween the predicted performance and the test data is not as good
as was originally depicted in Figure 5.1, particularly at the high flow
conditions.
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(Ref Fig, 3.2)
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Figure 5.2. Performance Comparison Employing “Corractad’ Condenser Pressure
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The main steam flow data values shown in Figures 5.1 and 5.2 are in fact
measured feedwater flow values at the inlet to the receiver. Some errors may
exist between the feedwater flow and the steam flow which actually enters the
turbine. Principal sources of these errors are the alternate steam flow paths
which can consume some of the receiver-generator steam prior to reaching the
turbine. These paths, which are shown in Figure 1.3, are the auxiliary steam
system, the steam dump system and the bootleg drains., If substantial steam
flow was being diverted to one or more of these paths, the most significant
error would be observed in the low power region of Figure 5.2 since the lost
steam flow would represent a substantial fraction of total steam flow. The
fact that this condition does not exist indicates that the receiver feedwater
flow js a resconable measure of total turbine main steam flow for Mode 1
operation.

An alternate steam flow measurement technique was investigated. This
involved the correlation between turbine main steam flow and first stage
exhaust pressure. Figure 5.3 shows the results of the comparison between two
plant operating conditions and the GE predicted values. The figure shows that
a substantial discrepancy exists between the predicted and measured values at
low to moderate steam flows. The data points show a trend toward "0" pressure
at "0" flow which seems much more realistic than the predicted minimum
pressure of 375 psia at "0" flow. The figure also shows that the correlatioen
varies with changing steam conditions even when steam pressure is held
reasonably constant.
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As a result of the discrepancy between the predicted and measured values
and the apparent need to have a unique first stage pressure versus main steam
flow correlation for each steam condition, it was concluded that this
technique would not give an accurate indication of turbine main steam flow.
This would be particularly true due to the wide range of steam temperature and
pressure conditions being evaluated in this report. Therefore, the receiver
feedwater flow was adopted as a direct measure of turbine steam flow for this
report and the related supporting analysis.

An indication of the water/steam cycle efficiency (expressed in terms of
gross heat rate) is shown in Figure 5.4. This figure compares the calculated
data points to the predicted gross heat rate as contained in the Heat and Mass
Balance Analysis (see Reference 5). The experimental data have reasonable
agreement with the predicted values. The data show that for power levels less
than approximately 5MW, virtually no difference exists 1n the heat rates
experienced for the high (930-9600F) and low (730-7600F) steam
temperature. At higher power levels, the data indicate that the hot steam
case (930-9600F) is only marginally better than the low temperature case
(730-7600F).

Implicit in the performance of the overall water/steam cycle is the
performance of the feedwater heaters which draw their energy from dedicated
turbine extraction ports. Figure 5.5 shows a comparison of predicted and
measured final feedwater temperatures as a function of gross electric power,
The results show that the predicted temperature is consistently 5-100F
higher than the measured data. The predicted values were developed prior to
the selection of the feedwater heaters and ideal assumptions were made
regarding the steam pressure drop through the turbine extraction steam lines.
Further, the test data were taken with a condenser pressure of approximately 1
inch of Hg. As a result, the feedwater temperature leaving the condenser and
entering the fourth point heater is 20-30°F colder than the 1089F initial
feedwater temperature assumed for the Heat and Mass Balance Analysts.

Figure 5.5 displays data at four different steam conditions. It appears
that the design steam conditiaons (shown as circles) result in a lower final
feedwater temperature than is produced when the system operates at lower
temperature and/or lower pressure steam conditions and at lower power levels.
This effect 1s most 1ikely related to the pressure drop that occurs across the
turbine control values which are attempting to control upstream pressure. If
the control values are maintained in a more wide open condition (as is the
case for low steam pressure operation), the pressure drop across the valves
will be less, which creates higher pressures at the turbine extraction ports
and tncreased feedwater heating.

The performance of each of the four feedwater heaters at various power
Tevels is shown in Figure 5.6. Predicted performance levels {dashed lines)
are based on plant design steam conditions (9509F, 1450 psi) and a 2.5 in Hg
condenser pressure. The four large regions or zones formed by the dashed
1ines are the predicted zones of operation for each of the four feedwater
heaters. The narrow zone which exists between the second and the third
feedwater heater reflects the influence of the receiver feed pump on feedwater
temperature due to the addition of mechanical pumping power.
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The test data points plotted in Figure 5.6 correspond to similar steam
temperature and pressure conditions as those assumed for the performance
predictions. The influence of differences in condenser pressure between the
test data and the 2.5 in Hg value assumed in the analysis are clearly seen at
the bottom of the figure.

