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ABSTRACT

This report specifies the testing which will be performed
on the solar-to-electric components of the Solar Total
Energy System Test Facility. Objectives are defined
and test procedures described.
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SOLAR TOTAL ENERGY SYSTEM TEST FACILITY
OPERATIONAL PHASE TEST PLAN

1. Introduction

1.1 Background

Potential uses of solar energy have been subjects of studies, both theoretical and experi-
menta], at Sandia Laboratories since 1972. An outgrowth of these studies has been the Solar Total
Energy Project. The primary objective of the Sandia Solar Total Energy Project is to determine
and demonstrate the feasibility of solar total energy systems for a variety of sites and applications.
In support of this overall project objective, a Solar Total Energy System Test Facility is being
developed. This facility will be used as an engineering evaluation center and testbed for further

development of individual components or other solar energy systems.

The Sandia Solar Total Energy System is depicted in Figure 1., This system is designed to
operate as follows: A heat transfer fluid is heated in receiver tubes of solar collectors by reflected
and focused solar radiation. This heated fluid is stored in a high temperature (up to 310°C) storage
tank. Fluid is then pumped from this storage tank and fed through a heat exchanger to produce
superheated toluene vapor, which in turn meéhanically drives an Organic Rankine Cycle (ORC)
turbine/generator. The output of the turbine/ generator is used to provide electrical power. Waste
heat from the turbine is dissipated from the turbine condenser by means of a glycol coolant, which
is stored in a lovv’ temperature (up to 88°C) storage tank. This low temperature tank is the energy

source for a separate heating, air conditioning, and hot water system.

The Solar Total Energy Program is divided into five phases. The first three phases were
primarily analytical, and the last two phases are to be primarily experimental. The Solar Total

Energy Program schedules are shown in Figure 2.

Phase IV-A marks the transition from analytical and design effort to the hardware and con-
struction effort. This phase consists of the fabrication and testing of approximately 25% of the
high temperature solar collectors, the storage portion of the system, and 100% of the turbine

generator and boiler portion of the system. Therefore, Phase IV-A concerns only the portion of

the entire Solar Total Energy System dealing with the solar to electrical energy conversion.
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Figure 1. Cascaded Solar Total Energy System




SOLAR TOTAL ENERGY PROGRAM

Fiscal Year

Phase 73 7h 75 76 76a] 77 78
I. Background Phase -—-—.——Jl
IT. Exploratory Study - ——2'3
B 2
I11. Exploratory Development —YyyYVYV
Xp ry pmen 5617
IV. Development Model Installation
- A, Solaf-to-Electric Components \ & y y
: . 8 9 10
B. Cascaded Components A4 h 4
10a 12 12a
V. System Operation Y h 4 y y
y Op 11 13 115
Milestones:
1. Completion of Phase I
2, ' Preliminary system design complete
3. Economic evaluation complete
b, Collector evaluation facility complete
5. System analysis program (SOLSYS) operational
6. Baseline system design complete
7. Phase IV-A proposal submitted
8. Phase IV-A design freeze
9. Partial collector field, storage, and turbine-generator test bed complete
10. Phase IV-A complete, system 100 percent operational
10a. Subcontracts for collector field subsystems placed
11, Initial operation of partial Solar Total Energy System Test Facility
12, Low-temperature components of Solar Total Energy System Test Facility installed.
122 Subcontracted collector field subsystems completed
13. System analysis program (SOLSYS) refined and revalidated
14, Demonstration of Solar Project Building
15. Operation of complete Solar Total Energy System Test Facility .

11

Figure 2. Solar Total Energy Program Milestones
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1.2 Phase IV-A Objectives

Phase IV-A consists of the fabrication, installation, and operational checkout of a 200 m2

collector field, a temporary mid-sized high-temperature storage tank, a 32 kW Organic Rankine

Cycle turbine/generator with its fluid-to-toluene heat exchanger, an instrumentation and control

subsystem, a cooling tower, the turbine and control building, and all necessary pumps and fluid

loops to interconnect systems.

1.3 Program Approach

To support the testbed concept of the Solar Total System Energy Test Facility, a general

test plan and schedule has been developed. This document contains specific test plans for the

Phase IV-A system. The Phase IV-A system has been divided into subsystems as follows:

1
2
3.
4

Collector Subsystem

Storage Subsystem

Heater, Boiler, and ORC Subsystem

Condenser and Cooling-Water Fluid Handling Subsystem.

This document is arranged with a major section devoted to each of the subsystems, Collector

Subsystem Tests are in Chapter 2, Storage Subsystem Tests are in Chapter 3, Heater, Boiler and

ORC Subsystem Tests are in Chapter 4, and Condenser and Cooling-Water Fluid Handling Tests

are in Chapter 5.




2. COLLECTOR SUBSYSTEM TESTS
2.1 Performance
This section of the Collector Subsystem Tests deals with performance of this subsystem.

2.1.1 Automatic Defocus

TEST OBJECTIVE: To demonstrate proper operation of the emergency defocus safety system

under simulated actual operating conditions.

TEST DESCRIPTION: There are six potential malfunctions which could cause damage to the
receiver tubes if the collectors are left in focus. To prevent this damage from occuring, the
collector tracking system has been designed with an emergency safety defocus capability which is
triggered by any one of the six malfunctions. Should one or more of these malfunctions occur, the
emergency defocus system will drive all the collectors away from the sun until a limit switch is
activated which cuts power to the drive motor. The collectors will be driven to the north in the
wintertime, to the south in the summertime. The six identified malfunctions which actuate the

emergency defocus capability are:

1. Tube Overtemperature. Two thermocouples have been placed on the hottest part
of each receiver tube. If tube temperature should exceed a preset level, a con-
troller is tripped which activates the defocus system. When the defocus system
is activated in this manner the collector field fluid transfer pump will come on

at full speed and stay on until it is manually turned off.

2.  Overexpansion of Receiver tubes. Limit switches have been placed at the expan-
sion ends of each of the receiver tubes. If a receiver tube expands to the point
where the limit switch is triggered, the collectors will be defocused and the
collector field fluid transfer pump will come on at full speed.‘ The limit switches

are set to trigger at a tube temperature of 625°F to 650°F,

3. Loss of Tracker Power. If ac power to the tracker system is lost, the main
power relay will open and actuate a battery pack which will then be connected

directly to the motor and will drive the collectors to the limit switches.

4. Loss of Valve Control Rack Power. If power is lost to the valve control rack
(which controls all of the electrically controlled pneumatic valves), and to the

over-temperature controller (which activates the emergency defocus system),

13
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the collectors will be defocused and the collector fluid pump will come on at

full speed.

5. Loss of Computer Power. When ac power to the computer is lost the collectors

will be defocused.

6. Loss of Fluid Flow. If the output of the flow meter (which measures the flow of
heat transfer fluid) drops to a designated preset trigger level, the collectors
will be defocused. In this failure mode the fluid-transfer-pump is not caused

to run full speed, since it is part of the effected system, and possibly the cause

of the problem.

TEST CONDITIONS: There are no environmental or solar requirements for successful

completion of this test.

It is required that ac power be available to the tracker motors, to the computer, and to the

valve control rack. It is also required that the collector tracker system be functioning properly.

Each of the six malfunctions is to be simulated by manually tripping limit switches, by pul-

ling ac power cords, or by entering false preset trigger levels,

DATA REQUIREMENTS: The test engineer's log noting the reactions of the emergency

defocus system to the simulated malfunction.

2.1.2 Reflector/Structure Evaluation (Aperture Test)

TEST OBJECTIVES: To determine the mirror slope error as a function of location for each
of the four parabolic troughs. A secondary objective is to optimize the location of the receiver

tubes in the focal lines.

TEST DESCRIPTION: A 12-foot slit aperture made of 2" x 6" lumber and opaque polyethyl-
ene film will be utilized for this test. Schematic application of this aperture is shown in a cross
section in Figure 3. Figures 3 (2) and 3 (b) show the slit at two positions with the resultant light
beam focused on the receiver tube. Figure 3 (c) shows the effect of an exaggerated local discon-
tinuity. As the slit aperture is slowly moved from the right-hand rim to left-hand rim, a narrow
beam of light slowly rotates from the three o'clock on the receiver tube to the nine o'clock posi-

tion.
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The test procedure will be: (1) to install the aperture slit on each 12-ft unit on each bank of
5 collector panels; (2) to focus the tracker system; (3) to slowly move the slit from one rim to the
other while noting the location and quality of the focused beam on the receiver tube (particular
attention must be given to the areas within 18 inches of each rim and within 18 inches of each side
of the collector tube); (4) to align the receiver tube as required to gather the maximum amount of

focused energy. Repeat steps 3 and 4 as necessary.

TEST CONDITIONS: The tracker system must be properly aligned and functioning. Cooled
heat transfer fluid must be circulating through the tubes to remove excess heat, as the maximum
temperature allowed is 600°F. Bright sunlight and light winds (<15 mph) are also required to

complete this test.

DATA REQUIREMENTS: The detailed notes, logs and observations of the responsible pro-

ject engineer and the system operators.
2.1.3 Focal Position

TEST OBJECTIVE: To determine for each of the four collector panels the optimum correc-

tion factor to the true solar pointing angle, which maximizes collector efficiency.

TEST DESCRIPTION: The northeast quadrant collector shall be focused manually using the
operator's estimate for best focus. The collector shall then be defocused to the north approxi-
mately one degree. The collector inlet temperature, outlet temperature, and efficiency shall then
be recorded. The collector shall then be stepped in one-tenth degree increments through the
estimated best-focus position on through to one degree south of focus. At each increment the
inlet and outlet temperature and efficiency shall be recorded after a steady-state is established.
The same procedure shall then be repeated on the southeast, southwest and northwest quadrant
collectors. The best focal position then, is that position which maximizes temperature increase

and efficiency of the collector as a function of angular correction to the calculated solar pointing

angle.

