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the OCE Technical Monitor.

This study was performed by the Energy Systems Division (ES) of the U.S. Army
Construction Engineering Research Laboratory (CERL). Mr. R. G. Donaghy is Chief
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PROCEDURES FOR ACCEPTANCE Scope
TESTING OF SOLAR ENERGY SYSTEMS The solar acceptance test described in this report

focuses on the performance of the solar collector
array, storage tank, and controls. The performance
of auxiliary and distribution components (e.g., heat1 INTRODUCTION pumps, chillers, boilers) is not included, because
these units are off-the-shelf items and are covered
by conventional acceptance procedures. In addition,

Background the test is limited to systems containing liquid, flat-
The goal of installing solar energy systems in plate collectors and using sensible heat storage.

Army buildings is to reduce consumption of energy
from scarce conventional sources. However, the The acceptance test described here is directed to-
energy savings expected from these new systems ward checking a contractor's work to determine corn-
may not be realized unless the building contractor pliance with construction specifications. Although
correctly installs the proper solar equipment. An the designer's work greatly affects a solar system's
acceptance test can help insure that installation overall performance, the Military Construction-Army
of the new solar system complies with the construc- (MCA) process already includes design revie, s which
tion specifications. insure that design specifications meet a Corps Dis-

trict's performance requirements. Thus, the goal of
In a previous study,' CERL developed and field- these test procedures was to provide a clear-cut

tested procedures for an acceptance test of solar check of only the construction contractor's perfor-
energy systems. A sophisticated instrumentation mance, and to avoid interfering with the designer's
package was used to measure system performance in work (e.g., component sizing).
that study. Although researchers widely use this
equipmen and re ureg ts, the equipment is Mode of Technology Transfer
expensive and requires highly trained personnel to The information in this report will initiallN he
operate it. The study showed potential for perform- disseminated through the Engineering improsement
ing an acceptance test using low-cost metering in- Reporting System (EIRS). l.ater, the information
stalled during building construction. If the changes will be incorporated as revisions to Corps of Engi-
recommended by this report are adopted into the neers Guide Specification (CEGS) 139K5 and rech-
guide specifications on solar equipment (CEGS nical Manual 5-804-2.
13985). new solar energy systems will perform prop-
erly before final acceptance.

Objective METERS FOR TESTING AND
The objective of this study was to develop accep- 2 MONITORING SOLAR ENERGY

tance test procedures in which simple low-cost meters SYSTEMS
could be used to measure solar energy system
performance.

The Metering Approach
Approach The need for an acceptance test for new ly installed

Meter requirements for measuring solar energy solar energy systems has been demonstrated.2 Test-
systems were defined. A BTU-Meter for measuring ing solar energy systems is more complex than test-
heat transfer was designed and constructed, and ing conventional systems because solar system
meters for taking the other measurements were pur- performance depends greatly on weather conditionsj chased "off the shelf." and the system's history (e.g.. the solar collector

performance depends on tank temperature). In the
The meters were installed in CERL's solar test previous study, a sophisticated data acquisition sys-a facility and a pilot acceptance test was done. tem was used to perform the acceptance test mea-

surements; the study demonstrated that an accep-
'D M. .Ioncich and D. 1. Johnson, Development of an tance test of solar energy systems was feasible.

• Acceptance Test for Solar Energy S;-stemns, Technical ReportE-173'ADAI01654 (U.S. Army Construction Engineering Re-

search Laboratory [CERtL. 191). ICERL Technical Report E-173,
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The metering approach (Figure I) presented here Although this report is concerned mostly with
provides a straightforward method for meeting a using meters for acceptance testing, the meters can
solar energy system's testing and monitoring needs. continue to be used after the testing (see Table I
Compared to the sophisticated instrumentation and Figure 1). The monitoring meters provide per-
normally used for performance measurements 3 the formance data and detect system malfunctions. The
metering approach has a number of advantages (see designer is provided with performance data feedback,
Table i). Besides the lower costs of the meters and which is particularly important when a new solar
removing the need for highly trained operators, the system design is being tried or when a standard
meters' simplicity allows this approach to fit smoothly design is being tried in a new geographical area.
into the MCA process; it also eliminates the need Detecting solar system malfunctions is difficult for
for special arrangements normally associated with two reasons: (i) maintenance personnel are not fa-
instrumentation. miliar with solar systems, and (2) if a backup system

is present, a complete failure of the solar system may
CERL Technical Report E-173. In.strumentatin Inliallatitn go unnoticed, since the backup can provide all the

Guidelines fir the Naional Solar Heating and ('culinx Demon- heating or cooling needed. Thus, this aspect of the
straiion Program, SHC-1006 (ERDA, 1976). monitoring meters is important.

Tech.

Design Designer includes provisionsGudPaefor meters and testing inSpcPhase the Specs. & Drawings

Contracto nstalls meters

simultaneously with solWr

Construction lt.ili cOo ,li.
Phase

F orco wforms Acceptance I
To-.,.,-Solar System with meters

[During first year or lger, metner reading% con
be loqged and analyzed to evaluate peNformancc
Omof solar sysIem when such on evo luation s needed

peration (e.g., n. desqns)

and
Maintenance IThroughout remainder ot operating life, maintenance

personnel log meter reodings as part of pertodic
maintenance program (detect and diagnose
mofunctions),

Figure 1. The metering approach to testing and monitoring of solar energy systems.
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Table I
Comparison of Metering Approach With Use of Sophisticated Instrumentation

Item Metering Approach Sophisticated Instrumentation

Equipment Meters are low in cost. instrumentation is expensise.
Costs

Operator Meter readings can be taken by building Requires highly trained operators for its use.
Requirements contractor and maintenance technicians.

Compatibility Fits smoothly into MCA process. Requires special consultation with experts in Ironics
with MCA during design and installation. requires spe :;ngements
Process for trained operators during actual use.

Versatlity Meters are useful throughout life of solar Normally dedicated to meeting specific net ,,.
system for both testing and monitoring; they Equipment maintenance and requirement ghly trained
can be used for detecting severe malfunction. operators arc too costly for long-term use

Des,:rlptlon of Meters Q J Cpl(T,, - T,) dt [Eq 1]
To meet the objectives of this study, meters must

(1) provide the basic measurement functions (heat where:
transfer, temperature, flow, etc.) and accuracy re-
quired for testing and monitoring, (2) be low in cost. Q = heat output or input by the heat transfer
(3) be easily incorporated by the designer into solar fluid
system design. (4) be easily installed by the building
contractor simultaneously with the solar system. (5) C, = specific heat capacity of the heat transfer
be simple enough to use that the building contractor fluid
and maintenance technicians can take readings, and
(6) be rugged enough to last throughout the useful M = mass flow rate of the fluid
life of the solar system. These characteristics were
the basis of selecting the meters described below. T_, T, = the inlet and outlet temperatures ot the fluid

BTU-Meters t = time.

Since solar collectors produce heat, and heat is Figure 3 illustrates the basic elements of a BT-
ultimately used for heating or cooling, measurement Meter which can measure the heat transfer given b,
of heat transfer is very important to performance M . Th eleme sude the seno toeten fo
measurements. Therefore, the meter which measures Eq 1. The elements include (1) sensors to detect flow

heat transfer (the BTU-Meter) is the "heart" of the and temperatures, (2) an electronic computer to
calculate the rate of heat transfer, and (3) a com-metering system. Since this meter is relatively new

and many people are not familiar with it, its charac- ponent to display the results to the operator.
teristics will be described in detail. Table 2 lists desirable characteristics of a BTU-

Meter appropriate for the wide range of potential
Figure 2 shows the similarities between the BTU- Army applications. When this research began. no

Meter and the Kilowatt-hour Meter. which is widely commercial unit was available with all these charac-
used by utility companies for electricity measure- teristics, so CERL designed one (see the appendix).
ments. Both meters provide measurements on the The design uses platinum resistance thermometers
supply and return lines to a particular device, and and a venturi for the temperature and flow sensors.
both sum the energy transfer to or from that device, respectively. The venturi offers several special fea-

tures: (I) it is low-cost, especially for large pipe sizes;
To understand how a BTU-Meter works, the (2) it is useful for a %% ide range of pipe sizes and

equation for heat transfer must be examined. For a different types of fluids: (3) it is simple to maintain
hydronic system, the heat transfer to or from a since all electronics are mounted external to the
device is given by Eq I: piping and are easily accessible.