In comparing the test data to the predicted values, 1t 1s seen that the
fourth point heater is assuming a greater portion of the feedwater heating
than was originally predicted. The first and second point heaters appear to
be providing a fraction of total feedwater heating which 1s comparable to
original predictions while the deaerator is contributing a smaller than
anticipated fraction to the total feedwater heating function. The net result
for the entire turbine extraction and feedwater heater system however appears
to be a more or less self compensating system in which adjacent heaters (and
corresponding turbine extractions) tend to offset one another due to the
highly coupled nature of the steam and feedwater flow paths. The result is
that the final feedwater temperature approaches the predicted values
reasonably well, particularly at lower power levels.

An additional performance factor which is heavily dependent on the
operation of the water/steam cycle involves the plant parasitic load. Figure
5.7 shows actual parasitic load data as a function of gross electrical power
for a variety of operating steam conditions. 1In general for high power
operation, the plant parasitic load is between 1000 and 1200 KW, independent
of the steam conditions involved. At lower power levels, the plant parasitic
load decreases to approximately 1000 KW except for the case of reduced steam
pressure operation (shown as squares). For thls case, parasitic loads in the
800 - 900 KW range appear to be more appropriate due to the reduced power draw
of the receilver feed pump., From the standpoint of parasitic lecad, the
operation of the plant at reduced pressure offers a clear advantage. This:
operation is of course 1imited by the ability of the turbine and piping system
valves to pass and control the steam flow without being "pegged" to a wide
open {(and non controlling) position. In all cases, the measured plant load
{when the electric boiler was not in service) was significantly less than the
1700 KW Yoad assumed for the plant design. The differences involve the extent
to which plant electrical equipment 1s operated on a simultaneous basis during
Mode 1 operation.

In order to complete the assessment of Mode 1 operation and to identify
the preferred plant operating conditions, i.e., steam conditions, it is
necessary to include the effects of the "solar" portion of the plant. Of
critical interest are the effects of steam conditions on receiver
performance. In addition, environmental factors such as wind speed can also
influence the selection of recelver operating conditions.

For the purposes of this evaluation, the receiver can be treated as a
"black box" whose absorbed power is given by:
P (absorbed) = P (incident) - (Convective losses + Conduction

losses + Radiation losses + Reflective losses) (1)
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The conductive losses are very small and can be neglected from the heat
balance equation. The reflective losses are dependent upon the incident power

and can be expressed as:
Reflective losses = (1 - a)- P (Incident) (2)

where
a - Recelver absorptance

Combining equations (1) and (2) and collecting terms yields in abbreviated
form:

Pabs = {(a) - Pinc - (Conv loss + Rad loss) (3)

Using the basic "waterfall" efficiency parameters (see Figure 3.1), the
incident power in turn can be expressed as:

Pinc = 21) (Cos) (B & S) (p) (Atm Att) (Rec Int) (Area Helio) -

No Helio) (4)
where

1 - Measured direct insolation

Cos - Average collector field cosine (See Table 3.2)

B&S - Average collector field blocking and shadowing
(See Table 3.1)

p - Measured heliostat reflectivity

Atm Att - Atmospheric attenuation

Rec Int - Receiver interception factor

Area Hello - Reflective surface area for an individual
heliostat (39.59 m?)

No Helio - Number of heliostats tracking the receiver

Substituting equation (4) into equation (3), the power absorbed into the
water steam can be written as

Pabs = (@) (Atm Att) (Rec Int) (Area Helio) (I) (Cos) (B & S) (p)
{No Helio)
- {Conv Loss + Rad Loss) (5)
or
Pabs = K (I) (Cos) (B & S) (p) (No Helio) - (Conv Loss +

Rad Loss) (6)



where

K - Proportionality constant

= (a) (Atm Att) (Rec Int) (Area Helio)
(I) (Cos) (B & S) (p) (No Helio) - 1s a measure of the average power
directed toward the receiver

If the proportionality constant and the convection and radtation losses
are independent of receiver power, a plot of the test data based on equation
(6) 1.e., Pabs vs (I) (Cos) (B&S) (p) (No Hello) will result in a straight
Tine relationship.