TEST CONDITIONS: This test should be run on a clear, sunny day around noontime. If
feasible, the test should also be run in the early morning (as soon as accurate solar tracking is
possible) and late in the afternoon. The optimum focal position may change as a function of time

during the course of the day.

DATA REQUIREMENTS:

Shaft encoder position
Indicated degree error

Temperature in

B W N =

Temperature out




5. Flow rate
6. Efficiency
7. Time of day and date

2.1.4 Baseline Efficiency, Instantaneous

TEST OBJECTIVES: To measure the collector efficiency (i.e., the total heat energy col-
lected as a pércentage of total direct insolation on the reflectors) under varying operating condi-

tions.

TEST DESCRIPTION: Factors which can influence the efficiency of the collectors include
solar intensity, dust on the reflectors, vacuum in the glass collector tube shield, wind, flow rate,
initial fluid temperature, etc. The objective of this test is to repeat measurements of instantanous
baseline efficiency as required, since all of the above conditions vary over a period of time.

Those conditions under the control of the operator (e.g., flow rate and temperature), shall be
varied in a controlled manner to simulate all possible realistic operating conditions. Thus the
baseline efficiency should be measured as a function of fluid temperature by starting the test with
a blending tank full of cold oil (470°F), and slowly bringing the temperature up to 600°F. The
effects of environmental conditions such as wind and solar intensity will be evaluated by repeating
instantaneous baseline efficiency measurements over a period of time when, in the judgment of

the operator, the prevailing conditions are unusual, new, or different.

TEST CONDITIONS: Since the objective of this test is to measure the baseline efficiency
under varying environmental and operating conditions, it is impossible to list all possible varia-
tions of these conditions. As a minimum, the following conditions shall be investigated by per-

forming instantaneous baseline efficiency measurements as these conditions are varied over time:

Wind
Flow rate
Fluid temperature

Angle of solar incidents (i.e. time of day)

A W N =

Solar intensity

a. Varying conditions of overcast
b. Varying times of year

6. Vacuum

7.7 Air temperature

DATA REQUIREMENTS: Total heat collected is determined by measuring the temperature
rise, flow rate, and average temperature of fluid as it passes through the collectors. Total direct
insolation is measured directly by a pyroheliometer. All of the above data is automatically sam-
pled by the system control computer and instantaneous efficiency is automatically calculated and

printed out.
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2.1.5 Baseline Efficiency, Daily

TEST OBJECTIVE: To measure the average collector efficiency throughout an operating

day and to repeat this test for varying climatic conditions.

TEST DESCRIPTION: This test would consist of a complete day's operation of the solar
collectors with the instantaneous operating efficiency sampled frequently throughout the day, and
the average day's efficiency calculated from a weighted average of instantaneous efficiency. This
test should be repeated several times at different times of the year and in varying climatic condi-
tions including very cold days, very warm days, extremely clear, sunny days, and partially cloudy
days. This test should also be repeated using the analog solar tracker and the digital solar
tracker. The digital tracker can begin tracking the sun earlier in the morning and later in the

evening, thereby allowing evaluation of efficiency at a wider range of impingement angles.

. TEST CONDITIONS: This test requires proper operation of the solar tracking devices, the
collector field heat-transfer pump, and the collector field data-acquisition system. masmuch as
this test is to evaluate efficiency in various climatic conditions, the environmental conditions
specified in the previous paragraph are to be recorded and evaluated. Operation of the ORC or

the oil cooler will be required to remove excess heat collected during the course of the day.

DATA REQUIREMENTS: The collector field data printout will be required once every ten
minutes for the duration of these tests. The calculated collector efficiency is of primary interest,
however all the collector field performance data will be required. Weather data during the course
of the test are also required. This data can be provided by the facility operator in the form of
notes and observations in the operator's log, or from recordings taken from the solar test facility
weather station. Weather parameters of import include temperature, wind, humidity and cloud

coverage.

2.1.6 Receiver Tube Loss Rate

TEST OBJECTIVE: To determine the "'no sun' loss through or from the receiver tubes.

TEST DESCRIPTION: To measure the heat loss through a receiver tube it is necessary to
simply circulate hot fluid through the receiver tube and record the flow rate, temperature in, and
temperature out. Computation of the difference of input and output temperature, with respect to
flow rate, will determine heat loss. This test will consist of circulating hot fluid at various
temperatures through the receiver tubes and recording these parameters. This test shall be run

at temperatures starting at 470°F and proceeding to 605°F in 25-degree increments.

TEST CONDITIONS: There are no specific environmental conditions required for this test.
This test shall be run with collectors defocused. The test shall be started with 470°F fluid from
the stdrage tank. To increase the temperature of the fluid for the successive tests, the fossil-fuel

heater shall be used.




DATA REQUIREMENTS: Temperature in, temperature out, and temperature decrease in
each of the four collector tubes, the flow rate through the collector tubes, and the ambient temper-

ature and wind velocity.

2.1.7 Analog Tracker Evaluation

TEST OBJECTIVE: To evaluate the accuracy of the analog solar tracker mounted on the
collector tubes. Inasmuch as modifications and improvements are continually being made to the

analog trackers, this test shall be repeated after every modification to the tracker.

TEST DESCRIPTION: The test should start as soon after sunrise as the tracker will provide
adequate focusing. The test shall consist of allowing the analog trackers to maintain focus while
recording the angular error between actual collector pointing angles and the known solar vector
pointing angle. In addition, the instantaneous efficiency of the collectors shall be recorded.

This efficiency shall then be compared to the efficiency recorded during the optimum focal posi-

tion testing for those times of day in which comparable data is available.

TEST CONDITIONS: This test must be performed on a clear, sunny day. The test will be
performed with the solar collectors being controlled by the analog optical tracker. All the collector

system data acquisition sensors must be functioning for this test.

DATA REQUIREMENTS:

Temperature into each collector
Temperature out of each collector
Instantaneous efficiency

Solar pointing angle from the digital encoder

Angle error

S g W N

Time of day

2.1.8 Computer/Encoder Tracker Evaluation

TEST OBJECTIVE: To determine the accuracy which the computer/encoder can be used to

maintain optimum focal position.

TEST DESCRIPTION: This test would consist of two parts. First an inclinometer is used
to cbmpare the angle of the collectors with that of the encoder. This comparison is made at each
15° angle of travel of the collector from south to north, and north to south. These comparisons
and any differences can be programmed into the computer software so optimum tracking can be
accomplished. Second, the computer/encoder will be utilized for tracking in an all-day test.
The accuracy of the tracking will be checked at intervals of one hour to see if optimum focal condi-

tions are being maintained.
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TEST CONDITIONS: This test requires a precise inclinometer that can be read to within a
one-minute angle. The software for the computer must provide encoder angle readout to within
one minute. This will allow an accurate comparison of indicated angles. For the all-day accuracy
check, there should be a clear sky. The data acquisition system, the collector drive system, and

collector field fluid circulation pumps are required.

DATA REQUIREMENTS: The encoder angles read from the TTY screen and inclinometer
angle from the instrument are needed for the first part of this test. These can be compared and a
deviation determined. The second part requires the collector field data from the minicomputer
to determine angular deviation from the encoder focal position and temperature input and output
of the collector. A continual strip chart of input aﬁd output temperature differential is needed, as
is a periodic check to determine if the increase is a maximum mode. This check will be made
by manually moving the collector one degree out of focus in each direction and observing the effect

on temperature differential.

2.1.9 Laser Evaluation of Reflector/Structure

TEST OBJECTIVE: To determine how nearly each reflector approximates a perfect parab-

ola, and how the reflector structure distorts from the parabolic shape with time.

‘TEST DESCRIPTION AND CONDITIONS: This test requires use of a special laser-system
set up. The parabolic shape of each collector trough is neai‘ly that of a cylindrical arc with its
center approximately 65 inches from the center of focus of the parabola. The laser rig should be
arranged so that the laser beam, pointed at the collector, will reflect back from the parabolic
trough to a detector near the laser. In a true cylindrical arc the laser beam would reflect back
upon itself. There are differences in the cylindrical arc and the parabola, but they should be
close enough so that the difference between the transmitted and reflected beam will be slight
(Figure 3). This difference in the transmitted and calculated angles will be determined and used
to evaluate the parabolic shape of the reflector structure. The entire reflector can be tested by
adjusting the angle of the laser to the horizontal and moving the laser rig parallel to the center of
the parabola for each angle. The only area impossible to test would be that area directly shadowed

by the collector tube. This is a small area which should be the most accurate and suffer the least

distortion with age.

Once the laser rig is constructed, it can be used periodically either to conduct a sample scan
or to spot-test areas of concern. Thus the long term distortion of the reflector structure can be

evaluated by using this same procedure and comparing results with past data.

One difficuity in setting up for this test is obtaining assurance that the laser rig is aligned

with the center of the structure and the focal point of the parabola for the entire length of the col-

_ lector, i.e., parallel with the focal plane of the reflector and also with the center of the collector

tube. A technique to assure this alignment is being developed.




DATA REQUIREMENTS: Recording of the angles between the incident and reflected laser
beam (this should be standard for all points selected). This can be compared to the angle calcu-

lated for the difference between the parabolic shape and the cylindrical arc for distortion analyses.
2.2 Environmental

This section of the Collector Subsystem Tests deals with environmental effects on this sub-

system.
2.2.1 Dirt Effects

TEST OBJECTIVE: To measure differences in the instantaneous collector efficiency

brought about by a normal accumulation of dust and dirt.

TEST DESCRIPTION: Prior to starting this test the golar collectors will be allowed to
accumulate a significant layer of dust and dirt. This test shall be repeated when the amount of
dirt is, in the opinion of the operator, moderate, typical and heavy. When a dirt effects test is
to be run, the operator shall measure the instantaneous efficiency in the "'dirty" conditions. The
collectors shall then be washed using the standard high-pressure detergent-spray technique fol-
lowed by a deionized~water rinse. The instantaneous efficiency of the collectors will then be

recorded.

