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This Foreword is not part of this Standard but is provided for
information purposes only.

FOREWORD

This Standard describes tests for determining the ther-
mal performance of unglazed collectors used in low
temperature applications such as heating of swimming
pools and with heat pumps. Glazed and/or concentrating
collectors used in these same applications are intended to
be tested for thermal performance in accordance with
ASHRAE Standard 93-1986.

It should be recognized that the thermal performance of
a single collector may not be indicative of the performance
of a collector array consisting of a number of modules of
the same collector.

The 1980 Standard was recommended for reaffirma-
tion with minor editorial changes by the Standards Com-
mittee on June 28, 1987. Since the ASHRAE Journal
intent-to-reaffirm notice elicited no negative comments, the
Board of Directors approved the reaffirmation with minor
editorial changes on February 2, 1989.

1.0 PURPOSE

1.1 The purpose of this Standard is to provide test
methods for determining the thermal performance of
unglazed flat-plate liquid-type solar energy collector
modules (hereinafter called solar collectors) which heat a
liquid for low temperature applications.

2.0 SCOPE

2.1 Application. This Standard applies to unglazed flat-
plate liquid-type solar collectors to be used in low
temperature applications and in which a liquid enters the
collector through a single inlet and leaves the collector
through a single outlet.

2.1.1 Collectors containing more than one inlet and
more than one outlet may be tested according to this Stan-
dard provided that the external piping can be connected so
as to provide effectively a single inlet and a single outlet.

2.1.2  Collectors, other than unglazed flat-plate liquid-
type, which are intended for low temperature applications
should be tested in accordance with ASHRAE Standard
93-1986 modified in accordance with the requirements of
Section 8.3 of this Standard.

2.2 Outdoor and Indoor Testing. This Standard contains
methods for conducting tests outdoors under natural solar
irradiation and for conducting tests indoors under simu-
lated solar irradiation.

2.3 Test Methods and Calculation Procedures. This Stan-
dard provides test methods and calculations procedures for
determining steady-state and quasi-steady-state thermal
performance, and angular response characteristics of the
solar collectors.

NOMENCLATURE
a,b = constants used in incident angle modifier equation,
dimensionless
A, = transparent frontal area or aperture area for a flat-
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plate collector, m? (ft?)

A, = gross collector area, m2 (ft2)

b, = constant used in incident angle modifier equation,
dimensionless

<, = specific heat of the transfer fluid, J/(kg- °C)
[Btu/ (Ib- °F)]

Fy = solar collector heat removal factor, dimensionless

Inn = direct normal solar irradiation, W/m? [Btu/(h - ft2)]

Iy = diffuse solar irradiation incident upon the aperture
plane of collector, W/m2 [Btu/(h - ft2)]

I = solar constant, 1353 W/m?2 [429.2 Btu/(h - ft2)]

I, = total solar irradiation incident upon the aperture
plane of collector. W/m? [Btu/(h - ft2))

K, = incident angle modifier, dimensionless

LST = local standard time, decimal hours

LSTM = local standard time meridian, deg

AST = apparent solar time, decimal hours

m = mass flow rate of the transfer fluid, kg/s (Ib/h)

P, = theoretical power required to move the transfer
fluid through the collector, W (hp)

Ap = pressure drop across the collector, Pa (1b/in.?)

d, = rate of useful energy extraction from the collector,
W(Btu/h)

ty = ambient air temperature, °C (°F)

tre = temperature of the transfer fluid leaving the
collector, °C (°F)

ty; = temperature of the transfer fluid entering the
collector, °C (°F)

t, = average temperature of the absorber surface for
a flat-plate collector, °C (°F)

At = temperature difference, °C (°F)

UL = solar collector heat transfer loss coefficient,
W/(m2-°C) [Btu/(h-ft2- °F)]

w = density, kg/m? (Ib/ft3)

o = absorptance of the collector absorber surface for
solar radiation, dimensionless

f = angle of incidence between direct solar rays and the
normal to the collector surface or to the aperture, deg

n, = collector efficiency based on gross collector area, %

A = wavelength, um

T = transmittance of the solar collector cover plate, dimen-
sionless (if no cover plate is used, 7 = 1.0)

(7). = effective transmittance-absorptance product,
dimensionless

(ra)., = effective transmittance-absorptance product at nor-
mal incidence, dimensionless

T,,;T, = time at the beginning and end of a test period,

decimal hours

3.0 DEFINITIONS

absorber: that part of the solar collector which receives the
incident radiant energy and transforms it into thermal
energy. It may possess a surface through which energy is
transmitted to the transfer liquid; however, the transfer
liquid itself can be the absorber.

absorber area: the total heat transfer area through which
the absorbed solar irradiation heats the transfer liquid or
of the absorber media if both transfer liquid and solid
surfaces jointly perform the absorbing function.

air mass: the ratio of the mass of atmosphere in the actual
earth-sun path to the mass which would exist if the sun were
directly overhead at sea level.

angle of incidence: the angle between the direct solar beam
and the normal to the aperture plane.