Test data for three different steam temperature ranges are plotted in
Figures 5.8 - 5.10. The steam temperature ranges are respectively 930 -
9600F, 830 - B8609F, and 730 - 7609F., 1In all cases, data selected
represented steady state* plant operations with wind speeds less than or equal
to approximately 10 mph. The steam pressures are as indicated in the figures.

The range of the data points on each figure refilect the typical operating
ranges experlenced during Mode 1 operation. The ranges for Figures 5.8 and
5.9 reflect plant operation to within approximately two hours of sunrise and
sunset. Data shown in Figure 5.10 includes lower values of absorbed power and
reflect plant operation to within approximately an hour of sunrise and
sunset. It is seen in all cases, that a straight l1ine relationship exists
between the absorbed power and the power directed from the collector field
toward the receiver, [(I) (Cos) (B&S) (p) (No Heljo)}].

With these data plots, it 1s possible to estimate receiver convection and
radiation losses directly. Defining the following terms as

(I) (Cos) (B&S) (p) (No Helio)

H
L = (Conv Loss + Rad Loss)

equation (6) can be written in a simplified form as

Pabs = K H - L (7

Differentiating equation (7) yields

d (Pabs) = K d (H) -0 (8)
or
d_(Pabs)

*Steady state corresponds to clear day operations during which process set
points and flow paths were held fixed for 15-30 min. Naturally occuring
changes due to the diurnal sun motion occur on a continuous basis.
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Since the data plots follow a straight 1ine relationship, equation (9) can
be written as the slope of the straight 1ine formed by the data

A Pabs
Substituting equation (10) into equation (7) yields
APabs
Pabs =[ AN } H-L (11)

By rearranging equation (11), the sum of the convection + radiation losses
may be calculated directly from the relationship

Pabs
L 4é_3ﬁ_] H - Pabs (12)

Using equation (12) and the straight-1ine slope data contained in each
figure, the following receiver loss (convection + radiation) estimates were
caiculated., For comparison purposes, four reference case convection and
radiation loss calculations are included. Cases 1 and 2 are appropriate to a
41 ft. tall receiver while cases 3 and 4 correspond to a 45 ft. tall receiver,
jdentical to the Solar One recelver.

Receiver Steam

Conditions Estimated
Steam Steam Wind Conv + Rad

Test Data Temp Press Speed Losses
Figure 5.8 930-9600F 1450 ps? < 10 mph 4.17 MW¢
Figure 5.9 830-860°F 1450 ps) < 10 mph 1.97 MWy
Figure 5.70 730-7600F 750-1450 psi < 10 mph 1.65 Muy
{(Reference Calculated Losses)

Case 1* 3600F 1450 psi 8 mph 4.2 My
Case 2* 6600F 1450 psi 8 mph 3.27 MWy
Case 3** 9600F 1450 psi 8.5 mph 4.66 MWy
Case 4** 9609F 1450 psi 14.5 mph 4.92 MiWg

*From Reference 6
**From Reference 7

A comparison between the loss estimates based on the test data and those
determined through traditional analytical techniques show reasonable agreement
for operation at high steam temperature. Comparisons for lower temperatures
show that the loss estimates based on test data are significantly lower than
those analytically determined (Reference Case 2).
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At this point, 1t is possible to combine the "solar" and water/steam cycle
performance characteristics into averall plant level performance factors which
can be used to determine the optimum plant operating conditions. Figure 5.11
shows a plot of the gross electric power generated by the plant as a function
of the collector fleld redirected power parameter [(I) (Cos)} (B&S) (p) (No
Helio)]. The data points are all at steady state plant operating conditions
for wind speeds less than approximately 10 mph. The specific steam conditions
are indicated by the symbols.

In order to maximize plant output, steam conditions should be selected
which result in the highest gross electric power generation for a given value
of the collector field redirected power parameter. Of the data cases shown in
Figure 5.11 the "open diamonds" exhibit this trait more than any other data
case. The steam conditions corresponding to this case are 730-760%F and
750-850 psi1. This somewhat surprising result differs significantly from the
9500F, 1450 psi plant operating design point. The preference for low
temperatuyre, low pressure operation is most pronounced at lTow power levels.
At higher power levels, the low temperature operating points tend to merge
with the intermediate temperature data points (830-8600F - "triangutar" data
peints). In all cases shown, the design point data ("“circular" data points)
appear to be less preferred.