TEST CONDITIONS: This test must be run on a sunny day so that comparative efficiency can
be measured. It is required that the comparison between efficiency of the "clean' and "dirty"
collectors be made utilizing data taken at approximately the same time of day, under approximately

the same meteorological conditions, and using the same type of solar tracker.

DATA REQUIREMENTS: The collectors' instantaneous efficiency under the ''clean" and
"dirty" conditions and the operator's logs and notes concerning time of day, meterological condi-

tions, and initial and ending conditions of the collectors.
2.2.2 Aging Effects

TEST OBJECTIVE: To determine the effect of aging on the collectors.

TEST DESCRIPTION: The aging effect tests shall consist of periodic repetitions of the
structure twist test, the dirt effects test, the baseline efficiency test, and the laser evaluation

test. Each of these tests shall be repeated quarterly or, at a minimum, semiannually.

TEST CONDITIONS: As described for each of the individual tests.
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2.2.3 Structure Twist

TEST OBJECTIVE: To determine whether or not structure twist is being induced in to each

of the four collector troughs. This structure twist is caused by differences in angular drive rates

~ from end to end of the structure.

TEST DESCRIPTION: At the start of this test all collectors shall be racked over the further-
most north position until limit switches stop their movement. The position of the shaft encoders
at either end of each of the four collector troughs shall be recorded. The troughs shall then be
activated to move toward the south until they encounter limit switches on the southernmost point

of travel. Again, the position of the shaft encoders at each end of each trough shall be recorded.

TEST CONDITIONS: There are no environmental conditions for this test.. The only portions
of the data acquisition system which are used, and therefore must be operating properly, are the

shaft encoders and collector drive mechanism.

DATA REQUIREMENTS: The angular position at either end of each of the four troughs when
pointing in the furthermost north and furthermost south positions. While the troughs are traversing
the arc from north to south the shaft encoder data shall be recorded at approximatély 15-degree
intervals. When the collectors are within 15 degrees of vertical, shaft encoder data shall be taken
for each 5 degrees of travel until the collectors have traversed through the vertical position to 15

degrees south of vertical.

2.2.4 Long-Term Distortion of Structure

TEST OBJECTIVE: To determine how nearly each reflector approximates a perfect parab-

ola and how the structure distorts from the parabolic shape with time.

The test description and conditions and data requirements are precisely the same as for

Laser Evaluation of Reflector/Structure (see Section 2.1.9).

2.3 Control

This section of the Collector Subsystem Tests deals with control of this subsystem.

2.3.1 Mixing Control

2.3.1.1 Morning Startup

TEST OBJECTIVE: To determine the time required for the collector field to collect enough
energy to begin placing 590°F fluid into the storage tank.




TEST DESCRIPTION: This test consists of having the collectors in focus as soon as the sun
comes up in the morning. Fluid is then circulated through the collectors and the blending tank
until the desired operating temperature of 530°F is reached. The time required to accomplish

this will be monitored and recorded.

TEST CONDITIONS: This test requires proper operation of the solar tracking system, the
collector field transfer pump, and data acquisition system. Optimum conditions also require a
clear sky. This test should be conducted several times during the year to determine the effects

that the various weather and solar conditions exert on the system.

DATA REQUIREMENTS: The collector field printouts from the minicomputer provide ade-
quate data for this test. A continual plot of the solar time versus temperature at control valve
V5 will give the rate of temperature increase. Data is needed on solar insolation versus solar

exposure time to determine variation and effect on heat rate.
2.3.1.2 Noon Startup

TEST OBJECTIVE: To determine the time required for the collectors to collect enough
energy to begin storing fluid at 590°F into the high-temperature storage tank. This condition
would simulate conditions of a cloudy sky that clears up around noon. Knowledge of the time
required for startup could be used to determine if it would be economical to attempt solar energy

collection.

TEST DESCRIPTION: The test consists of having the system in the stored position until
about noon. Then the system is started and the collectors turned into focus. The temperature of
the collectors, blending tank, and associated piping and pumps are at ambient temperature that is
typical of night shutdown. At approximately noon the collectors will be turned into focus and the
time required for the system to preheat until 310°C fluid is available at storage control valve V5

will be recorded. This test will be repeated at various times throughout the year.

TEST CONDITIONS: The collectors will be in stowed position until about noon and all
temperatures ambient, as they would be by remaining off overnight. The collectors will have been
cleaned recently and a relatively clear day will be required. This test, as with all startup time
tests, will be repeated at intervals throughout the year. The effect of various solar and weather

conditions can be determined.

DATA REQUIREMENTS: The collector field minicomputer printouts provide the majority of
necessary data. Times of beginning the test, as well as the time required for valve V5 to open,

will be recorded by the operator.

The data required from this test will be primarily analog data from the strip chart recorder.

The strip chart recorder will need to be adapted to print out data from flow meters FM-1 and -
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FM-2, as well as thermocouples on the east end of the southwest collectors and the west end of the
southeast collectors. The computer will be used to evaluate the temperature rise of the collectors
in this mode, thereby determining if enough energy can be collected to make this a viable mode of
operation. A minimum temperature rise of 110°F in two banks of collectors is required. This

may not be feasible because of the necessarily reduced flow rates.
2.3.2 Buffer Control

2.3.2.1 Morning Startup

TEST OBJECTIVE: To determine the time required for the collectors to provide enough
energy to begin placing 590°F (310°C) fluid into the storage tank when the blending tank is in the

buffer mode of operation.

TEST DESCRIPTION: For this test the collectors are placed in focus by sunrise to begin
collecting energy. The blending tank is empty of fluid so that input to the collectors comes from
the bottom of the storage tank. The fluid from the collector field is placed into the blending tank
until sufficient temperature (310°C) has been reached to open control valve V5 and pump hot fliud

into storage.

The fluid, thus stored in the blending tank, is fed back into the system at a controlled rate
to avoid any large temperature differential between fluid coming from the bottom of the storage

tank and fluid in the blending tank.

There also is a high level switch in the blending tank that will force fluid from the blending
tank into the collector loop if the tank gets too full. Thus, if the time for startup in the buffer
mode becomes excessive, there could be slugs of fluid from the blending tank alternating or mixing
with fluid from the storage tank. This temperature variation would have an unwanted effect on the
input temperature to the collectors. The output temperature from the collectors could also be

affected and result in disturbance of the storage tank thermocline.

TEST CONDITIONS: This requires proper operation of the solar tracking system, the
collector field transfer pump, and data-acquisition system. Time of opening valve V5 will be
recorded by operator observance. Optimum conditions require a clear sky, clean reflectors, and
clean receiver tubes. The test should be conducted at intervals throughout the year to determine

weather and solar variation effects.
2.3.2.2 Noon Startup

TEST OBJECTIVE: To determine the time required to begin placing hot fluid (310°C) into
storage if either mechanical or meteorological conditions require startup other than in the early
morning. I can be used to assist in dete‘rmining if sufficient energy can be collected to warrant

a late startup time.




TEST DESCRIPTION: There are many times when weather conditions preclude turning the
collector system into focus early in the morning. The conditions often clear up in the late morning
or early afternoon. I is then possible to place the collectors in focus and collect enough energy
to store fluid in the high-temperature storage tank. The tifne required to heat up the system to
adequate temperature for storage (310°C) will help determine if adequate energy can be stored to

warrant turning the collectors into focus and starting the collector and storage system.

The blending tank will be used in the buffer mode, e.g., it will cycle back the fluid from the
collectors until a sufficiently high temperature for storage is reached. Fluid is fed into the
system from the blending tank so that the input temperature to the collectors is stable. It is pos-
sible for the blending tank to completely fill with fluid. A high level switch then forces fluid from
the blending tank through the collectors. If this happens, there may be either alternating slugs of
hot and cold fluid through the collectors, or a collector input temperature other than that desired.

Thus it is necessary to ascertain how long it takes to heat the system.

TEST CONDITIONS: The collectors will be in stowed position until about noon and all tem-
peratures ambient, as they would be by remaining off overnight. The collectors will have been
cleaned recently and a relatively clear day will be required. This test, as with all startup time
tests, will be repeated at intervals throughout the year. The effect of various solar and weather

conditions can be determined.

DATA REQUIREMENTS: The collector field minicomputer printouts provide the majority
of necessary data. Times of beginning the test, as well as the time required for valve V5 to open,

will be recorded by the operator.

The data required from this test will be primarily analog data from the strip chart recorder.
The strip chart recorder will need to be adapted to print out data from flow meters FM-1 and
FM-2, as well as thermocouples on the east end of the southwest collectors and the west end of the
southeast collectors. The computer will be used to evaluate the temperature rise of the collectors
in this mode, thereby determining if enough energy can be collected to make this a viable mode of
operation. A minimum temperature rise of 110°F in two banks of collectors is required. This

may not be feasible because of the necessarily reduced flow rates.

2.3.3 Effects of Two Parrallel Rows of Collectors on Control

TEST OBJECTIVES: To compare the efficiency and pumping losses of collectors set up in
parallel with collectors set up in series. A secondary objective is to determine the flow rate and

efficiency of valve V7 during this parallel setup,

TEST DESCRIPTION: Mode of operation: Flow is divided by control valve V7 and is routed
in parallel through the northeast and southeast collector banks, and is then mixed with the output

of the northwest and southwest collector banks, which are also set up in parallel.
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There are two controls over flow. Via a thermocouple, the output temperature of the collector
banks controls the pump speed. The collector output from the southeast quad (west thermocouple
in the southeast collector), and the southwest quad (east thermocouple in the southwest collector)
combine to control valve V7. The position of this valve determines the ratio of flow in each

direction.

TEST CONDITIONS: The conditions of this test require determining if the system will sta-
bilize into an equilibrium condition when these two control mechanisms are operating, or if they
will create an unstable condition that will not dampen out. There is a possibility that the time of

detection and reaction of the two controls could cause an instability.