_ 9



Electrical Energy Measurement

Kilowatt - hour
Meter

Voltage Current Electrical

Generator

Supply and or

Return wires Electrical
Consuming Unit

Voltage

Thermal Energy Measurement

BTU-Meter 9 ( 72 3'9

Temp. Flow Heat Generator

Supply and or
Return Pipes Heat Consuming Unit

Temperature

Figure 2. Similarities between BTU-Meter and Kilowatt-Hour Meter.
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Display

4- 4
Temperature , Flow

Supply and Sensor Sensor Heat GeneratorSeuplpes nd (Solar Collectors)
Return pipes

Temperature
Sensor

Figure 3. Basic elements of the BTU-Meter.

Table 2

Characteristics To Be Considered When Selecting BTIU-Meter

Characteristic Characteristic Needed for Army Applications

Cost Unit should be low-cost, particularly for measurements on small pipes.

Pipe Size Unit must be able to take measurements for the pipe size of the intended application; potential Army
applications range from I to 8 in. (25.4 to 203.2 mm)

Calibration Unit should be factory-calibrated (no field calibration should be required).

Sensor Accessibility Sensors which are susceptible to damage should be accessible for repair or replacement.

Accuracy Flow Sensor 5 percent of nominal flow value.
Temperature Sensor 0.1"C from 0 to 100'C.
Electronic Computer I percent for calculation of rate of heat transfer for .r 10 C or higher.

Temperature Range 320 to 212'F (00 to 100 C).

Fluid Compatibility Must be compatible with fluid in pipe; for collector loop applications, compatibility with glycol solutions or
silicone oil might be required.

Pressure Drop Pressupe drop produced by sensors in pipes should be small (e.g.. less than 0.1 psi [70.3 kg/mg] ).

II '
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Several commercial meters have recently become erature, and (3) average temperature of solar storage
available and are being tested by various laborato- tar
ries. 4 However, most of these units were designed
for measuring hot water consumption and are re- For the pipe-mounted thermometers, simple in-
stricted to use on small pipes (diameters of about I dicating thermometers with an accuracy of I°F
in. [25.4 mini). At least one manufacturer has listed (0.5°C) over a temperature range of roughly 300 to
specifications for a BTU-Meter which meets most of 240°F ( - 1' to 115 0C) should be used. For this
the requirements listed in Table 2; however, t.e test application, direct-reading mercury thermometers,
results for this model are not yet available, such as the U.S. Navy Type GG-T-321C. are

adequate. Some bimetallic thermometers also have
Thermometers the required accuracy and are acceptable. To insure

Thermometers must measure the following: (1) that the unit accurately measures temperature, it
temperature of fluid in piping, (2) outside air temp- should be mounted as in Figure 4. The sensor should

extend into the fluid stream at least I in. (25.4 mm)
'NASA Report for DOE, FederalSolar FlaresNo. 3 (NASA, for pipe diameters of 2 in. (50.8 mm) or larger; for

1981) Gerald R. Guinn and Leigh Hummer, Testing and Evalua- smaller pipes, the sensor should extend into the pipe
tton of BTU (Heat) Meters for Measuring Solar System Per-
formance. Workshop on Performance Monitoring of Solar a distance which is at least one-half the pipe
Domestic Hot Water Systems. Cape Canaveral. Florida ( Decem- diameter.
ber 1980).

Mercury
Type

x T
"7 T

Sensors must extend
into fluid streom.*

FOR d-- 2 in. or more, X: =Iin, minimum.
FOR d liess than 2in., X=l/2d minimum.

Figure 4. Mounting of mercury and bimetallic thermometers in piping.
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To measure outside air temperature, a thermom- (0.5 0C). the thermometer must provide a repeata-
eter similar to the pipe-mounted units can be used if bility/ resolution of 0. I°F (.05'C) and provide an
it is mounted properly. The mounting should shade average over the vertical dimension of the tank. The
the thermometer from direct sunlight but should following combination (see Figure 5) met these re-
allow air to flow freely across the sensor. The quirements: (I) a platinum resistance thermometer
thermometer should provide an accuracy of I°F with a long sensing element mounted vertically in
(0.51C) over a temperature range of about 00 to the tank, and (2) a portable display unit for temper-
I 100F ( - 180 to 430 C). ature readout accurate to within 0. 1'F (.05"C).

The requirements for measuring average tempera- Flow Sensor
ture in the solar storage tank are quite different. Several types of meters can measure the flow rate
Although the accuracy requirement is also IF of fluid in a pipe. A venturi sensor accurately

~Temperature

Display

~Averag~ingj Sensor

Solar Storage Tank

II
if

The sensing length must be mounted
ao"g vtlicol dimension of the tank
and the length must be at least 95 %
of the vertical dimension of the tank.

Figure 5. Averaging probe and temperature display unit used for
measuring average tank temperature.

/
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measures flow (about 5 percent) for a wide range of tube mounted vertically indicates the amount of fluid
pipe fluids and is available for a wide range of pipe flow by rising to a higher level for a higher rate of
sizes. A differential pressure gauge must be used with flow. The flow rate is indicated by the position of
this sensor (see Figure 6); this gauge can be a simple the float on the graduated scale provided with the
manometer or a direct-reading gauge with a movable meter.
piston or diaphragm which is magnetically coupled
to a dial pointer. For small solar systems, a permanently installed

flowmeter may not be needed, and the flow measure-
When the piping fluid is water, direct-reading ment station shown in Figure 7 can be constructed.

flowmeters with an accuracy of 5 percent are useful Since the flowmeter is used as a portable unit and
and easily read. Figure 7 shows an example of this inserted just briefly for measuring flow, only one is
type of meter. For this meter, a float in a transparent needed for a large number of systems.

VentureFlow

1.614

Valve

Bleed-.--]

Valve

IThe minimumn length of straigh~t, uninterrupted

piping upstream and downstream of the venturi
must be u:Sd v:2d

Figure 6. Combination of venturi flow sensor and differential pressure gauge (Schematic sketch;
not to scale.) (useful for flow measurements on a wide range of liquids).
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Isolation
Valve

/
, /

~/

Bleed
Flowmeter Valve

Isolation
Valve

Figure 7. Flow measurement station which permits the Flowmeter to be employed as
portable flowmeter. (This is a schematic sketch and is not to scale.)
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Piranometer and lnwgrator A measurement of the "on" time of the collector
A pyranometer and integrator are needed to pump provides valuable information; the meter is

measure incident solar energy. Although pyranome- very important for monitoring since it indicates

ters for precise, scientific studies are available, the common system malfunctions reliably. AC hour

units have several disadvantages: (I) they are expen- meters are available at very low cost and provide an

sive, (2) they are fragile, and (3) they require frequent accuracy of 0. 1 hour.
recalibration (about once every 6 months). The
newer, solid-state sensors overcome these disadvan- Pressure gauges are also useful for checking pump
tages and still provide the needed accuracy of 5 performance. Isolation valves (see Figure 8), which

percent for measuring incident solar radiation. are opened only briefly for the measurement, keep

An integrator with an accuracy of about I percent the gauge from deteriorating rapidly as a result of
An itegato wih a acurac ofabot Iperent continuous pump vibration. When these valves are

can be used to sum the pyranometer's output. For con ly a ibratis neee valvessare

ln-emmeasurements (e.g., monitoring), protec- used, only a single gauge is needed for pressurelong-term mesrmns(~. oioigpoe- difference measurement; this allows the pump's pres-
tion against power failures is essential; this can be

provided by an electromechanical counter or by sure head to be determined more accurately.