The preference for lower than design temperature and pressure operation is
even more apparent when the data is plotted in terms of net electrical power
supplied to the grid as a function of the collector field redirected power
parameter as shown in Figure 5.12. The lower pressure operating points
("diamond" data points) are relatively higher on the plot than the other data
points due to the lower parasitic pumping power (receiver feed pump) consumed
during low pressure operation.

Physically, the preference for operation at reduced steam pressure and
temperature conditions, as shown in Figure 5.11 and 5.12, is a result of four
factors which operate simultaneously during plant operation. These factors
are the influence of steam conditions on turbine cycle efficiency, the
influence of mass fiow on turbine system performance, receiver heat losses,
and plant parasitic electrical loads. .

The influence of steam conditions on turbine cycle efficiency was shown in
Figure 5.4. This figure showed that high steam temperature operation was
stightly superior at high power levels but virtually no difference existed for
power levels less than 5 MWe. Thus for the particular turbine used at Solar
One, only a minor dependence of steam temperature on cycle efficiency exists.

From the standpoint of mass flow, the lower steam temperature results in a
higher mass flow. This tends to cause the turbine to operate at higher (more
near design) flows which is c¢lose to design point expansion efficiencies. 1In
addition, the higher steam flows also cause the turbine main steam inlet
control valves to operate in a more wide open position thereby minimizing
losses across the control valves. This benefit is further enhanced by
operating at reduced pressure where the control valves approach a full open
condition. 1In order to allow for realistic upstream pressure control (normal
control mode), the steam pressure and/or temperature should not be degraded
below design conditions any further than the conditions compatible with the
turbine control valve being 85-90% full open. Continued reductions 1in
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temperature and pressure set points below that level would result in the
turbine control valves going full open with a corresponding loss in pressure
During the normal afternoon reduction in available solar power,
further reductions in steam temperature and pressure are possible and
desirable to enhance performance and reduce control valve losses.
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Figure 6.12. Net Electric Power As a Function of Collector Field Redirected Power Parameter

From the standpoint of receiver heat loss, the data shown in Figure
5.8-5.10 and the accompanying summary heat loss table showed the desirability
of operating the receiver at lower than design steam temperatures. Since
these data are all for low wind conditions, 1t can be argued that high wind
operation would further enhance the relative performance benefits to be
realized by low steam temperature operation.
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From a parasitic power standpoint, Figure 5.7 showed that a parasitic load
reduction of approximately 200 KW can be realized by operating at reduced
system pressure. This saving is primarily associated with savings in receiver
feed pump power.

One major portion of the Mode 1 test objectives which remains to be
demonstrated involves the 4 and 7.8 hours durations for greater than 10 MWe
net power generation on winter and summer "design" days respectively. Several
factors have contributed to the inability to demonstrate these test
objectives. These factaors involve the available insolation, heliostat
reflectivity and heliostat availiability.

Throughaut the course of the test program, measured insolation levels have
been significantly less than the "Design Day" values shown in Figure 2.1,
Typical insolation deficiencies are on the order of 10-15%. This deficiency
s of critical importance during the beginning and ending periods of the time
intervals involved since no surplus generating capability exists at those
points in time. This is in contrast to operations around solar noon when the
deficiency in insolation and other factors 1s more than offset by the
increased collector field output resulting from improvements in field cosine
and blocking and shadowing factors.

The second factor that has resulted in reduced plant output is heliostat
reflectivity. With the plant designed for an 0.89 reflectivity, this
corresponds to a field with a 98.2% cleaniiness factor relative to the field
average 100 percent "clean" reflectivity factor of 0.906. Hellostat
reflectivity measurements indicated that typical cleanliness factors of 90-95%
of clean (0.815 to 0.860 reflectivity) were more representative of conditions
which existed during the Mode 1 test program.