This system will be initially set up to operate in parallel to determine if it will arrive at an
equilibrium state, which may be a worst-case condition because of the cold fluid at startup and the
relatively rapid heating rate. If the system does reach a steady state, then the collector banks
will be turned out of focus one at a time and then back in focus to see if it will again reach a steady

state.

DATA REQUIREMENTS: The analog data from strip chart recorder. The strip chart
recorder will need to be adapted to print out data from flow meters FM-1 and FM-2, as well as
from the thermocouples on the east end of the southwest collectors and the west end of the south-
west collectors. The computer will be used to evaluate the temperature rise of the collectors in
this mode. It can therefore be determined if enough energy can be collected to make the parallel
setup a viable mode of operation. A temperature rise of 110°F in both banks of collectors is the
minimum requirement to make the parallel setup viable. This degree of temperature rise may

not be possible because of the reduced flow rates that are attendent to the parallel setup.

2.4 Miscellaneous

This section of the Collector Subsystem Tests deals with miscellaneous tests.

2.4.1 Field Pipe Heat Loss

TEST OBJECTIVE: To determine the steady-state instantaneous heat loss of the collector
field pipe system. This is to be accomplished by measuring the difference between the heat col-

lected in the collector field and the heat injected into the tank.

TEST DESCRIPTION: In a dynamic situation, the flow of heat in or out of any portion of the

system is defined by the equation:
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Where C is specific heat; p is density; and AT is Tin - Tou . The total heat input (or loss) is then

t
the integral over time of this equation. If the test is controlled such that the difference in temper-
ature is constant with respect to time, and the average temperature (and hence the specific heat
as a function of temperature) is constant, then the total heat in or out of the sytem is simply AT

times specific heat times total mass flow through the system during the time interval.

In the solar total energy heat facility, each of the four collector panels has a well-matched
pair of thermocouples, one at the input and one at the output. Thus, the temperature gained by
a fluid flowing through each collector is fairly accurately known. Therefore, the total heat input
is also known. By summing over the four collectors, the total energy gathered for a given period

of time can be determined. This is defined as the total heat collected.

In the high-temperature storage tank there are thermocouples to measure the temperature
at the hot-fluid input diffuser at the top of the tank, the oil temperature as a function of depth in
the tank, and the temperature of the cold fluid withdrawal diffuser. In a steady-state dynamic
flow situation, the heat into the tank would be the temperature of the input fluid minus the temper-

ature of the output fluid times the average heat capacity times the mass flow.

This test would then consist of:

1. Bringing the entire collector field and its associated plumbing to a steady state
(e.g., one in which all system piping and thermal mass elements have achieved
an equilibrium, and the oil temperature in and out and the temperature difference

are reasonably static with respect to time).

2. Establishing a thermocline at the top of the tank, or using the heater or cooler

systems to maintain a constant output temperature.

3. Recording the temperature in and out of each collector so as to measure the
total energy collected for a stated interval of time, and measuring the temper-
ature in and out of the storage tank for the same interval of time to measure
the total heat collected and the total heat placed in the storage tank. The

difference in the two totals then is the amount of heat lost in the field piping.

TEST CONDITIONS:

The tank should be almost completely full of oil at the low temperature (475°F)
The focusing system must be properly operating

A clear, sunny day prevailing

> W N =

The system shall have been operated for a period of time adequate to establish

steady-state conditions throughout the collector, plumbing and storage tank.

27




The following conditions are desireable but are not necessary for running this test:

1. A low outside ambient temperature which would maximize conductive heat losses
2. A constant AT in each of the four collectors -
3. A time-stable thermocline is desirable so that the temperature output at the cold

end of the tank is constant throughout the duration of this test, however, the

heater or cooler systems can be used to achieve this effect.
This, in conjunction with a constant AT, will insure a constant average temperature and hence
a constant heat capacity with respect to time. Prior to the beginning of this test a sample of fluid
should be withdrawn so that heat capacity can be accurately determined at the time of the test.
The instrumentation system calibration data should be made available so that accurate inter-
pretation of the data is possible. In lieu of this, a systematic statistical analysis of the errors

involved in acquiring and processing the data should be performed.

DATA REQUIREMENTS:

1. The output of the thermocouples at the input and output ends of each of the four

collector panels

2. Temperature readings of all thermocouples and plumbing between the collector

field and the storage tank
3.  Temperature readings of all of the thermocouples with the tank
M 4.  Flow of heating oil through the heat transfer pump
5. Ambient temperature as a function of time throughout this test.

2.4.2 Overnight Field Heat Loss

TEST OBJECTIVE: To determine the total heat loss in the collector field and associated

piping when the system is left defocused and undisturbed for a long period of time.

TEST DESCRIPTION: Just prior to the end of a business day, the collector reflectors will
be defocused, and the collector field and associated piping will be filled with hot o0il (approximately
600°F). The temperature outputs from all thermocouples in the field and associated piping shall
be recorded. Then the system shall be left undisturbed from the end of the business day until the

beginning of the following day.
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On the morning of the following business day, prior to starting the pumps or focusing the
collectors, the temperature outputs of all the thermocouples in the reflector field and associated

piping shall again be recorded.

TEST CONDITIONS: Prior to startup of the test sufficient fluid to fill the entire collector
field and associated piping shall be heated to 600°F in the blender tank. It would be desirable to
run this test on a cool winter evening, however, this is not necessary. The test can be run under

any environmental conditions, providing those conditions are known and recorded.

DATA REQUIREMENTS: The temperature output of all of the thermocouples in the collector
field and associated piping at the beginning and end of a test. In addition, the temperature profile
from the beginning of the test to the end shall be recorded on a thermograph. The total mass of
fluid in the piping shall be derived analytically. The total thermal mass of the associated piping
is required as an input‘to this test and this data shall be determined as a result of the test des-

cribed in Section 4.3.2.

2.4.3 Déily Pump Power Versus Energy Collected

TEST OBJECTIVE: To determine the fluid-transfer-pump-power requirements as a per-

centage of the total collected energy during a complete day's operation.

TEST DESCRIPTION: This test consists of a complete working day's operation with the
solar collectors in focus, the heat being collected, pumped to the storage tank, and then dissipated
through the heat exchanger or the fluid cooler. Throughout the course of this day's operation the
fluid-transfer-pump power consumption will be monitored continuously using a kilowatt-hour power
meter. The total energy collected shall be determined by measuring the temperature in, the

temperature out, and the fluid flow through each of the four collector panels.

TEST CONDITIONS: It is required thaf this test be performed on a clear, sunny day (less
than 10 percent cloud cover), and that the collector tracker system be operating properly. This
test requires that the fluid-transfer-pump and all of the data-acquisition thermocouples be operating
properly throughout the course of the day. The energy collected must be dissipated by use of the

ORC turbine or the oil cooler.

DATA REQUIREMENTS: To determine the total pump energy requirement for the day, a
continuous recording of the pump input power is required. An alternative means of monitoring the
pump energy requirements would be the use of a kilowatt-hour meter similar to that used by com-
mercial electric power companies. To record the total energy collected, the temperature in and
out of each of the four collector panels and the flow through the collector field is required. It
would be desirable to have an automated computer program which would periodically sample all the
parameters and automatically compute cumulative total energy collected and cumulative total power

supplied to the pump.
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3. STORAGE SUBSYSTEM

3.1 Thermocline Stability

This section of the Storage Subsystem Tests deals with the thermocline stability of this sub-

system.
3.1.1 Static Stability

TEST OBJECTIVE: To determine the ability of the high-temperature storage tank to main-
tain a thermocline for a reasonable period of time. This ability to maintain a sharp thermocline
depends on heat conduction across the thermocline, heat lost to the surrounding medium, and cur-

rents created in the liquid which produce flow across the thermocline.

TEST DESCRIPTION: There are two methods of establishing a thermocline in the high-

‘temperature storage tank. First, the tank can be full of fluid at the cold tempetrature (2{%3°C) and

the thermocline established by pumping high-temperature fluid (310°C) through the top diffuser as
the cold fluid is withdrawn from the tank. This establishes the thermocline at the top of the tank
and moves it down the tank. Second, the tank can be full of hot fluid (310°C), which is pumped out,
cooled to the low temperature (243°C), and replaced in the bottom of the tank. This establishes
the thermocline at the bottom of the tank and moves it up the tank. Either of the procedures can

be used during operational conditions.

TEST CONDITIONS: The first test will be to heat the contents of the storage system to just
above 243°C. The system shall then stand so that thermal equilibrium can be reached. Then the
fossil-fuel heater is used to heat the fluid to 310°C and establish the thermocline at the center of
the high-temperature storage tank. The system will be closed down and the temperature profile
recorded at intervals. The tank will be left undisturbed for a long period of time to determine long-

term stability.

The second test will be to heat the storage system contents to 310°C and allow it to reach

thermal equilibrium.

DATA REQUIREMENTS: The high-temperature storage-tank thermocouple probe readings,
provided by the minicomputer printout, provide the necessary data. Periodic printouts of these
data can be used then to compare the newly established thermocline with that at any selected interval
throughout the test; printouts every half hour during the initial stages will be obtained, and then
after several hours (i.e., overnight). This will establish both the short-term and long-term

requirements.




3.1.2 Dynamic Stability

TEST OBJECTIVE: To determine how sharp a thermocline of the high temperature storage

system can be established and how well it can be maintained under dynamic conditions.

TEST DESCRIPTION: The energy collection rate by the collectors varies directly with time
of day and solar intensity. Thus, the flow rate varies with the energy collection rate. This
changing flow rate may have an effect on the sharpness of the thermocline. This effect, if any,

will be studied during this test.

The rate of energy usage from the storage system can also vary greatly, depending upon
energy requirements. Thus, the flow rate of fluid that is removed from the storage system,
cooled and pumped back in the bottom of the storage tank also may vary significantly. The effect

on thermocline sharpness of this flow rate will be studied also.