giving the integrator a battery backup.
Selection and Placement of Meters

Miscellaneous Gauges Many different configurations are included in
When antifreeze solutions are used in the collector current design practice; the meter requirements for

loop, the concentration of the fluid should be checked each configuration must be considered individually.
with a refractometer. Since the solutions can become The designer will select the meters and indicate their

acidic with age, the fluid's pH should be checked placement for a particular solar design. The metering

periodically with pH papers. A 5ervice kit which plans for two common solar designs are used in the

contains both these items is available commercially. following examples to demonstrate meter selection

Pressure Gauge

Isolation

Valve

Vibration Isolotors
if used)

Figure 8. Mounting of pressure gauge for checking pump performance.
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and placement. Table 3 lists mounting notes appli- time of the collector pump. A pyranometer, mounted
cable to the meters discussed in these examples. in the plane of the solar collectors to measure inci-

dent solar energy, is connected to an integrator.
Figure 9 is a sketch of the metering layout for a

solar system which uses an antifreeze solution in the The BTU-Meter measures the heat output of the
collectors and whose heat exchanger is mounted in collectors. Since the sensors for this unit are placed
the storage tank. Some simple meters measure the in the antifreeze solution, the antifreeze's properties
temperatures and flow associated with the solar must be considered for this measurement. One ap-
collectors; others check the pressure head and "on" proach is to have the BTU-Meter calibrated for the

Table 3
Mounting Notes for Meters and Sensors Illustrated in Figures 9, 10, and I I

Meter or Sensor Note on Mounting

All Readouts or All readouts and indicators should be readable from the floor. It is not practical to require that they all
Indicators be mounted in a central location, since many simple meters (for example, mercury thermometers) mount

directly on a pipe and do not provide remote readout.

Pyranometer This unit must be mounted outside in the vicinity of the collectors. The location should hae the same
amount of solar radiation as a typical collector in the array. The unit must be mounted in the plane of

the collectors.

Integrator This device is the remote readout for the pyranometer and can be mounted in the mechanical room.
preferably near the BTU-Meter to facilitate readings during acceptance testing.

Outside Air Sensor This unit must be mounted oitside. Housing must shield the sensor from direct sunlight but allow air to
flow freely across the unit. Commercial housings are available for this purpose.

BTU-Meter Sensors for the BIlt-Meter should be mounted on piping in the mechanical room. The meter should be
mounted nearby t, minimize the length of wiring run between sensors and electronics. To further aid in
minimizing the length of wiring, it is preferable to mount sensors where supply and return collector
piping are close together

Venturi Flowmeter The venturi sensor should be mounted on a horizontal section of pipe in the manner illustrated in Figure
6. The venturi must be mounted such that the arrow marked on the venturi by the manufalurer is
aligned with the direction of flow in the pipe. The length of straight, uninterrupted piping upstream of
the venturi must be at least five pipe diameters, and the length downstream must be at least two pipe

diameters long. The pressure gauge should be mounted immediately below the ventur to mininmize the
piping run between the venturi and the gauge.

Direct-Reading This meter should be mounted on piping in the mechanical room It should be mounted in accordance
Flowmeter with the manufacturer's instructions.

Mercury Thermometers Thermometers should be mounted on piping in the mechanical room The unit should he mounted to
permit easy access for taking readings. 'The scale should be vertical (use straight stem types on horizontal
piping and 90-degree angle stem types on vertical piping).

Pressure Gauge Mount on piping near pump as indicated in Figure 8. Since vibration isolators are used for large pumps.
the gauge should be mounted on the isolated pipes for such applications.

Temperature Display The display for the tank temperature should be mounted in the mechanical room. preferably near the
(for tank) solar controls unit with built-in diagnostics.
Averaging Temperature The sensor must be mounted so that the sensing element is along the vertical dimension of the tank, and

Sensor for Tank the length of the sensing element must be at least 95 percent of the vertical dimension of the tank. Note
that "flexible" averaging sensors are commercially available. With these units, a sensing element longer
than the vertical tank dimension can be selected and the unit bent in a curved shape to accommodate the
tank size.

AC Hour Meter This should be mounted in the mechanical room near the controls unit. To keep installation costs low

and permit easy removaL. base mount meters should be selected and installed on the exterior of a control
cabinet (for example, one that houses the manual override switch).

Manual Override For systems in which large pumps are involved, this switch should be provided in the customary manner
Switch as part of the control panel which houses the motor starters (e.,g.. a hand-off auto switch). For small

systems, a simple electrical switch (SPDT with center-ofo) can be mounted on a standard control cabinet
immediately below the controls with built-in diagnostics.

17
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particular collector fluid expected for this applica- duces the expected dividends. Hence, a handy way
iion. However, when the collector fluid is a solution of evaluating the cost-vs.-benefit ratio is to compare
prepared at the site (e.g., ethylene or propylene metering costs with the investment costs of the solar
glycol solutions), the preferred method is as follows: energy system.
(I) calibrate the BTU-Meter for use in water; (2)
check the concentration of the fluid using the re- Table 4 gives estimates of the list prices (in effect
fractometer; and (3) correct the BTU-Meter readings during 1981) of meters suitable for a solar system
using correction factors from a table supplied by the that would provide domestic hot water heating for a
meter manufacturer. This three-step method is pre- 250-man Army barracks building (i.e., a collector
ferred, because the measurements remain accurate, area of 3500 sq ft [315 M 2

] with 3-in. [76.2-mm]
despite variations in the concentration of the anti- piping). The installed cost of the meters for this
freeze solution. example would be about $4000 and represents only

a small fraction of the installed solar system's pro-
An example of a table supplied by a manufacturer jected cost of $140,000. The small added cost of the

is as follows: metering is certainly worthwhile for protecting the
investment in a solar system of this size.

Concentration Multiply
of Readings The instrumentation commonly used in the past,

Solution by which involved a data acquisition system, had an
installed cost of $50,000 or more. The low cost of

20% 0.97 the metering approach is especially evident when

25% 0.95 compared to this approach. It provides a much more
favorable cost-vs.-benefit ratio and economically

30% 0.93 justifies acceptance testing for a wide range of solar

35% 0.92 energy systems.
40% 0.90 Even greater cost savings can be gained by using

As an illustration of the procedure, suppose that a meters when several small solar systems are being

BTU-Meter reading advanced from 8700 to 9700 built at one site (e.g., solar systems for heating

during a one-hour interval. If the collector fluid were
water, this would correspond to 1000 Btus of heat. Table 4
However, for a solution with a concentration of 30 Estimated Purchase Prices of Meters
percent, the user would look up the correction factor for Representative Solar System
(.93 in this case) and multiply the reading by this
value to obtain 0.93 X 1000 = 930 Btus. Quntilty Meter Type Purchase Price*

BI I
T-Meter $ 500

Figure 10 shows a second example of the meter-
ing plan. This example design uses an antifreeze I Venturi flow meter 5 200

solution for the collectors, but the heat exchanger
is mounted external to the tank. The metering I Pyranometer integratot S K00

plan is similar to the first example's; however, more Averaging tank probe $ 600

thermometers and a flowmeter are used for the and temperature
V added loop. Also, the BTU-Meter's sensors are on display

the "water-side" of the heat exchanger. This loca-
tion is preferred, since it provides nearly the same . Mercury thermometer S 9

heat transfer value, but avoids the complications @ S'30 each

associated with taking measurements in the anti- I AC Hour Meter $ 25

freeze solution.
Ii Pressure Giauge S 8

Eonomic Considerations of Motering I Solar controls ith S 300

When selecting meters, benefits should be weighed built-in diagnostics
against costs. The benefits of metering are insurance
that the investment in the solar energy system pro- *From 1981 price lists of manufacturers
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domestic hot water for family housing units). One where:
obvious cost-sa ing technique is to stop using sepa-
rate meters to measure the incident solar energy and t = the duration of the time interval for the

the outside air temperature for each solar system, measurement
Also, the toliowing approach can be used to test
identical designs. First the contractor should build a Q-, = energy output of the collector array during

small number of solar systems and submit these for time t

testing. ihis small sample should then be given a I = incident solar energy per unit area during
complete set ot meters, as shown in Figures 9 and
10. Finally. after testing has indicated that the basic time
design meets the requirements, the remaining solar
systems can be built with the minimal metering
laN out shown in Figure 11. 1 he remainder of the T, = temperature of the fluid in the collector
solar systems can then be checked for acceptability, supply pipe
using a combination of these meter readings and a
thorough visual inspection. T, = outside air temperature.