Heliostat outage s the third factor which influences power generation
capability. The plant design point was based on having all 1818 heliostats
tracking the receiver. Typically during the course of the Mode 7 testing,
2-3% of the hellostats were out of service. As a result of intensive
heliostat maintenance activities, this outage level was reduced to
approximately 1% by eariy summer of 7983.

The overall affect of the above three factors is to reduce the
instantaneous plant power output by typically 15-20%. This of course directly
affects the ability of the plant to demonstrate a design power output level
for a specified time interval.

5.2 Trapsitions Involving Mode 1 Operations

The principal transitions of interest involving Mode 1 operation are plant
startup and shutdown. , :

Plant startup can be categorized in terms of sunrise or early morning and
midday startups. For the sunrise or early morning startup case, a condition
exists where there is a deficiency in collector field power relative to what
is required to start the receiver. 1In general, the deficiency is greatest on
the east side (sun side) of the receiver where early morning heliostat
performance 1s poorest.



The normal procedure during a sunrise or early morning startup is to
command all of the available eastside heliostats to track the receiver. A
lesser portion of the north and westside heliostats track those portions of
the receiver in order not to overwhelm the receiver startup flash tank with
steam flow (flash tank flow rated at 1/3 maximum receiver design flow —-
40,000 1b/hr) while waiting for the eastside of the recejver to reach steaming
conditions. Collector field related factors which tend to extend early
morning startup times are low early morning insolation and low performance
associated with field cosine and blocking and shadowing losses. Other early
morning factors which also influence startup times are dew or frost on the
heliostats which significantly reduce or inhibit heliostat reflectivity.
These latter two factors may delay startup as much as 30 to 45 minutes
depending on their severity and the rate at which it melts and/or evaporates.

Midday startup conditions are those pericds during which the collector
field has an excess power capability relative to what is required to start the
receiver. In general, all clear day startups initiated later than 2 hours
after sunrise are of the midday type. During these periods, the rate at which
heliostats are commanded to track are 1imited by the receiver executing its
predefined startup sequence while maintaining reasonable control of process
conditions once steaming operation is reached (minimize large temperature
overshoots as superheated steaming conditions are reached). Again, collector
field redirected power must he adequately managed so as not to overwhelm the
receiver flash tank with steam flow from highly powered panels while awaiting
the lower powered panels to reach superheated steaming operation.

Table 5.1 shows some typical startup timeline data for both sunrise and
midday starts. The table shows that typically 1 1/2 - 1 3/4 hours are spent
during a sunrise start producing a receiver steaming condition and

~establishing steam flow to the downcomer. Corresponding receiver startup
numbers shown in the table for midday starts are 25 - 42 minutes. The
difference 1s the ability of the collector field to deliver power to the
receiver. Experience during sunrise starts has shown that the field may be
*defocused", a problem may be corrected, and the startup group commanded back
to "track" during the first 30 - 45 minutes following sunrise with virtually
no impact on the overall startup time. Thus it can be concluded that the
available power from the collector field during the period of 30 - 45 minutes
immediately foilowing sunrise contributes 11ttle in starting the receiver. As
the sun elevation increases however, simuitaneous increases in the insolation
and field cosine and blocking and shadowing factors dramatically increase the
redirected power from the collector field resulting in a substantial
improvement (decrease) in receiver startup time.

The other data contained in Table 5.7 reflect the time required to prepare
for turbine roll once downcomer steam is established and the time required to
accelerate the turbine to synchronous speed and synchronize the generator,

The activities required prior to turbine roll involve establishing superheated
conditions ( 509F superheat) upstream of the main steam stop valve, warming
the turbine steam chest, and completing preroll tests and checks. Following
turbine roll, a time period is required to accelerate the turbine and
accomplish the 1000 RPM hold in accordance with the GE turbine instructions as
well as carrying out final checkout prior to synchronization.
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Table 5.1. Mode 1 Startup Timelines (Clock Times)

Start Tracking Steam to Turbine Plant Elapsed
Date Receiver Downcomer Roll Dnline Time

(Sunrise Starts)

3/12/83 6:06 7:38 8:14 8:41 2 hr 35 min
4/2/83 5:37 7:12 7:34 7:50 2 hr 13 min
4/4/83 5:34 7:05 7:35 1:52 2 hr 18 min
4/7/83 5:30 6:53 1:21 7:48 2 hr 18 min
4/13/83 5:22 7:06 7:37 7:59 2 hr 37 min
4/718/83 5:16 6:55 1:12 7:29 2 hr 13 min
4/19/83 5:14 6:52 7:14 7:3 2 hr 17 min
(Midday Starts)