TEST CONDITIONS: The storage system will be heated to 243°C and allowed to reach thermal
equilibrium. Then a thermocline is established at the midpoint of the tank. The heater will be
used to vary the flow rate of the hot (310°C) fluid through the top diffuser into the tank. The heat-
ing rate, as well as the flow rate, can be varied. Periodic printouts of the tank temperature pro-

file will be obtained to determine the change in thermocline.

When the storage system is full of 310°C fluid, the heater will be shut off and the turbine
started. The electrical load of the turbine will be changed to vary the energy requirements and
the flow rates. The periodic minicomputer printouts of storage-tank temperature profiles and

flow rates will allow determination of the thermocline and changes in its sharpness, if any.

DATA REQUIREMENTS: The minicomputer printouts at intervals of one to two minutes.
This will provide the storage-tank temperature profiles, the flow rate through the boiler and
pump, and the electrical load of the turbine. These data can be used then to evaluate performance

of the thermocline under dynamic conditions.

3.1.3 Long-Term Stability

TEST OBJECTIVE: To determine the ability of the high-temperature storage tank to main-

tain a thermocline for long periods of time.

TEST DESCRIPTION: This test will be conducted in the same manner as in Section 3.1.1
with the thermocline at about mid-tank. Often the tank will set over weekends and occasionally
over extended weekends. This test can determine whether a thermocline will exist even after an
extended period of time. Data will be recorded at frequent intervals during the early part of this
test (on the last business day of the week) to determine a thermocline diffusion rate. The entire
system will then remain passive over the weekend. On the following Monday morning data will

again be taken at frequent intervals to establish a diffusion rate and a tank heat loss rate.
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TEST CONDITIONS: No special test conditions are required. The storage-tank temperature
probe will provide all the data necessary through the minicomputer printout. The initially estab-
lished thermocline should be as sharp as possible. The temperature above the thermocline should
be nearly uniform at 310°C, and below the thermocline it should be uniform at 243°C. The fluid
below the bottom diffuser presents a problem in that it cannot be heated uniformly with that above
the diffuser, however, this will not affect the thermocline stability study if the thermocline is

well above the diffuser (i.e., at mid-tank).

DATA REQUIREMENTS: The temperature probe readouts provided by the minicomputer.

These will be plotted as temperature versus height in the storage tank for selected times.

3.1.4 Sensitivity to Out-of-Tolerance Fluids

TEST OBJECTIVE: To determine the effect of fluid temperatures that are either hotter or
colder than tank-fluid-storage temperatures on thermocline stability. This should help to deter-
mine the temperature limits that can be used to store energy in the high-temperature storage

subsystem.

TEST DESCRIPTION: The high-temperature storage tank will be heated to 243°C (470°F)
and allowed to reach thermal equilibrium. Then the thermocline will be established at near mid-
tank. The hot fluid will be provided by use of the fossil-fuel heater. The temperature of the hot
fluid will be controlled at 310°C (590°F) as closely as possible. This procedure should provide

as sharp a thermocline as can be established in this system.

The thermocline will be re-established-~if the hot fluid has destroyed it--by pumping colder
fluid into the top of the tank. Tank temperature profiles will be recorded again to determine the
effect of the colder fluid. Because of its higher density, the colder fluid should start to sink to
the bottom of the tank. This sinking will continue until the colder fluid has absorbed enough heat
from the fluid it is passing through to reach thermal equilibrium with its surrounding fluid. Sink-
ing of the colder fluid may cause currents in the tank that could significantly degrade the thermo-
cline. The temperature of the fluid that would measurably degrade the thermocline is not known.
It may be necessary to conduct this test with increasingly colder fluid to more thoroughly under-

stand its effects.

TEST CONDITIONS: No special conditions are required for this test. Care should be taken
to insure that a uniform temperature exists both below and above the thermocline interface. The
out-of-tolerance fluid should be placed in the tank soon after the thermocline is established to

avoid confusion with the natural diffusion of the interface.

DATA REQUIREMENTS: Tank temperature readings from the minicomputer, fossil-fuel
heater output temperature, and flow-rate of the boiler pump. The thermocline profile and the

temperature and quantity of fluid placed in the tank can be determined from these data.




3.1.5 Liquid Level Versus Temperature

TEST OBJECTIVE: To obtain a means of determining the amount and level of liquid fluid in

the storage tank using the external sight glass.

TEST DESCRIPTION: The density of fluid liquid varies considerably as a function of tem-
perature. Because the fluid in the storage tank normally is kept at elevated temperatures (450°
to 600°F), and the liquid in the sight glass is normally at the local ambient temperature, there
can be significant differences in the liquid level of the two columns of fluid. If the average tem-
perature of each column, and hence the average density, is accurately known, then the liquid level

in the tank can be determined accurately from the liquid level in the sight glass. The temperature

of the fluid in the storage tank is monitored at many locations in the tank by thermocouples mounted

in the tank sides. The temperature sensed by these thermocouples is sampled and printed out by
the system-control-computer printer. Simple arithmetical averaging of these temperatures will

give the average fluid temperature, and therefore the average fluid density with adequate accuracy.

The sight glass is connected to the bottom of the storage tank by an infegral metal threaded
and welded pipe. This pipe goes through the insulating vacuum jacket near the bottom of the stor-
age tank and runs vertically parallel to the storage tank for approximately two meters where it is
connected to a transparent tube surrounded by metal. The top of the sight glass is connected to
the top of the storage tank by means of a tap into the nitrogen-pressurization-blanket tubing. The
sight-glass tubing does not have thermocouples incorporated in it. Therefore, the temperature of
the tube and of the fluid can vary in an unknown manner., Factors which. influence these tempera-
ture variations include heat conduction through the metal pipe at the bottom connection to the stor-

age tank, ambient air temperature, and radiant heating from the sun.

This test will consist of measuring the temperature of the sight-glass tube as a function of
height above the bottom connection to the storage tank. If the temperature variations are known,
the average temperature, and hence the average density, can be determined. Given the average
temperature and the measured height of the sight-glass liquid level, the pressure at the bottom of
the tube can be derived. This pressure will be equal to the pressure at the same elevation in the
storage tank, and given the average temperature and density of the oil, the liquid level in the tank
can be determined. As a backup to the temperature measurements which infer differential pres-
sure, the differential pressure will be measured directly by installing accurate (+1/2 inch) water

pressure gauges at the nitrogen blanket and at the bottom of the storage tank.

These data will be analyzed in sufficient depth to determine the minimum number of thermo-
couples which must be installed on the sight-glass tubing to determine adeqﬁately the average tem-
perature of the sight-glass fluid. The results of this test will be presented as a curve or family
of curves Whlch will give liquid level in the tank as a function of average temperatures and sight-

glass levels.

33




34

TEST CONDITIONS: There are no environmental or operational conditions required for this
test. However, it is recommended that the test be performed when the tank fluid is at or above
the minimum operating temperature, i.e., 470°F. This test should be performed at least twice,
once without direct solar radiation on any portion of the sight tube plumbing and once with direct

solar radiation on exposed portions of the sight tube.

DATA REQUIREMENTS: The temperature of the sight tube plumbing as a function of loca-
tion on the tube, the storage thermocouple readings, and the differential pressure as measured

at the top and bottom of the storage tank.

3.2 Thermal Losses and Mass Effects

This section of the Storage Subsystem Tests deals with thermal losses and mass effects of

this subsystem.

3.2.1 Insulation Thermal Evaluation

TEST OBJECTIVE: To evaluate the effectiveness of the high-temperature storage-tank

vacuum jacket and thermal insulation in protecting against heat loss.

TEST DESCRIPTION: This test consists of several steps that are designed to provide a
method of evaluating insulation effectiveness. The vacuum jacket of the storage tank consists of
two concentric cylinders that are 13 feet high and about 7 feet in diameter with a vacuum thickness
between them of two inches. This vacuum has 75 layers of a vacuum-foil-insulation material in

it to assist in reducing heat loss.

TEST CONDITIONS: The first step is to.determine the capability of the vacuum pump to pro-
vide an adequate vacuum. The vacuum gauge is mounted on a pipe between the pump and the tank
(Figure 4). The vacuum reading on the gauge, after long-term pumping, should read 0. 25 inches
Hg. To determine if this is a maximum reading, the hose to the pump should be blanked off and a
vacuum gauge put in place to read the vacuum. This will determine the greatest vacuum the pump

can provide. If 0.25 inches Hg is the maximum, determination of its adequacy will be made.

The second step is to provide a second vacuum reading on the opposite side of the tank and
at the top of the vacuum jacket. This reading will provide information on the ability of the pump
to pull a vacuum past the vacuum foil and around the tank. This will also indicate leaks in the

system if any exist.

The effectiveness of the existing vacuum will be studied. This study will be a comparison of
heat loss of the tank with and without a vacuum. The storage-tank fluid will be heated and the tank
closed off. The tank will be left overnight and the heat loss measured. The storage-tank fluid
will be heated again and left overnight with no vacuum on the jacket. Then the temperature losses,

with and without the vacuum, can be compared.
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Figure 4. “Schematic of Insulation Thermal Test Setup

DATA REQUIREMENTS: The tank temperature thermocouple readings. The temperature
profile, after heating and after sitting overnight, can be compared from these data to determine
temperature loss.

3.3 Control

This section of the Storage Subsystem Tests deals with control of this subsystem.

3.3.1 Automatic Cooler Mode Operation

TEST OBJECTIVE: To evaluate the fluid cooler operation in its automatic mode.