aperture area: the maximum projected area of a solar col-
lector through which the unconcentrawed solar radiant
energy is admitted.
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complete collector module exclusive of integral mounting
means and liquid connectors. For assemblies of collectors,
gross area includes the entire area of the assembly.

collector, unglazed: a solar collector in which the absorb-
ing surface is directly exposed to the atmosphere.

collector, flat-plate: a non-concentrating solar collector in
which the absorbing surface is essentialy planar.

collimation angle: the angle within which the radiation
beams from the source depart from the line drawn from the
source to the receiver.

insolation: see Irradiation, Instantaneous.

irradiation, instantaneous: the total quantity of solar radia-
tion incident on a unit surface area in unit time, measured
in W/m? (Btu/(h - ft?)).

instantaneous efficiency: the amount of energy removed by
the transfer liquid per unit of gross collector area during the
specified time period divided by the total solar radiation
incident on the collector per unit area during the same time
period, under steady-state or quasi-steady-state conditions.

pyranometer: a radiometer used to measure the total solar
radiation incident upon a surface per unit time pér unit
area. This energy inciudes the direct radiation, the diffuse
sky radiation, and the solar radiation reflected from the
foreground.

pyrheliometer: a radiometer used to measure the direct
radiation on a surface normal to the sun’s rays.

quasi-steady-state: describes the state of the solar collector
test when the flow rate and temperature of the liquid enter-
ing the collector are constant but the exit fluid temperature
changes gradually due to the normal change in irradiation
that occurs with time for clear sky conditions.

solar collector: a device designed to absorb incident solar
radiation and to transfer the energy to a liquid passing
through it.

temperature, ambient air: the temperature of the air sur-
rounding the solar collector being tested.

transfer liquid, heat: the medium which passes through the
solar collector and carries the absorbed thermal energy
away from the collector.

4.0 CLASSIFICATIONS

4.1 Basis of Classifications. Solar collectors may be
classified according to their collecting characteristics, the
way in which they are mounted, the type of transfer liquid,
and the flow direction which they employ.

rc
rc
gc

4.1.1 Collecting Characteristics. An unglazed flat-plate
collector is one in which the absorbing surface is directly
exposed to the atmosphere, where the absorbing surface is
essentially flat, and in which the aperture and the absorber
are similar in area and geometry. Other types include glazed
(single or multiple) and/or concentrating collectors.

4.1.2 Mounting. A solar collector may be mounted in
a stationary position with a fixed azimuth and tilt angle
(measured from the horizontal) or it may be adjustable as to
tilt angle to follow the annual changes in solar declination.

4

collectors normally employ water circulated directly
through the passages in the collector. They may however,
employ a heat transfer liquid and a heat exchanger to heat
the water.

4.1.4 Flow Direction. The liquid may flow in any man-
ner through the collector. Figures 1, 2 and 3 show flow from
bottom to top.

5.0 REQUIREMENTS

5.1 General. Unglazed flat-plate liquid-type solar collec-
tors shall be tested in accordance with the provisions set
forth in this Section and in Section 8.

5.1.1 Preconditioning. The collector whose thermal
performance is to be tested in accordance with this docu-
ment shall be preconditioned prior to initiation of the test.
Preconditioning shall consist of stagnation heating in a
non-operational mode in a dry condition for not less than
three days (not necessarily successive) in which the
cumulative mean incident solar radiation measured in the
plane of the collector shall be not less than 17,000
kJ/(m? - day) (1500 Btu/(ft> - day)). The exposure angle
shall be the angle of test specified herein.

5.1.2  Size of Test Sample. Testing of full scale modules
1s preferred. The size of the collector to be tested shall be
large enough so that the performance characteristics deter-
mined will be indicative of those that would occur when the
collector is part of an installed system. If the collector is
modular and the test is being done on one module, it should
be mounted and insulated in such a way that the back and
edge losses will be characteristic of those that will occur
during operation on a structure. If special liquid connec-
tors are furnished or required by the manufacturer of the
collector, they shall be used for introducing the fluid dur-
ing testing. If the manufacturer recommends or furnishes
a special panel inter-connection means, a stub-off unit shall
be installed on the panel during testing.

S.1.3  Collector Mounting. If the collector module is
designed with no back insulation, for test it shall be
mounted on a rigid insulating board having an insulating
value of R = 0.88 m*- °C/W (5.0 ft?-h-°F/Btu).

5.1.4 Avoidance of Reflected Radiation. For tests con-
ducted outdoors to determine thermal efficiency and inci-
dent angle modifier, the collector shall be mounted in a
location such that there will be no significant energy
reflected or reradiated onto the collector from surrounding
buildings or any other surfaces in the vicinity of the test
stand for the duration of the test(s). This requirement will
be satisfied if the ground and immediately adjacent fore-
ground surfaces are diffuse reflectors with a reflectance of
less than 0.20. If significant reflection can occur, provision
shall be made to shield the collector by the use of a non-
reflective shield. In addition, the test stand shall be located
so that no shadow will be cast onto the collector by any
obstruction at any time during the test period.