1/10/83 13:05 13:38 14:24 14:38 1 hr 33 min
1/11/83 11:03 11:45 12:00 12:13 1 hr 10 min
3/9/83 8:00 8:25 -—- 9:30 1 hr 30 min

Following synchronization, the turbine is partially loaded and then
transferred to initial (upstream) pressure contrel. At that point, all
remaining standby heliostats are commanded to track the receiver while the
turbine control valves are used to ramp system pressure to the final desired
operating value, _

This transition and turbine loading sequence is shown at the extreme left
side of Figure 5.13. The figure documents five parameters for a 600 minute
period starting at 8:00 a.m. on day 144 (5/24/83). The parameters are:

FI2233 - Total receiver flow (klb/hr)

PI1001 - System control pressure (psi)

TI2904 - Recelver discharge steam temperature (9F)

ATX1817A - Direct insolation (w/m2)

JIC5100 - Gross electric power generated (kw)

The full ranges as well as the line symbols for each parameter are also
shown on the figure. As shown by the figure, the actual turbine loading
sequence, transfer to pressure control, and pressure ramping occur over
approximately a 20 minute period. The slight increase in generated power over
the period from approximately 40-60 minutes reflects both the naturally
occurring power rise associated with morning operation plus the activation of
the turbine extraction for feedwater heating.



I8 4

SOLAR DATA PLOT PLOT

RE
REFERENCE TIME: 144 08 090 00 000

FOR

NTH SAMPLE AVERAGE =
600.0000 MINUTE(S

)

15

| : 1
|

----------------------------

- . P, - e o e W — o]

b e - — - -

7 F e s | e T e e e e e
-lrf‘ i("_‘_' - — ph-.——‘-._-u. . o
} sl ——— ——————
- | IR
i ™
2 r".‘.’ —F'\ ‘x
- ‘l .
1 } -
I |
"
9.00 600.00
F12233P R TOTFLO 9.60 - 400.00 KLBH
PI100G1P R SD 0.00 - 2000.00 PSIG 2 .......
TIi29e4P R OUT 0.00 - 2000.008 DEGF = _____
FEATX1B17A CNTRL ROOM ROOF NIP 0.00 - 2000.00 U/M2 —
?ICSIOOP 49 LOADCONT .00 - 40000.00 KU —————

Figure 5.13. Major Mode 1 Plant Parameters, Day 144 (5/24/83) 08:00 -~ 18:00 Hrs



Figure 5.13 also shows plant operating traces for a typical clear day. The
electrical power generation 1ine tends to naturally follow the measured direct
jnsolation. The trends show that once the initial synchronization and turbine
joading activities were complete, the operator made only one change to major
process operating conditions prior to the 450 minute point. This change (at
the 350 minute point) involved a simple set point change in which the system
presure was raised from 1300 to 1450 psi.

As the afternoon proceeded (beyond the 45C minute point 4n Figure 5.13),
the operator begins to make a series of adjustments to the system temperature
and pressure set points in an effort to proleng plant operations. Temperature
set point reductions are aimed at maximizing the receiver flow thereby
improving controllability of the 18 individual boiler panels as total power
decreases. The short term reduction in measured insolation shown in Figure
5.13 at approximately the 500 minute point results from an antenna shadow
which passed over the normal incident pyrheliometer. As shown in the figure,
this event had no significance on plant operation.

Figure 5.14 shows an expanded view of major plant parameters during the
final 2 hours of operation on day 144 (5/24/83). The period shown is from
17:00 to 19:00 hours with the 18:00 hour point being a direct continuation of
the data 1ines shown at the extreme right edge of Figure 5.13. This figure
shows the pressure and temperature set point adjustments that were made prior
to removing the turbine generator from the 1ine. Conditions immediately prior
to going off 1ine {shown at the right side of Figure 5.14) are 655 psi,
6759F with a generator output of 588 KW which is less than 5% of the 12.5 MW
turbine generator rating. On this day, the unit was taken off line at 19:03
with sunset occurring at 19:45.