TEST DESCRIPTION: The fluid cooler is designed to dissipate excess heat which may be
pumped into the high temperature storage tank. The cooling system has sensing thermocouples
and controllers that will function when the storage tank is full of high temperature fluid. When
this occurs, the cooling system will switch cooling valve V8 (Figure 5) to direct hot fluid to the
cooler, turn on the fluid cooling pump, and adjust temperature control valve V9 to the preset posi-
tion to return fluid to the tank. Normally, the controllers are set so that valve V8 opens at about

310°C (590°F), and valve V9 returns fluid to the bottom of the storage tank at 243°C (470°F).
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Figure 5. Schematic of Auto Cooler Mode Operation

TEST CONDITIONS: The temperature sensor for valve V8 is located near the bottom diffuser
of the storage tank. Thus, when the tank is as full as possible with high temperature fluid, the
valve opens, the pump starts, and the cooling system is started. The sensor should be located
somewhere above the diffuser also so that when sufficient cool fluid is placed back in the tank, the
V8 sensor detects it and stops the operation. The V8 sensor is currently 24 inches above the
bottom diffuser. If the cooling system is operated through its range, a determination can be made
as to whether the sensor is at an adequate level. Determination can be made also as to whether

the cooling system is adequate in the automatic mode.

DATA REQUIREMENTS: Monitoring the oil cooler system for times of operation, fluid flow
rates, valve V9 operation, and the tank-temperature profile thermocouple readout of the minicom-

puter.

3.3.2 Automatic Heater On/Off Operation

TEST OBJECTIVE: To evaluate automatic heater operation.

TEST DESCRIPTION: The automatic heater on/off operation is designed to control the fossil—
fuel heater which serves as a back-up heating system for the high temperature tank when there is
insufficient solar energy to heat the collector field. The high temperature storage tank will pro-
vide some reserve for evening and morning use. However, in event of extended low solar insola-
tion periods, the fossil-fuel heater will be required. Control of this heater is automatic. A ther-
mocouple inside the storage tank sends a startup signal to the heater when a designated low tem-

perature is reached. This thermocouple will be set so that sufficient energy remains in the storage




tank to continue turbine operation while the heater system goes through its startup procedures.
Once the heater system has started signal will be given to complete the changeover. An evalua-

tion will be made of these signals as to how they and the controllers operate.

TEST CONDITIONS: A requirement also exists for the heater system to be automatically
switched off, e.g., if the turbine is operating from the fossil-fuel heater system and sufficient
solar energy becomes available to assume the load, the sensors will detect this condition and
cause the system to automatically switch to operation from the collector/storage system. Then

the heater would shut off automatically.

The procedure to test heater-on operation will be to operate the turbine system from the
storage system. When the energy level is low enough so that only enough energy remains to pro-
vide time for heater startup (approximately 2 minutes), the heater will be started. When the
heater flame has ignited, the system will be switched over to the heater operation mode. Cold
fluid will be present in the heater system and may or may not shut down the turbine. In case of
shutdown it may be necessary to purge the heater with warm fluid to avoid sending a cold slug of
fluid through the boiler before heater ignition. The requirement for this purge, and a determina-

tion of when the heater cycle should begin, will be decided from the results of these tests.

The automatic off mode will be tested to determine system reliability. The storage tank
will be heated using the collectors. When sufficient energy is available to operate the turbine in
a stable condition with a full (32 kW) load, the switch-over to storage operation will be made.
This switch-over should send only a small amount of cold fluid to the boiler and should not interrupt
turbine operation. Thus, the time it takes to accomplish the switch-over to storage can be deter-

mined.

DATA REQUIREMENTS: The minicomputer printout of the storage-tank temperature, the
ORC system operational data and the analog strip charts of turbine operation are the required
data.
3.4 Miscellaneous

This section of the Storage Subsystem Tests deals with miscellaneous tests of this subsystem.

3.4.1 Maximum Withdrawal Rate From Storage

TEST OBJECTIVE: To determine, for various liquid levels above the top divffuser, the
maximum rate at which oil can be withdrawn from the top of the tank without causing a vortex that
will allow gaseous nitrogen to be withdrawn with the fluid. Because a vortex is more likely to
form in cooler fluid (due to the lower height of fluid in the tank), this test will be performed only

at the minimum operating temperatures (470°F).
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TEST DESCRIPTION: The following steps are required to implement this test:

1. The liquid level must be adjusted in the storage tank such that, at a temperature

of 470°F, it will be 13 inches above the upper diffuser (see Section 3.1. 5).

2. A uniform temperature of 470°F must be established both in the tank and in the
field piping which will be involved in this test. To accomplish this it is recom-
mended that initially the fluid be allowed to cool below 470°F. The fluid should
then be circulated from the storage tank through the heater and back until the
required temperature of 470°F is reached. It may be necessary to adjust the
heater so that the oil being heated comes out at slightly above 470°F to offset
heat loss in the system. After uniform, or almost uniform, temperatures are
reached, the temperatures, which are monitored by thermocouples in the tank

and in those sections of tubing being utilized for this test, will be recorded.

3. The fluid-heater-transfer pump output must be slowly increased until the flow
meter at that pump begins to oscillate. Oscillation of the flow meter output
indicates that a vortex has formed and that gaseous nitrogen is being sucked

out of the tank along with the fluid.

4. The liquid level in the tank must then be decreased by 4 inches and step No. 3
repeated. The liquid level in the tank will continue to be decreased by incre-
ments of 4 until the level is less than one inch above the diffuser, or until an

obvious relationship between vortex formation and liquid level is established.

TEST CONDITIONS: There are no environmental conditions required for successful opera-
tion of this test. However, proper operation of the thermocouples in the storage tank, the heater-

fluid-transfer pump, the transfer-flow meter, and the fossil-fuel heater is required.

DATA REQUIREMENTS: Temperature outputs of all of the appropriate thermocouples, a
continuous recording (i.e., strip charts) of the fluid-transfer pump/ flow-meter output, and the

calculated liquid level in the storage tank.




4. HEATER BOILER AND ORC SUBSYSTEM

4.1 Performance

This section of the Heater Boiler and ORC Subsystem deals with the performance of this

subsystem.

4.1.1 Baseline ORC Performance

TEST OBJECTIVE: To measure the heat input requirements needed to produce the full-
rated output of the turbine generator system under the three condenser conditions - winter, fall/

spring, and summer.

TEST DESCRIPTION: This test will be performed by operating the turbine generator with
hot fluid supplied either from the collectors, or from the heater, or from a combination of both.
The turbine will be operated at a maximum full rated load of 32 kW. The condenser cooling-water

input temperature will be varied to simulate winter, fall/spring, and summer cooling conditions.

TEST CONDITIONS: The following procedure will be implemented to achieve this test's

objective:

1. The condenser cooling-water input/output temperature will be adjusted to 170/

190°F (simulated summer cooling conditions).

2. The heater fluid will be supplied at a constant 590°F input temperature to the

oiler of the turbine system.
3. The turbine power will be supplied to the dummy load.

4. Al operating parameters will be adjusted to achieve a full 32 kW electrical load

from the turbine to the dummy load.
5. Heat extracted from the oil will be measured to maintain steady-state operation.
This cycle will be repeated with the condenser cooling-water input/output temperatures

adjusted to 95°/105°F and 105°/155°F to simulate winter and fall/spring cooling conditions re-

spectively.
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DATA REQUIREMENTS: The following parameters will be monitored continually during this

test.

Temperature of heating fluid to the boiler.

Flow rate of heating fluid to the boiler.

Boiler temperature and pressure.

Turbine electrical output

Toluene temperature at inlet and outlet of condenser.

Cooling-water temperature at inlet and outlet of condenser.

= O g e W N =

Cooling-water flow rate through condenser.

4.1.2 Transient ORC Performance - Heater Boiler Mode

TEST OBJECTIVES: (1) To determine the minimum high temperature in the storage tank at
which it is feasible to continue operating. (2) To determine the switch-over temperature at
which the fossil-fuel heater should be operated to supply energy for turbine operation. (3) To
determine the effect of a transient supply of cold fluid. (4) To incorporate the effects of a tran-
sient supply of cold fluid into an operational theory, determining the minimum tank temperature
and flow rate at which the fossil-fuel heater must be operated. (5) To demonstrate automatic

switch-over operation.

TEST DESCRIPTION: When the turbine is operated from energy stored in the high tempera-
ture tank, (i.e., when there is inadequate solar energy being transferred from the collector field
to operate the turbine), the temperature of the hot oil in the storage tank is steadily lowered. To
maintain full turbine output, the heat supplied to the boiler is maintained constant by increasing
the flow rate as the temperature decreases. (This does not apply to a tank with a stable thermo-
cline, as this condition affords a constant temperature output.) As the temperature of the output
fluid decreases and the flow rate increases, a point is approached where it becomes mandatory

to supply additional energy from the fossil-fuel heater to maintain turbine operation.

When the decision is made to turn on the heater and the proper valve closures and openings
are made to cycle oil through the heater, cold oil stored in the heater piping and associated plumb-
ing will be routed to the boiler. Therefore, during this transient period, heat is not continuously

supplied to the boiler.

To start this test the storage tank will be filled with hot o0il at 590°F. Heat should be supplied
by the solar collectors and the heater. Associated piping should be maintained at or near ambient
temperature. When the tank is filled with 590°F oil, the solar collectors will be defocused. The
boiler and turbine will be turned on then with the full-rated electrical power output of the turbine
routed to the load bank. To preclude establishment of a thermocline and to insure a steadily de-
creasing storage tank temperature, fluid for the boiler should be drawn from the bottom of the
storage tank rather than from the top. The test shall continue with the turbine operating at pre-

scribed temperatures and pressures. As the test proceeds, the hot fluid temperature will decrease




and the flow rate shall increase to maintain boiler design conditions. The test shall proceed
until the temperature and flow rate of the oil are insufficient to maintain boiler operation condi-
tions. These data will provide insight as to when additional heat is required from the fossil-fuel

heater.

A separate test is required to determine the impact of the cold oil stored in the heater
plumbing, which will be introduced to the boiler when the heater is turned on. To perform this
test it is necessary merely to: operate the boiler turbine generator system at designed conditions
with hot fluid provided from the storage tank; maintain the heater and its associated plumbing in
relative equilibrium with the surroundings; observe the impact on boiler operations when the oil

supplied to the boiler is switched-over from storage tank output to heater output.