The energy output of the collectors. Q .. is ob-
tained by computing the difference in the BTL'-Meter

PROCEDURES FOR readings taken at the beginning and end of each test
ACCEPTANCE TESTING interval and multiplying by the appropriate scale

factor supplied with the BTU-Meter. The incident
solar energy, i, is obtained by starting the integrator

The procedures for acceptance testing a solar at the beginning of the test interval and recording
system with a sophisticated instrumentation system the value of the integrator's output at the etd of the
were developed and field-tested in a pre-,ious study.-1 test interval. The average temperature values of the
This chapter describes how those procedures can be outside air and collector supply fluid can be obtained
adapted to the metering approach. by averaging the thermometer readings taken peri-

odically during the test interval.
Testing the Solar Collector Array

The most important check of the solar collector To permit a valid comparison of the measured
performance is measuring the collector efficiency and efficiency with the specified value, the conditions
comparing this %alue with the efficiency value given during the test interval must meet the qualifications
in the specifications. The meters described in Chapter specified by the ASHRAE standard: fable 5 sum-
2 allow the testing to follow the standard of the marizes the most important of these test conditions.
American Society of Heating, Refrigerating, and Air
Conditioning Engineers(ASHRAE). 6 The meter read- Table 5
ings allow collector efficiency, ?7, and fluid parameter, Summary of Important Test Conditions for
F, as defined in Eqs 2 and 3, to be computed. Collector Efficiency Measurements

7 = Q[Eq 2] Quantity Test ( ondition

Irradiation Magnitude " 200 Btu hr-sq fit 0 63

- kW m:).F =----- [Eq 3]I t 
Irradiation must be stcady thioughout each

test interval.

Incident angle < 30 degrees (prevents
measurements in early morning or late
afternoon).

"('IRI technical Report F- 173

'Afethod ,, Ietiing to Determine the Thermal Performanie Steady-State Pumps must have been operating long
oifSolar (,lle ,ro . ASHRAE Standard 93-77 (American Society enough for temperatures to reach a steady
of Heating. Retrigerating . and Air-Condlitoning Engineers value; pumps must continue operating

(ASHR AFl. 197) throughout test interval.
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If one of the t est condition,. is niot met during percent of the tank's thermal capacit\ or~er j 2-nrour
a test ifters at (C g., the sk\ becomes partly cloudy, period is unacceptable.
and the radiation suddenly drops to a loss value),
then the meter readings front this test interval must I-able 6 summarizecs th. e steps i 0r cirvek iWg
be discar &Jd. large thermal losses fromni thei ', C-, I i~s, r si

to insure that the tank Is 10 Ckl~tigh l i \ a
[ he nicterN arc also helpful for checking test thorough check; since the tart~m eaz

conditions [-or example, taking ceadings on the AC creased to a high %aiue during Ole cilccii ~rcre
hour micier on thre collector pumnp is a convenient measurements. the nat ural tine to ;ai it,: in f ics i
%kay oi check ig ws hether the pump waN 'rn- through- is right after these measurement ar k.LOC
out the test inter' at. E xamning the instantaneous is then isolated f-or the tcst tri, h\, 'closing il
output of the pvranometer allows a check of whether valves and shutting oft all pumips xs hich It';! d ts-

the irradiation is above the minimnum levl and that fer energy to or from the tank. n ie -duc, o ile
it is reasonably steady The unsteadiness of the average tank temperature at the hcgrnriin 4 -)d cno
radiation can also be checked by observng the of the test interval are then rccodele. I riese, ames
amount of cloudiness in the sky. are inserted into Eq 4 to es aluatc hei kem:~ sscs

Since ihe test conditions require relativel clear I -

skies. elficiency can be measured onl\ during sunny [oss Rating I- __-V

\4eather For a thorough chec:k oif collector effi-
cienev.. valuecs o\er a wside range of fljid parameter where:
alues should ne measured and compared sstth

specified s diues I his can be done bx taking mea- [_, 1-,, the tank temperatures at iiit hcaifniC '-(1
suremnents os er 5 or more sunny days with differentenofte2-uresnes iIrsdiieS

tank temperatures-1 1', tile average tank temperamtc (lor ite

I hree other minor tests associated w ith the col- interval. ( I t 2 .1 _

lectors should b~e done and the measured s alues 1. the average temiperature oi the riedurn

compared to those in the specification%. surrounding the tank
I desigit tactor which rela Coe l r~eatr

If he tlo\% rate through the solar eollectors inpcet to eitcd Wi t diear. K' o.
should be mn_%suredl A~it h thre simple tiols meter in-cpai\tthteprta di,'n
stalled on the collector loop, between the tank and surroo~nnecsi-.

2. The pressut e head of I lie collection pumps) The percentage of loss toutid~ j7,n I I, ol l)e

should be measured. compared direcl with the maxmutn, .c.'pb~ ss

Table 6r
3. If the collector fluid is mnixed at the site Procedure for Testing _i her.ial

(e.g.. a .solution of either et hN ene or propylene From Solar Stovage !Q
glycol). the concentration should be tested with a
refract omet er. t Insure that the tank irnipertiur i, 140 f "0 1i C,

2. Setect a time for a 12-hokr ic~i firs n %ii.', lie
Testing the Solar Storage Tank connected ro) the rank can tic stit t ii .:i

Since the solar storage tank stoires thermal intersali
energy front the collectors, the tank should be AI sotate the rank for the enire rest tn i is'oo vri-v

check ed for large thermal losses. The Sheet Metal satues and shirt offfpump.s as~ocrated ksitl'r lie ii' in

and Air C'onditioning Contractor's National Associ- 4. Take a reading of the verage tank tempeirature atr tre hcgiti-
ation (SMiXC(NA t hri., developed a stringent standard ning of the rest itrsat 11the tan, ts hiretd al)-is gwuri

I ?'which dlefines the maximum tolerable loss from an also measure and record the teniperituie oft he air utrroundt-

insulated storage vesseL' any loss greater than 2 ing the tank.

s. Take another reading of the aserage tark trnrperarrue at the

*Ifr'arink' and/ .4r ( rmndtlioning Vi vletni Irv a/lairn i n tdari end of the rest inter vat t the tasnk is a hoe r giourtit. reprear
for One and I i.,' Fanlii/ 01%s ellrngsu andi .'iulanti/ Houving temperature measurement ot tire air surrouinding die rank

Iluding .%5/ar (S heet Metal and A ir Conditioning Contractor's 6. Return system pumps and %aives to irmnal operrrrn
National Assocraroir ISM A(NAl. 1977) condition
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of 2 percent specified by the SMACNA standard to However, a preferred method of testing the con-
determine if the tank installation is acceptable. trols is with a controls unit that has built-in diag-

nostics which checks the unit with the self-test
The transfer of heat from the solar collectors to features. This approach has the advantage that the

the tank can also be evaluated using measurements controls unit can be conveniently checked any time
made with simple thermometers and flowmeters. during the solar system's operating life; thus, it takes
These measurements should be taken after the pumps care of the need for such checks during monitoring
have been operating long enough for the tempera- as well as during the acceptance test.
tures to reach a steady-state value.

Table 7 lists desirable features for a controls unit.