5.3 TIrips

The two types of trips of interest as part of Mode 1 testing are trips of
the turbine with continuing receiver operation and trips of the receiver which
shutdown the operation of both the receiver and the turbine. The data base
developed for each of these trips is based on actual trip events which
occurred in response to process upsets or equipment failures.

The typical system behavior in response to a turbine trip is shown in
Figure 5.15. This figure represents a 10 minute time slice during which a
turbine trip occurred at slightly more than 7 minutes into the plot (as shown
by the rapid fall off in electrical power - JI{5100). Following the trip,
steam pressure control was automatically assumed by the steam dump system and
the pressure set point was reduced from 1400 psi to 1000 psi. During and
following the turbine trip, the receiver operation continued in an
uninterrupted fashion as indicated by the stable and continuing data traces
associated with total receiver flow (F12233) and receiver discharge steam
temperature (T712904).

The typical system behavior in response to a receiver trip is shown in
Figure 5.16. This figure represents a 30 minute time slice during which a
receiver trip due to high inlet water pressure occurred midway through the
pertod. The plot shows the rapid increase in feedwater pressure {PI12002)
which initiated the trip along with the rapid falloff in electric power
(J1C5100), recelver flow (FI2233), and steam pressure (PI1001) immediately
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following the trip. The feedwater pressure (PI2002) was subsequently reduced
through a simple set point reduction. The steam temperature trace (TI2904)
shows that the receiver discharge temperature remained near its operating
level for a substantia) period until feedwater circulation was reestablished
through the receiver.

During both of these trip events, the trip logic and related
process-control provisions responded in a manner consistent with the design
intent. In both cases, the trips shut down that portion of the plant
experiencing the problem and maintained the pliant in a safe condition.

6.0 Conclusions

The Mode 1 testing has accomplished most of the explicit and implicit test
objectives associated with this mode of plant operation. The exceptions are
in the area of maintaining at least 10 MW of net power production for 4 and
7.8 hours respectively to simulate "design" winter and summer day operation.
The principal reasons that these objectives have not been demonstrated involve
continuing low insolation levels, heliostat cleanliness, and heliostat
avatlability relative to their respective design values. As plant and
insolation conditions permit, continuing Mode 1 "duration" testing should be
carried out to demonstrate this objective.

From a steady state standpoint, the test results indicate that a
performance improvement can be realized by operating the plant at reduced
steam temperature and pressure relative to the design point operating
conditions of 960°F and 1450 psi. These performance improvements associated
with off design operating conditions are due to: (1) the turbine's relative
performance insensitivity to steam temperature; (2) improved turbine expansion
efficiency and reduced control valve losses associated with higher flow,
reduced pressure operation; (3) reduced receiver heat losses resulting from
Tower receiver operating temperature; and (4) lower parasitic power demands
assocliated with lower pressure operation.

Modifications to the basic Mode 1 operating procedures have been made
based on these conclusions. During the high power midday period, steam
conditions of 8500F and 1300 psi are selected which result in the turbine
main steam control valve operating at 80 - 85% open. As the normal afternoon
reduction in available power occurs, gradual reductions in steam temperature
to 650 - 7009F and steam pressure to 700 - 750 psi are made subject to the
constraint of maintaining at least 1009F of superheat at all times.

From the standpoint of Mode 1 transitions, the testing demonstrated that
the turbine generator could be reasonably brought on 1ine within 2 - 2-1/2
hours following sunrise while the same sequence could be executed in 1 1-1/2
hours for a midday start. The testing also showed that operation can continue
down to power levels of approximately 0.5 MW through controlled reduction in
steam conditions. This operation typically approaches to within 45 minutes of
sunset during a clear day.

Trip sequences involving the turbine and receiver demonstrated that the
trip logic and controlled sequences were properly executed to protect plant
equipment and to maintain safe plant operation.
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NOTE OF EXPLANATION

Day numbering schemes:

Generally, day numbers reported here are sequential beginning with 1 January
being day 1. OQOne exception, based upon the source calculation s made;
Blocking and Shadowing, and Cosine Tables 3.1 and 3.2 are based upon day 1
being Spring equinox. Sun position is symmetrical about that date, March 20,
calendar day number 79. To obtain the Julian day number on Tables 3.1 and
3.2, subtract 79 if the date 1s before March 20, and add if after March 20.
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