TEST CONDITIONS: This test should be run on sunny days so that the storage tank can be
brought to 590°F while the fossil-fuel heater and its associated piping are maintained at ambient
temperature. Successful completion of this test requires that the ORC system, the dummy load,

and the solar collector system all be operating properly.

DATA REQUIREMENTS: Boiler temperature and pressure, generator voltage current and
frequency, oil temperature in and out of the storage tank, and oil temperature into and out of the
boiler. All of the above data are required continuously throughout the test and should be taken

with the strip chart recorders rather than sampled by the computer.

4.1.3 Transient ORC Performance - Storage Boiler Mode

TEST OBJECTIVE: To determine the impact of cold fluid influx into the ORC boiler (this
occurs when boiler fluid input is switched from fossil-fuel heater to storage tank), and to demon-

strate automatic switch-over operation.

TEST DESCRIPTION: When the ORC boiler is operated from the fossil-fuel heater, and
excess energy is available either from the heater or from the collector field, hot fluid will be
placed in the storage tank. As the storage-tank temperature increases, the decision to shut off
the fossil-fuel heater and operate the ORC turbine either from storage or from the solar collector
field will be made. During the switch-over, cold oil accumulated in the piping between the storage
tank/collector field and the boiler will be introduced to the boiler. This test will determine the
impact that cold oil has on boiler operation. This test shall consist of monitoring boiler and

generator operation while the boiler input is switched from heater to storage.

TEST CONDITIONS:

1. The ORC will operate with energy supplied by the heater.
2.  The storage tank will contain sufficient oil at 600°F to operate the turbine.
3. The plumbing between the storage tank and the turbine will have reached equili-

brium with local ambient temperature.
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DATA REQUIREMENTS: Boiler temperature and pressure, oil temperatures at input and

output of the boiler, and generator voltage, current, and frequency.

4.1.4 Maximum ORC Output

TEST OBJECTIVE: To determine the maximum electrical output the ORC subsystem can
develop. This, and the associated flow rates and temperatures, will provide an upper limit on

load requirements for the system.

TEST DESCRIPTION: The designed maximum electrical load of the ORC system is 32 kW,
To determine how well the system will carry this continuous load, and what parameters are re-
quired to maintain maximum operational load, it is necessary to determine the maximum load the
system will handle. This test also will provide conditions that the associated subsystems must
satisfy to allow development of the operational load. For example, the boiler pump must be able
to supply a certain minimum flow to the boiler, or there will not be sufficient energy supplied to
the turbine to carry its load. Knowledge of the maximum output from the ORC system is required

in order to establish these minimum performance characteristics.

TEST CONDITIONS: The ORC system shall be set up to operate from the fossil-fuel heater.
Conditions require that the input temperature of the fluid to the boiler be 300°C and the output be
243°C. This will duplicate operating conditions. The initial load of 32 kW will be applied and,
after stable conditions have been reached, incremental increases will be applied until it becomes
apparent that the maximum load has been applied, or that the maximum measuring capability of

the system has been reached.
DATA REQUIREMENTS: The minicomputer printout to provide temperature and flow condi-

tions. The required steady-state conditions will be determined by a combination of the computer

printout, the analog strip chart data, and the observations of the experimenters.

4.1.5 Out-of-Tolerance Temperature Effects

TEST OBJECTIVE: To evaluate boiler turbine efficiency when operating at temperatures
and pressures other than the designed temperature and pressure. To accomplish this objective,
the toluene flow rate and the fluid temperature and flow rate will be adjusted to vary the boiler
operating temperature from 540°F to 600°F, while maintaining the designed pressure of 230 psia,

and to vary the operating pressure from 200 to 260 psia, while maintaining a temperature of 57 5°F.

TEST DESCRIPTION: This test will begin with the ORC generator system operating under
designed conditions. Energy will be supplied to the boiler by means of hot oil heated in the fossil-
fuel heater; the condenser will be operated in the winter condition. With the ORC generator opera-
ting at maximum output, and the temperature and pressure at designed conditions, the toluene and

fluid flow rates will be varied to produce these out-of-tolerance conditions.




During the first test series, pressure will be maintained at 230 psia while the temperature
is reduced to 540°F. The temperature will be gradually increased then in 10° increments from
540 to 600°F. The second test condition will be such that the temperature is maintained constant
at 575°F, while the pressure is reduced to 200 psia, and then stepped in increments of 10 psia to

260.

TEST CONDITIONS: There are no environmental conditions required for this test. It is
required that sufficient hot fluid be supplied either from storage, the solar coile.ctors, or the
fossil-fuel heater to maintain the ORC at maximum output. The condenser outlet water tempera-

ture shall be controlled to simulate winter operation conditions.

DATA REQUIREMENTS: During this test the fluid temperature pressure and flow rate,

toluene temperature pressure and flow rate, and the generator output shall be recorded.

4.2 Control

This section of the Heater Boiler and ORC Subsystem Tests deals with control of this sub-

system.

4.2,1 Heater Control Evaluation

TEST OBJECTIVE: To verify the proper operation of safety controls for the heater ORC

turbine system.

TEST DESCRIPTION: There are seventeen safety controls designed for protection of equip-
ment and personnel. Some of these controls are concerned with the fossil-fuel heater system,
some are concerned with the ORC turbine system, and some are concerned with both. Figure 6
identifies the controls and the system(s) with which they are concerned. Some of these controls
are checked every time the system is operated, others are tested frequently, and the remaining
ones will be examined during this test. These controls include stack overtemperature, lube over-
temperature, sniffer, condenser overpressure, lube underpressure, unit overtemperature, and

CO2 discharge.

. The stack overtemperature check will be conducted by removing the overtemperature sensor
and heating it with a heat gun until the overtemperature condition signal is detected from the sensor.
The CO2 discharge will be diséonnected and a dummy load substituted to provide detection of the
signal that would normally discharge the COz. The base fire station will be alerted to prevent

response to the fire alarm signal.

The lube overtemperature system will be tested by removing the sensor, heating it with a
heat gun, and checking that the proper signal is transmitted to the turbine control system and that

the turbine is shut down automatically. The turbine will be running at the beginning of this test.
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System Controlled

Fossil-
Fuel ORC
No.. Safety Control Heater Turbine Remarks
1 Heater overtemperature X - OK
2 Stack overtemperature X X Test (simulate)
3 Lube overtemperature - X Test (simulate)
4 Sniffer X X Test (actual)
5 Airflow safety X - OK
6 Heater overpressure - X OK
7 Condenser overpressure X X Test (simulate sensor)
8 Lube underpressure - X Test (simulate sensor)
9 Fuel overpressure/ ‘ ‘
underpressure X - OK
10 Flame failure X - OK
11 Overvoltage - X OK
12 Undervoltage - X OK
13 Overspeed - X OK
14 Underspeed - X OK
15 Hotwell liquid, low - X OK
16 Unit overtemperature X X Test (simulate sensor)
17 CO,, discharge X X OK

2
Figure 6. Heater/ORC Turbine Safety Controls

The "sniffer" safety control is a toluene vapor detector. If potentially hazardous toluene
vapor is building up, one of three sniffers in the turbine room will detect this concentration and
send signals that will shut down the turbine and heater systems, alert building occupants, and
alert the base fire station. The system will be checked by placing a toluene saturated rag at the
opening of the sniffer. The percentage of concentration required to operate the safety controls

will be monitored with the toluene concentration gauge on the turbine control rack.

The condenser overpressure safety system will be checked by disconnectin‘g the sensor and
introducing the proper signal into the system's electronics. This signal is designed to shut down
the turbine and the fossil-fuel heater automatically. To insure that the system is operating prop-
erly, the turbine should be operating from the fossil-fuel heater when the condenser overpressure
safety system is checked out.

The final safety system that needs to be checked is the unit overtemper‘ature. This system,
if activated, will discharge carbon dioxide bottles to combat a fire condition. To simulate the
conditions, the sensor will be disconnected and a simulated signal introduced. The CO2 bottles
will also be disconnected and replaced with a detector. While the turbine is running off the fossil-
fuel heater, the unit overtemperature signal will be introduced: The 002 fire signal will be moni-

tored and shutdown of the turbine and heater checked. -




These checks will complete analysis of the heater/ORC controls. Those that have been
checked are identified with an. OK in the Remarks column of Figure 6.

1

4.2.2 ORC Control Evaluation

TEST OBJECTIVE: To evaluate the capability of the ORC system controls in eliminating
excessive temperatures, and pressure overshoots and undershoots when large changes in the
electrical load occur. The amount of overshoot or undershoot will be measured and, if oscillations
occur, measurement will be made of the time required for the controls to damp them out and

resume steady-state operation.

TEST DESCRIPTION: When the turbine is started, it will operate with zero electrical load.
Then, when operating conditions allow, an electrical load wiil be applied. The size of the electri-
cal load can be varied but it is likely that the worst-case condition will occur when a maximum
load is applied instantly. This will require a rapid increase in the flow of fluid through the boiler,
and of toluene through the turbine. Time lapse between the control system's reception of signals
to increase output, and the reaction of the pumping system will lead to an expected overshoot in
the energy supplied. Then a time lapse in the attempt to counteract the overshoot will occur,
resulting in an undershoot. The‘time—constant of the system response should damp these oscilla-
tions and force the system into a steady-state condition. Electrical loads exist that can be applied
to the ORC system which the control system cannot handle. If this load is above the 32 kW maxi-
mum load designed in the system, it will not present a problem since such a load would be out of
the system's operating range. The purpose of this test is to determine that the system will handle
the worst-case conditions between no load and the 32 kW maximum load, and that the oscillations
induced by the load change will be controlled and damped out so that steady-state conditions are

achieved.