For a tank which does not have an internal heat The specific steps to be followed in using the built-in

exchanger. the tank outlet temperature should be diagnostics of a particular controls unit are mainly

compared to the average tank temperature; a tank prescribed by the electronics design and hence should

outlet temperature greater than the average tank be supplied with the controls unit. Generally, the

temperature indicates that there is at least a partial following can be examined and compared to the
short-circuiting of flow in the tank and that there is specifications requirements: (1) the values of all

an unacceptable solar storage unit. For solar systems setpoints, and (2) all modes of operation (i.e., the

which have a heat exchanger to isolate the collector status of outputs as a function of the temperatures

fluid from the tank fluid, temperature and flow can indicated by control sensors). The accuracy of the

be measured with simple meters: these values can temperatures displayed by the controls unit can also
then be compared to those listed for the heat be checked by comparing them to values taken from

exchanger in the design specifications. rhe methods the simple thermometers provided by the metering

for evaluating the heat transfer data obtained approach. (Note that a valid comparison of ther-

with meters are the same as those used to evaluate mometers mounted in the piping can only be done

data obtained with the sophisticated instrumentation after the pumps have been run long enough for

system, temperatures to reach a steady-state value.)

Testing the Controls A controls unit with the features listed in Table 6

The previous study' provided a simple procedure is available commercially. Chapter 4 presents the

for checking solar system controls using simple ther- results of CERL.'s pilot test on this unit.

mometers and water baths. Although this method
can only be used before the controls are installed, it A PILOT TEST OF THE
is acceptable because this testing is done when the 4 ACCEPTANCE TEST
solar system is installed.

A pilot test was performed to check the viability
of the metering approach for acceptance testing of

KERI Iechnical Report F-173. solar energy systems. To perform the pilot test, a set

Table 7
Desirable Features for Solar Controls Unit

Hardware Feature Function

Ntatus I ights tights should indicate current status of all outputs of controls unit

temperature Displa, Allows operator to read temperature sensed h% control sensoli the sensor on displa, is selected hb front-
panel switch Also allows display of temperature ddlerential which controls collector pump

Adjustable Setpoints can he adjusted to match values required Is, speciications, independent adjustments allowed for

Setpoint, high and low setpoints for temperature dilfererit al control output

Sensor Simulatiin .S itch-selectahle internal %ariable resistor allows sensor to he simulated throughout entire temperature
range In conjunction with status lights and temperature displas, this permits setpoints to he measured and
all modes, of operation to he checked
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of meters "as installed in the Solar Test Facility at 9 gives the results of the analysis lor the meter read-
CERL. -his facility has a solar system with 240 sq ings listed in Table 8. To assess the accura3 ol thli
ft (22.2 m 2) of collectors, a 500-gal (1.9 m 1) storage BTU-Meter for measuring the colleCtov coerg O0l-

tank, and an external heat exchanger. rhe meters put, the BTU-Meter values were compared with
were installed as described in Chapter 2 (see Figure those of the data syste. see Table 9;. 1 he cor-
10) and included the BlU-Meter described in Ap- parision shows that the BTt -Meter measures the
pendix A. lhe procedures presented in Chapter 3 energy output with an accuracy of about 5 percent.
were then used to test the solar system. To compare
the metering approach with the more conventional Incident solar energy was measured wih a rugged.
approach, simultaneous measurements were made, low-cost pyranometer (li-COR Model i i-200SBi)
\%here appropriate, with the meters and a data acqui- and an integrator (I.I-COR Model I 1-1776 Solar
sition system (Hewlett-Packard Model 3052A). Monitor). A standard pyranometer (Weat herM casure

Model R413) and the data system measured data
Collector Test simultaneously to check the accuracy ol the reicring

Collector efficiency was measured on several approach. A comparison of the results (See 1 able
sunny days. Table 8 gives an example of the meter 10) shows that the two measurement techniques
readings that were logged for one day. The data were differ only by about I percent; thus. Ihc acLurac.y IN
taken during 15-min test intervals; the meters were about the same for both techniques.
used to check whether the ASHRAE test conditions
discussed in Chapter 3 were met. The most difficult The integrator used with the pyranometer wa,
test condition to meet was the requirement for steady very convenient since it contained the lolloing

irradiation: in particular. it v,as noted that one can features: (I) storage of more than 100 \alue of
simply look at the skies and avoid wasted effort by integrated irradiation. (2) user-selectable integration
not taking data on days in which skies are not periods ranging from 7.5 min to 24 hr. and (3) an
reasonablN clear of clouds, internal clock for synchronizing the integration pe-

riods according to the time of day. These features
The meter readings were analyzed to determine allowed the radiation measurement apparatus to be

collector efficiency and fluid parameter values. Table set up at the beginning of the day; it then acquireo

Table 8
Example of Meter Readings for One Day During

Collector Efficiency Measurements

Collector Pyranometer-
Meter Outside Inlet BTtU-Meter Integrator

Reading Air Temp. Reading Reading
No. Time Temp. (' F) (100 Biu) (Btu/sq if)

I 1030 79 109 18449 Start

2 1045 90 II 18520 65

A. 11( 0 I 111 1K592 1

4 il is 82 115 18666 1;

5 113 0 82 117 18743 75

S 11 45 83 119 8X824 7

-7 12 84 121 18909 79

8 12 Is 84 123 18994 79

9 12 'i 5 125 19076 7)

I) 12 4S 8I 127 19159 79

II 1 UW 86 129 19241 '9

12 13 15 86 110 19327 79

13 1.)10 86 133 19413 78

14 1145 86 134 19497 7(
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Table 9
Example of Analysis of Meter Readings Obtained

During One Day of Collector Testing

( aiculsed

1,luid
Data Paresewer ( atuied

5TU-Meter System Difference i -q ft-hr I.fflcWeey
Time (Btus) (Btua) (%) Itu 1%1

10:45 7100 7238 2 1 1 ; 4

11:00 7200 7599 H , '

11:15 7400 7897 , 4 4"

11:30 7700 8246 - It, ,

12:00 8500 8443 I 0 12o 4Y

12:15 8500 8569 I 1.14 4N

12:30 8200 8584 -4 i 2b 4'

12:45 8300 8591 0142 4

13:00 8100 8443 -4 0 138 46

13:15 8700 8438 3 0 142 49

13:30 8600 8032 7 0 14?, 49

13:45 8400 7867 0 158 50

Table 10 data automatically throughout the day. At the end
Comparison of Measurement Results of the day, the data was read from the unit's display

of Incident Solar Energy and recorded.

Low-Cost
Pyranometer Data The metering approach for acquiring and analyzingand Integrator System

Time (Btu/sq ft) (Btu/lsq ft) collector efficiency data was found to be straightfor-
ward; however, the procedure involves manipulation

10:45 64 649 of data by hand and is time-consuming for large
11:00 69 67.9 quantities of data. To reduce the labor, test intervals
11:15 63 61.7 longer than the standard 15-min interval can be
11:30 79 75.5 used. The measured values of the efficiency from
11:45 68 65.5 these longer test intGrvals can then be considered
12:00 71 68.1 ..average" efficiency values.
12:15 73 69.3

12:30 69 66.2 The measured efficiency must be compared to
12:45 52 50.713:00 36 36.5 specification values; therefore, it is essential to deter-
13:00 48 47.9 mine whether a valid comparison can be made of
13:30 18 18.9 average efficiency values and specified values based

13:45 58 55.2 on ASHRAE 93-77 test data. The validity of the
14:00 33 33.9 comparison can be examined theoretically by noting
14:15 26 27.0 that the efficiency of flat-plate collectors varies lin-
14:30 31 31.5 early with the fluid parameter (particularly for small

14:45 24 24.6 ranges of the fluid parameter). Hence, average effi-
15:00 24 24.8 ciency measurements will permit a valid comparison
15:15 24 25.1 if the following conditions are met: (1) the ASHRAE
15:30 20 21.7 test conditions are met during the entire measure-
15:45 24 23.3 ment interval, and (2) the average fluid parameter is
16:00 19 20.4 calculated by dividing the average temperature dif-
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ference between the outside air and collector supply *he following method with longer test intervals
by the average irradiation during the interval, will reduce the amount of labor needed for the

collector efficiency test.
lo experimentally check the validity of comparing

average efficiency data with specifications based on I. Measurements should be conducted on 5 or
ASHRAF test data, data collected with a data ac- more sunny days with different tank temperatures;
quisition system at a well instrumented solar site was the average tank temperatures on each day should
studied. Fable I I compares the data measured for differ by 10F (5C) or more.
I-hi intervals for several typical days with the
ASHRAE test data (i.e.. measured for 15-min inter- 2. On each day, the average collector efficiency
sals on a single collector). Data agreement was and fluid parameter should be measured toi several
found to be excellent and indicates the use of I-hr hours or until ASHRAE test conditions are fulfilled.
test inter'als is acceptable.