TEST CONDITIONS: The ORC system will operate from the fossil-fuel heater. It will oper-
ate at steady-state conditions with a zero electrical load. The turbine temperatures and pressures
will be recorded. The full load (0-32kW) will be applied and conditions of the ORC system moni-
tored and recorded. The peaks and valleys of each oscillation will be recorded as well as the time
for the system to reach steady-state operating conditions. After steady-state conditions have been

reached, the load will be taken off (32kW-0) and the oscillations extremes and times taken again.

The above procedure will be repeated for loads of 0+1 6kW, 18kW~0, 16kW-+32kW, and 32kW~
16kW. ‘

DATA REQUIREMENTS: The minicomputer printouts, the ORC strip chart records, and
data from the digital displays on the turbine control rack. The digital displays will be the primary
data source due to their continuous readout, and will be recorded at regular intervals by the oper-

ator. The kW electrical load applied can be obtained from the minicomputer. Other data recorded
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will be the turbine inlet temperature and pressure, the outlet temperature and pressure, the fre-
quency of oscillations of each, and the time to achieve steady-state operation. The glycol-system

temperature condition will be recorded also.

4.2.3 Automatic Switching

TEST OBJECTIVE: To provide information to the engineer that will help in the determination
of proper setting of controls for automatic switch-over of turbine operation from storage mode to

fossil-fuel heater mode, and from heater mode to storage mode.

TEST DESCRIPTION: The procedure for this test is the same as that in Sections 4.1.1 and

4.1.2. The data obtained in these tests can be used here.

This test takes a minimum of three days because the system must cool to overnight tempera-
tures before a new data point can be obtained. On the first day, the high temperature storage tank
is heated to 310°C. Then the system is allowed to stand overnight. The turbine is started on the
morning of the second day and set to operate with a continuous electrical load of 32 kW. The tur-
bine will operate from the high-temperature storage tank until the engineer and test director
. determine that the stored energy has been nearly exhausted. The fossil-fuel heater will be ignited
then and the turbine operation switched-over to heater operation. The heater has an automatic
purge cycle that takes about one and a half minutes to complete before ignition of the heater can
take place. The switch-over time must allow for sufficient energy in storage to continue operation

for this heater startup time.

On the afternoon of the second day the high temperature storage tank will be heated again to
310°C and left overnight. The morning of the third day the turbine will be operated using the fossil-
fuel heater with an electrical load of 32 kW. After steady-state operation has been reached the

turbine operation will be switched to the storage system.

Proper selection of both switch-over points will assist in obtaining maximum efficiency in
utilization of the system. These points are somewhat arbitrary, and a manually set controller
will be utilized to select the desired temperatures. It is, however, useful to determine the mini-
mum amount of energy that can be left in the storage system and still effect a switch-over to heater
operation. Then the responsible engineer can select that temperature, or a slightly higher one,
and be assured that the turbine will not shut-down due to lack of stored energy during heater start-

up time.

TEST CONDITIONS: This test requires a sufficient amount of energy in the storage tank to

drive the turbine for switch-over from storage to heater operation. Proper operation of the fossil-

fuel heater is also required, as well as a 32 kW load on the turbine.




DATA REQUIREMENTS: The minicomputer printout data is needed to obtain storage tank

temperature profiles, as well as temperature and pressures of the boiler and turbine. The tur-

bine and heater strip charts will provide analog data to determine heater startup time and flow rates.

This data will be sufficient to accomplish the objectives of this test.

4.3 Miscellaneous

This section of the Heater Boiler and ORC Subsystem Tests deals with miscellaneous tests

of this subsytem.

4.3.1 Boiler Piping Steady-State Losgses

TEST OBJECTIVE: To measure the thermal losses the boiler field piping, pumps, and
plumbing.

TEST DESCRIPTION: Steady-state losses of the boiler system add to the total thermal losses
of the solar system. The boiler system begins at the high temperature storage tank and continues
through the boiler pump and through the boiler (heat exchanger). After exit from the boiler,
fluid is returned to the bottom of the high-temperature storage tank. The piping is insulated to
reduce heat loss, however, there is a large thermal gradient between the fluid transferred through
the piping and the ambient air, so there is a thermal loss through the insulation. Several valves
control the system that also cause thermal losses. The pumps are not well insulated because of
their accessibility for maintenance, causing another thermal loss. If the total heat loss through
the system is significant compared to the energy collected by the collectors, overall system effi-
ciency will be reduced proportionally. Thus it may be necessary to install additional insulation

at valves, pumps, and field piping.

TEST CONDITIONS: To conduct this test, the storage tank will be full of 590°F fluid. This
fluid will then be circulated through the boiler until steady-state conditions are reached. With the
input temperature constant, and the thermal mass losses of the system overcome, the output tem-
perature should also be constant. There are thermocouples throughout the system so that isolated
losses can be determined for components such as pump losses or boiler losses. Therefore, the

total loss of the system, as well as isolated losses of the critical items, can be determined.

This test can be conducted with the ORC (turbine) system either on or off. With the turbine
operating, the fluid returned from the boiler to the storage tank will be 470°F. The temperature
of the fluid with the turbine not operating should be close to the input temperature of 590°F. The

heat loss of both conditions will be determined.

DATA REQUIREMENTS: The data required will be all on the minicomputer printout. The

thermocouple readouts, the flow rates and specific heats will provide all the necessary data.
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4.3.2 Boiler Thermal Mass

TEST OBJECTIVE: To determine the thermal mass (total heat capacity) of the ORC boiler

and associated piping.

TEST DESCRIPTION: To measure the total heat capacity of the ORC boiler and associated
plumbing, the system shall be allowed to reach equilibrium with local ambient temperatures.
Then hot fluid will be injected and circulated through the system. The total flow and temperatures
recorded by all thermocouples in the boiler cycle shall be recorded as steady-state where equili-
brium is achieved. (The thermal mass of the boiler system is that amount of heat required from
the oil to achieve steady-state conditions.) During this test toluene will be drained from the boiler

so that the heat will be absorbed from the fluid only by the boiler itself and its associated piping.

TEST CONDITIONS: There are no environmental requirements for this test. The boiler
and associated piping shall be allowed to reach ambient temperatures. This shall be done by not
circulating oil through the boiler for a minimum of two days prior to the test. It is required that
the data-acquisition system and the thermocouples in the boiler cycle be operating properly and

that the boiler be drained of toluene.

DATA REQUIREMENTS: The data required from this test include:

1, Fluid temperature at boiler input.
2, Fluid temperature at boiler output.

3. Fluid flow rate.

4.3.3 Pumping Losses

TEST OBJECTIVE: To measure power-requirement-in versus work-out of the boiler-fluid

transfer pump and the fluid-pressure-drop through the boiler and associated piping.

TEST DESCRIPTION: Pressure gauges shall be attached with shut-off hand-valves at the
input and output of the boiler fluid transfer pump. A watt~-hour meter shall be connected to the
pump motor. In the course of a typical sunny day, during which solar energy is being collected
and fluid is being circulated through the boiler, the differential pressure, the total pump flow, and

the power consumption shall be monitored.

TEST CONDITIONS: This test must be performed on a reasonably clear (not more than 10%
cloud cover) day during which solar energy is being collected and the solar tracking system is
functioning properly. If the total heat capacity of the storage tank is exceeded (and fluid tempera-
tures need to be lowered), the ORC or the cooling tower shall be utilized to lower fluid temperatures

within tolerance.




DATA REQUIREMENTS: The data required from this test include the differential pressure
through the pump, the total fluid flow through the pump, and the power consumed by the pump.
The temperatures recorded by the thermocouples in the boiler, the hot fluid storage tank, and all
the associated piping shall be recorded during that period when hot fluid is replacing cold fluid in
the system prior to steady-state conditions being achieved. The output of the boiler-oil transfer

pump flow meter shall also be recorded during this period.
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5. CONDENSER AND COOLING-WATER FLUID
HANDLING SUBSYSTEM

5.1 Maximum Heat Removal

This section of the Condenser and Cooling-Water Fluid Handling Subsystem Tests deals with

maximum heat removal of the subsystem.

TEST OBJECTIVE: To evaluate the condenser fluid/tower water heat exchanger for maximur
heat-load conditions. These heat-load conditions occur with the condenser water at 88°C (190° F)

inlet temperature to the heat exchanger and 77°C (170°F) outlet.

TEST DESCRIPTION: The condenser liquid/tower water heat exchanger was sized for a mini
mum AT between the cooling water and the condenser water. These conditions will exist at equinox
operation. The unit is sized for 527, 000 kJ/hr (500, 000 Btu/hr); the current requirement is for
approximately 608, 000 kJ/hr (577, 000 Btu/hr), as reported in the "Solar Total Energy Program
Semiannual Report of April 1975 - September 1975.'" The increased requirement can be met by
operating when the dew point is below 29°C (85°F), or by increasing tower water flow rate. The
pump capacity has been increased and should provide sufficient flow to meet the increased require-
ments. The capability of the heat exchanger to meet the requirements with this new flow will be
tested. The cooling tower pump may not have sufficient capacity to handle the increased flow rate

to the turbine-load heat exchanger. It will be tested to determine its capacity.

Control valve V10 regulates the flow of condenser water through the heat exchanger. When
steady-state conditions exist, V10 will be checked to determine if it is completely or partially
open. If it is open, the system will be near its maximum capability. If it is partially closed, the
system has some additional capability. If the latter is the case, the valve will be opened manually
and the ensuing conditions will be monitored. This should provide information on the maximum

capability of the system.

TEST CONDITIONS: The turbine/ORC system will be operated using the fossil-fuel heater.
This will allow stabilized conditions to be established. The condenser water loop will be adjusted
to an input of 190°F (88°C) and an output of 170°F (77°C) with an electrical load of 32 kW. The

water tower inlet temperature to the heat exchanger will be set at 85°F (29°C).

DATA REQUIREMENTS: The minicomputer printouts, digital readouts, and strip charts

will be monitored and recorded to evaluate the system's capability to maintain conditions.
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