3. Each average value of collector efficienc-,
l-he same data was then studied to see if using should be compared to the efficiency values required

an e~en longer test interval of several hours would by the specifications.
be icasible. -Table 12 lists the values obtained from
this study. it also shows that relatively long test Besides the collector efficiency measurement, se%-
intervals provide data which can be validly corn- eral other minor checks of the collectors were per-
pared with specifications based on ASH RAE 93-77 formed during the pilot test:
test data.

Table I I
Comparison Between Collector Efficiency Values Determined From ASHRAE Standard Test Data

and Average Efficiency Values Measured Over I-Hour intervals

Average
Fluid Average

Parameter Collector Efficiency

tF-sq ft-hr Effrciency From ASHRAE
Date Hour -. ) (I hr interval) Test Data

12 09 80 1000 .346 36i 42C
I :00 .333 40% 44%

12:00 .353 40o% 42c
13:00 .406 36% 36 r;

14:00 .509 29(' 25";

12 20 80 10:00 .349 37% 42e;
I1:00 339 41% 43ci
12:00 .338 41 - 43c%
13:00 382 39% 39%

01 27,81 10:00 .418 31% 35%
110:0 .384 37% 38%
12:00 .387 38% 39%?
13:00 .412 36% 36%
14:00 .512 28% 25%

02,2281 10:00 .383 36% 39%
S11:00 .360 40% 41%

12:00 .358 41% 41%
1300 .383 39% 39%

14:00 .440 34% 33(i

0.1 3j81 10:00 437 33% 33%1 : 1:00 ,359 42% 41G
,12:00 .358 44% 4 1 %

3:00 ,398 42% 37%

' ! 27
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Table 12
Comparison Between Collector Efficiency Values Determined From ASHRAE Standard Test Data

and Average Efficiency Values Measured Over Time Intervals of Several Hours

Average
Fluld

Measurement Parameter Average Efficiency

Interval ° F-Iq ft-hr Collector From ASHRAE
Dole (Ms) ( Bt ) Efficincy Tat Dats

12 () Ko ( 041 36ci 361,i

2 2U so 4 035 4(0*% 41 (77

01 27 KI 5 042 34%[ 351%j

02 05 81 5 034 41 V 43-

02 22 81 6 040 37V; 36%-C

03 13 81 6 042 36c; 351

04 10 K1 7 0 39 40% 38ci

04 2 K 81 6 0,35 43"% 42%

I. The collector flow rate was measured with a measure the average tank temperature. Simple meter
simple, direct-reading flowmeter; the rate was 6 readings of the average tank temperature and the
gpm (0.38 L sec). which is within the range specified temperature of the surrounding air were done in
by the manufacturer for these collectors. overnight test intervals. For comparison, these mea-

surements were performed simultaneously by the
2. The pressure head of the collector pump was data system.

measured to be 8 psi (5624 kgi m2); this value agrees
with the value listed on the pump curve from the Figure 12 is a plot of tank temperature versus
manufacturer for that flow rate. time which was produced by the data system during

the first overnight test interval. The system also
3. The concentration of the ethylene glycol solu- automatically produced a least-squares fit of the data

tion was verified with a refractometer to be 50 to a straight line and yielded a decay rate of
percent. 0.3370 F/hr (0.187 0C/hr). Measurements with the

simple metering approach gave a tank temperature
Tank Test of 175.3F at 1800 hrs and 170.2'F at 0900 hrs the

Just before the meters for the pilot test were following morning. This corresponds to a decay rate
installed, a new "'above-ground" tank was installed of 5. I°F 15 hr or 0.34 0 F1 hr, which is within I per-
to provide thermal storage. The storage vessel se- cent of the value provided by the data system.
lected was a 500-gal. epoxy-lined, steel tank which
was to be factory-insulated with 4 in. (101.6 mm) of The calculations used to compare the heat loss
polurethane foam. Specifications for the tank were rate with the SMACNA standard are as prescribed
prepared from DOE guide specifications9 and from in the DOE manual' 0 which provided the guide
the conventional bidding process used to select the specifications for the tank. The calculated value of
manufacturer with the winning bid. Hence, this part the loss rate for a 12-hr interval was 3.63 percent,
of the pilot test provided very realistic conditions which exceeds the maximum allowable loss rate of 2
for testing a newly installed solar storage tank. percent given in the standard. Also, the average

R-value of the tank's insulation was automatically
An averaging resistance probe (Hy-Cal Eng. computed by the data system and listed on the

Model RTS-4205-B) was installed in the tank to printout. The average R-value was listed as 7, far
below the value of 25 which is normally stated for

9Design and In.itallatton Manual for Thermal Energ Storage. this tank's insulation.
Report Prepared for Department of Energy, AN1-79-15 (Argonne
National Lab. 1979). 1

0Design and Installation Manual for Thermal Energy Storage.
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Figure 12. Plot of tank temperature versus time as measured during first overnight test interx ai.

The first overnight test indicated an excessively percent of the tank's capacity; this is below the maxl-
high rate of thermal loss; therefore, the test was mum value of 2 percent specified by the SMAC\1\
repeated at a lower tank temperature of 1331F standard. A repeated measurement produced almost
(58'C), but almost the same results were obtained, the same value.
As a result, the tank was inspected, and the manhole
on its top was found to be uninsulated. The manhole Table 13 summarizes the results of the measure-
area is only about 5 percent of the total outside tank ments. The data indicate that this measurement
area; however, the very low R-value of 0.5 expected technique gives highly reproducible results; it also
for an uninsulated horizontal metal plate was cal- has the sensitivity to detect thermal losses which
culated to produce a thermal loss of the magnitude exceed the maximum prescribed by the SMACNA
found during the measurements. The manhole was standard.
then covered with 4 in. (101.6 mm) of urethane foam
insulation and the measurements repeated. The most stringent condition of the tank test

measurements is the need to measure relatively small
Figure 13 compares the thermal losses before and (about I0F [0.50C]) temperature decreases in the

after insulating the manhole as measured by the data average tank temperature during an overnight test
system. The effect of adding just a small amount of interval. Hence, the viability of the metering ap-
insulation cuts the thermal losses in half. With the proach for taking these measurements can be as-
manhole insulation, the thermal loss was only 1.58 sessed by comparing its results for tank temperature
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Figure 13. Comparison of tank temperature decay before and after insulating tank manhole.

Table 13
Summary of Results from Tank Test Measurements

Average SMACNA
Tank Air Loss

Test Temperature Temperature Ratlng*
No. (oC) ( 0C) (%/12 hrs)

Before Insulating

Tank Manhole
#1 78.2 26.7 3.6
#2 57.9 26.1 3.2

After Insulating
Tank Manhole

#3 54.2 26.1 1.6
#4 53.1 26.7 1.6

05 79.2 28.9 1.8
06 71.6 25.0 1.7

*Percentage loss of tank thermal capacity in 12-hour interval; upper limit in SMACNA standard is
2 percent per 12-hour interval.
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decay % it I those tneasu ed by the data system. I his I he following procedure was devised to tenicd
comparison (I able 14) indicates that the two tech- these shortcomings:
niques agreed within an accuracy of 2 percent for all
four test intervals. I his excellent agreement is a I. )esigners should be directed (b" instructions
result of the high degree of linearity in the tempera- in Technical Manual 5-804-2) to select the R-value
ture decay, as shown b Figures 12 and 13. Hence, of the tank insulation that will comply with the
the combination of an averaging temperature probe SMACNA standard.
and a temperature resolution of 0. I 'F (0.05'C) gives
the precision needed to detect excessive thermal 2. Using the sample provided in Guide Specifi-
losses from a storage tank during an acceptance test. cations 13985, designers should provide specifications

which state simple requirements which the building
Review of the pilot test results showed that contractor can easily compare to the tank test mea-

one area of tank test data evaluation could be surements. This can be done during the design by
improved. Two shortcomings for comparing meter- calculating the maximum percentage drop in the
ing values with the SMACNA standard were noted: tank temperature in a 12-hour interval, using Eq 5.
(I) design parameters must be used to calculate
the percentage of thermal loss. and (2) compliance 1 A
with the SMACNA standard depends on the amount Maximum Decay Rate = 24 R(10(Y)
and type of insulation selected for the tank, which is [Eq 5]
normally a design function. Thus. even though a
contractor installed a tank with insulation of the
specified type and amount, the tank could fail to where:
meet the SMACNA requirements because the de-

signer did not specify enough insulation. PCr = the density and specific heat capacity of the
liquid in the tank

Table 14 V = the volume of the tank

Comparison of Tank Test Data From Metering A = the outside area of the tank

Apprach nd Dta SstemR =the R-value of the insulation of the tankApproach and Data System

Metering Approach Data System This value would then be inserted in the blank spaces

tank ST tank in the guide specifications.
hT 6T

Date (F/t Z hrs) F/1Z hrs) Solar Controls Test
A commercial controls unit with built-in diagnos-

tics (Natural Power Model S26-725) was purchased
0 26 8i 2 2 2.18 for the pilot test. Table 15 lists the specified setpoints

09 2g hi 098 096 and control modes for this controller. The manu-
08 29 Ki (Y90 0.89 facturer listed an accuracy of 5 percent of full scale

Table 15
Specified Setpoints and Control Modes for Solar Controls Unit

(Metric Converstion Factor: I"F-32] [5 91)

Specified Setpoint Controls Output Specified Function

( 1, - I:)u, 15 F Relay K I activated. Power is supplied through relay K2 to collector pump.

(T, T j, - 5'F R elay K I deactivated. Collector pump off.

1., 197 F Relay K2 activated, Electrical path to collector pump interrupted. prohibiting operation of collector
pump

T , 10o F Relay K2 deactivated Continuity of electrical path restored, allowing operation of collectot pump to be
controlled by status of K I.

V 97'F Relay K3 activated Output of K3 directs heating controls to use solar tank as source for space
heating.

T,. 90' F Relay K3 deactivated Output of K3 directs heating controls to use backup for space heating.
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and a temperature resolution of 2.50 F for the abso- 2. Suggested Revisions to the Specifications.
lute temperature and I0 F for the differential temp- These provided guidance on specifying the meters to
erature measurements. be purchased by the contractor and guidance on how

to include requirements for acceptance testing in the
Before installing the unit, the controls unit was specifications.

tested, using mercury thermometers and a pair of
water baths. This check verified that the unit ran all 3. List of Meters. This list summarized corn-

control modes properly and that all setpoints were mercially available meters and included the names/

adjusted to the specified values. The accuracy of the addresses of manufacturers, model numbers, and
temperature display was checked by comparison estimated costs.
with the temperatures indicated by simple mercury 4. Package of Manufacturers Data Sheets and
thermometers; it was found to be within the range Ca C ackage of manufacturer's te a-specified by the manufacturer, Catalog Cuts. This package of manufacturer's litera-

ture was assembled to help Fort Ord's personnel

The other method of checking the controls with purchase suitable meters.

the built-in diagnostics was also tested. The manu- CERL's participation in this program provided
facturer's instructions supplied with the unit were valuable experience in incorporating the metering
followed. Each temperature input was simulated by approach during the design phase. When this report
switching the input to a variable resistor and observ-
ing the display temperature and status lights for the was being written, the solar projects were being sent
control outputs. This procedure, which can be per- out for bids; thus, no field measurement results
formed quickly before or after the unit is installed,
indicated that all setpoints were adjusted to the
correct values and that all control functions were
performed as specified. 5DISCUSSION

Example of a Field Application The acceptance testing procedures for solar energy
During this study, CERL was asked to help pre- systems developed in this study are based on per-

pare a testing and monitoring program for solar formance measurements. Although these measure-
systems to be installed at Fort Ord, CA. These ments commonly use sophisticated instrumentation
systems were being designed to heat domestic hot systems, this study showed that the use of simple
water for a dining facility and eight enlisted men's meters offers a number of advantages. Not only
barracks. Table 16 briefly describes the nine solar do they cost less, but they can be used to monitor
systems included in the program. the system after the acceptance test is finished.

This offers several potential benefits: (1) it provides
CERL prepared the following packages: performance data for feedback to the Corps District

design process; and (2) it helps DEH personnel de-
l. Suggested Revisions to the Drawings. These tect and diagnose malfunctions throughout the solar

described the placement and connection of meters. system's life.

Table 16
Brief Description of Solar Energy Systems Included

in Field Application of Solar Metering

Function: The solar system is designed to provide 50 percent of domestic hot water heating;
backup is a steam-fired generator.

Solar Collectors: Flat-plate. liquid, singly-glazed.
Gross area = 1800 sq ft (167 sq m) for dining facility

990 sq ft (92 sq m) for each barracks
Freeze Protection: Collector fluid is 30/70 solution of propylene gylcol and water; in-tank heat

exchanger.

Thermal Storage: Water storage tank, 2560 gal (9690 L)-Dining Facility.
Water storage tank, 1250 gal (4730 L)-Each Barracks
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The measurement capability that the meters must reduce the amount of data to be manipulated and
provide was determined by examining the perfor- thus decrease costs for labor. When the use of aver-
mance measurements used in acceptance testing. The age efficiency values was studied, it was found that
study showed that a BTU-Meter is needed to these values provide a valid comparison with specifi-
measure the heat input or output from a solar com- cations that are based on standard test data. As a
ponent. The desirable characteristics of the BTU- result, the option of measuring average efficiency
Meter were found to be low cost, ability to measure A as incorporated into the acceptance test procedure.
for the pipe size of the intended application, factory-
calibrated sensor accessibility, accurac., temperature I he metering app7.iach to testing a newly installed

measurement range from 0°C to 100'"C fluid corn- solar storage tank was investigated during the pilot
patibility, and production of only a small pressure test. T he absence of just a small amount of insulation
drop by the sensors. A prototype was then designed (less than 5 percent of the total tank area) was
and constructed by CERL. All other meters required detected by the results from simple meter readings.
for the test were available as "off-the-shelf" com- The results showed that the metering approach pro-
ponents from commercial suppliers. Due to the vides reproducible results and provides enough sen-
variety of solar system designs. it was not possible sitivity to detect insulation that does not meet the

to prescribe specific numbers and placement of SMACNA standard.
meters which would be appropriate for all possible
solar systems. A solar controls unit with built-in diagnostics was

purchased and tested. Several self-test features desir-

An investigation of the economics of the meter- able for a controls unit were identified, including
ing approach showed that the installed cost for a status lights, temperature display, adjustable set-

medium-sized solar system (with 3-in [76.2mm] pipes) points, and sensor simulation. A commercial unit

was an estimated $4000. This represents considerable was tested, using the manufacturer's instructions; the

savings over the instrumentation approach. Further results were verified by an independent test using

cost savings can be gained if a large number of small simple thermometers and water baths. The unit was

solar systems is used. In this method, a few systems found to operate properly.
are selected as a representative sample and provided
with a complete set of meters. The other solar sys- During this study, a Corps District asked CERL

tems are provided with only a minimum metering to help test and monitor a group of solar energy
set; their performance is then evaluated by compar- systems under design. A testing and monitoring
ison with the sample measurements, program which used the metering approach was

devised. For this application, it was found that
The acceptance test procedures were pilot tested appropriate metering and testing requirements could

at CERL's solar test facility. Performance measure- be incorporated into the construction specifications.
ments were taken, using both the meters and an
automatic data acquisition system simultaneously.
Since the data acquisition system had been used
successfully in a previous field test of the procedures, CONCLUSIONS AND
the simultaneous measurements allowed a thorough 6 RECOMMENDATIONS
check of the metering approach. All the comparisons
of the pilot test results showed that the metering
approach can be used with confidence in the field. The metering approach developed during this

research can be a useful, economic means of measur-
The pilot test results for the collector efficiency ing the performance of solar energy systems. The

established that the metering approach, which is simple meters used in this approach cost less than

based on the CERL BTU-Meter, provides a level of the more sophisticated instrumentation systems gen-

accuracy comparable to that of the data system. The erally used to obtain performance measurements.
pilot test showed that manipulating data by hand Metering will help detect system malfunctions, both
can be very time-consuming if short test intervals early in system operations. and later throughout the

are used. Thus, it was proposed that the measure- system's life. In addition, the meters will provide

ments be conducted over long test intervals to pro- performance data that will be useful to designers
vide an average collector efficiency; this would seeking to improve the solar systems.
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It is recommended that the acceptance test pro- sizes and would not be suitable for many Army
cedures developed in this study, be used to test newly applications: others are more costly for the larger
installed solar energy systems. Construction specifi- pipe sizes, which would undermine the effort to
cations for solar energy systems should include pro- design a low-cost BTU-Meter. Some types lack the
visions for installing meters and the requirement for ruggedness needed for field use and are not readily
acceptance testing. accessible for repair after they are installed; others

are not suitable for use in the collector fluids of some
solar designs.

APPENDIX: The combination of a venturi and a differential
pressure transducer was selected because of its many

DESCRIPTION OF CERL BTU-METER advantages. For example, it is applicable to a wide
range of pipe si/es and to almost any fluid used for
heat transfer, and is relatively low in cost, especially
for large pipe sizes. The inherent ruggedness of

A meter for measuring the heat output of a solar the %enturi and the ability to match the ruggedness
component is vital to the success of the metering of the transducer to the application are other
approach. When this study began, no commercial advantages.
meter met all the requirements for this measurement
for the wide range of solar systems at Army installa- Another advantage of this flow sensor combina-
tions (see Table 2 in Chapter 2). To meet this need,
CERL designed a simple, low-cost BTU-Meter which hih is

meets all the testing and monitoring requirements. independent of the BTU-Meter. This can
This appendix describes the design of the CERL be done by attaching a manometer or a mechanical

BTU-Meter. differential pressure gauge in parallel with the trans-
ducer. Besides checking for a proper amount of flow

Sensors through the solar component, the flow reading can
be used to check the flow calibration of the BTU-To determine the heat output or input to a solar Mtr

component from a heat transfer liquid, sensors are

needed to detect the inlet and outlet temperatures of
the heat transfer fluid and the flow rate of the heat One minor disadvantage of the venturi sensor is
transfer fluid through the component. The sensors that the accuracy of measurements taken at low flow
for the CERI. BTU-Meter were selected for their rates is relatively poor. This is not considered to be
accuracy and on the basis of ruggedness and stability serious, since most applications of the BTU-Meter
as demonstrated through years of field use. involve a solar component in which the fluid flow is

produced by the simple on, off operation of a pump.
Since the temperature difference between the inlet Since a pump produces steady-state flow conditions

and outlet of a typical solar component is about a few seconds after being energized, the dominant
10'C, temperature sensors which are matched to amount of heat transfer occurs when the flow rate is
0.1°C are needed to determine heat output or input near the nominal value; in this type of application,
accurately. The temperature sensors selected were the poor performance of the venturi at low flow rates
platinum resistance thermometers (Hy Cal Eng. contributes very little to the overall error.
Model RTS-36) with an ice-point resistance of 100
ohms; they conform to the international standard, Figure A I illustrates how the sensors are mounted
DIN 43760. This type of temperature sensor is widely in a typical application. Here, the sensors are on the
used for precision thermometry. The sensors main- "water side" of a heat exchanger which provides heat
tain their stability well beyond the temperature range transfer from the solar collectors to the storage tank;
of typical solar components (0' to 100°C). hence, the BTU-Meter measures the heat output of

the collectors. To measure heat output accurately,
Proper selection of the flow sensor is critical to the sensing elements of the thermometers must be

the overall success of the BTU-Meter design due to immersed in the fluid stream and the venturi must
the variable characteristics of the sensors. For ex- be aligned correctly with the direction of flow in the
ample. some types are only available for small pipe pipe.
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Heat Pesr
Exchanger ti izTransducer

From
Tank

MOUNTING DETAILS

Temperature SensorsVntr

Sensor Mst extent into fluid stream of Install per menufacturer's instru,t1ons:
pipe at least a distance X as given below. example:

a) Arrow on venturi must he aligneli wits,
For pipe diameter of DI, direc tion of flow

X I " .jr more if D - 2' or more ~ b) Venturi must be located at leastaX - D o)r more if D is less than 2" pipe diameters downstream and 2 pipe

ditios elpsra othe pipingruc

changes.

Figure Al. Mounting of BTIJ-Meter designed by CER I.
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Btu Computer and Display 'A nci e.
An electromechanical counter ,as chosen to ds-

play the amount of thermal energy transler that the i li l tpt: 5 Itlcd i II IC the "",luii ctiOu
B T1-Meter deiects Ihis device auionati call pre- ( oierte I(
sents a power interruption from erasing the accunu-
lated total. Ihis method of pro% iding immunt, io the % oltag, innit .tprescnting the tempcra-

power interruption was selected instead of a batters (Ure ditiere.c, I I

backup because it is straightforward and low in cost. the sohage in' t iforn ic fio\% sensor

Figure A2 illustrates the circuit design for the Btu I I the inlet and ,mileti ieniperai e-,
computer. As shown in the figure, analog xoltagcs
corresponding to the temperature and flow values M the mass lo\ iviitc.

are generated and routed to a Multifunction Con-
verter Integrated Circuit (IC) (Burr-Brown Model As showii b, Fq Ai. the output voitage oi the
4301). The IC is configured to produce an output as Multilunction Concrtie I is proportonal to the
given by- rate of heat transfer i h;, .tilatage is routed to a V-

to-I con, crer. v, hich pro6uces outpum pes, at a
F.= V,. V, [Eq Al] frequent3 proportitmnal o the input olage. Each

puse corresponds to.i Li certain aiooui of heat trans-
(1, - r,) M er detected b, the P i-Meter -or example. for

Temperature
Sensors B Circuits

I Dif f.

To~ ~Amp
i Vy o: (To -Ti)

Ti '
cOiur\TE<

4301
Multifunction
Converter

/,
/

E0;V 1V F O E0

d ~~II1

Flow
Sensor z

Figure A2. Functional diagram of circuits in C:Rl. B I 1!-Meter
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the prototspc used hs ( I RI in the pilot test, each Since it is desiuahle to get seprate l ictdigs ,I

pulse corresponds to 04) Htus the temperatures and flows detected h, the sensors.
the analog voltages corresponding to these %alues are

I he output pulses from the V-to-f circuit are then routed to connectors on the front panel. I o help

routed to an electromeh.nical counter swhich incre- check the unit calibration, the voltages correspond-

ments the register for each rece;sed pulse. Hence. ing to the heat transfer rate are also routed to the

the counter accumulates and displays the total num- front panel. A calibration check reealed that the

her of pulses received from the circuitry and thereby overall accuracy of the Btu computer and displa.,
shows hosw much heat was transferred (in units of modules was better than I percent of full scale.
100 Btus for the prototype).
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