5.1.5 Weather Conditions. For tests conducted out-
doors to determine thermal efficiency, the tests shall be

ASHRAE STANDARD 96-1980 (RA 1989)
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conducted at times having weather conditions such that the
integrated average irradiation measured in the plane of the
collector or aperture, reported, and used for the computa-
tion of instantaneous efficiency values shall be not less than
630 W/m? [200 Btu/(h-ft?)]. Specific irradiation values
that can be expected for clear sky conditions are shown in
Tables Bl through B6 taken from Ref. 1. More accurate
estimates can be made using the tables in conjunction with
Clearance Numbers (see Ref. 2, pg. 27.3, Fig. 3).

5.1.6 Orientation. For tests conducted to determine
thermal efficiency at near normal incidence conditions, the

orientation of the collector shall be such that the incident”

angle (measured from the normal to the collector surface
or aperture) is less than 30 ° during the period in which test
data are being taken. Angle of incidence may be estimated
from Tables B7 through B12 taken from Ref. 3. More accu-
rate estimates can be made using the procedures outlined
in Refs. 2, pg. 27.3; and 4, Chapter 58.

5.1.7 Collector Surface Air Speed. For tests conducted
to determine thermal efficiency and incident angle
modifier, the average air speed across the collector surface
shall be measured and recorded for each data point.
Measurements shall be made in the immediate vicinity of
the collector, at a height not greater than 15.3 cm (6 in.)
above the surface of the collector and at locations where the
wind speed sensor is not shielded from the wind and the
sensor does not significantly cast a shadow on the collec-
tor during the tests. Average wind speed for each data point
shall not exceed 1.3 m/s (3.0 mph).

5.1.8 Ambient Temperature Range. For tests conducted
outdoors to determine collector thermal efficiency, the
range of ambient temperatures for all reported test points
comprising the efficiency curve shall be less than 10°C
(18 °F) and in the range of 15 to 38°C (60 to 100°F).

5.1.9 Transfer Liquid Specific Heat and Density. The
transfer liquid used in the solar collector shall have known
specific heat which varies by less than 0.5% in the temper-
ature range of the liquid during a particular test period. The
density of the transfer liquid shall also be known and it shall
not vary by more than 0.5% over a particular test period.

6.0 INSTRUMENTATION

6.1 Solar Radiation Measurement.

6.1.1 Total Irradiation Measurement. A pyranometer
shall be used to measure the total short wave radiation from
both the sun and the sky. A pyrheliometer may be used to
measure the direct normal radiation. The instruments shall
have the following minimum characteristics, which are
consistent with current practice or requirements of a first
class pyranometer (or pyrheliometer if used) as classified
by the World Meteorological Organization (WMO)>7:

6.1.1.1 Change of Response Due to Variation in
Ambient Temperature. The instruments shall be equipped
with a built-in temperature compensation circuit and have
a temperature sensitivity of less than +1% over the range
15 to 38°C (60 to 100°F).
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6.1.1.2 Variation in Spectral Response. Pyranometer
and pyrheliometer errors caused by a departure from the
required spectral response of the sensor shall not exceed
+2% over the range of interest. The WMO specification
for a first class pyranometer is +1%.

6.1.1.3 Nonlinearity of Response. Unless the
pyranometer was supplied with a calibration curve relating
the output to the irradiation, its response shall not depart
more than +1% from being linear over the range of irradia-
tion existing during the tests.

6.1.1.4 Time Response of Pyranometer and
Pyrheliometer. The time constant of the pyranometer,
defined as the time required for the instrument to achieve
areading of (1—1/e) = 63.2% of its final reading after a
step change in irradiation, shall be less than 5 seconds. The
time constant for the pyrheliometer (if used) shall be less
than 25 seconds.

6:1.1.5 Variation of Response with Angle of In-
cidence. Ideally the response of the pyranometer is propor-
tional to the cosine of the incident angle of the direct solar
beam and is constant at all azimuth angles. The
pyranometer’s deviation from a true cosine response shall
be less than +1% for the incident angles encountered dur-
ing the test(s).

6.1.1.6 Precautions for Effects of Humidity and
Moisture. The pyranometer shall be provided with a means
of preventing accumulation of moisture that may condense
on surfaces within the instrument and affect its reading. An
instrument with a desiccator that can be inspected is re-
quired. The ambient relative humidity and condition of the
desicator should be observed prior to and following any
daily measurement sequence.

6.1.2 Calibration. The pyranometer shall be calibrated
for solar response within 12 months preceding the collec-
tor test(s) against another pyranometer whose calibration
uncertainty relative to recognized measurement standards
is known. Any change of more than +1% over a year
period shall require the use of more frequent calibration or
replacement of the instrument. If the instrument is damag-
ed in any significant manner, it shall be recalibrated or
replaced.

6.1.3 Measurement of Direct Component of Irradia-
tion. When a pyrheliometer is available, it may be used to
determine the direct component of the irradiation incident
on a tilted pyranometer. Alternately, the diffuse component
may be determined by shading the tilted pyranometer from
the direct irradiation. (See Section 8.3.1 and Ref. 7). At non-
horizontal attitudes, ground features which can affect
readings shall be noted and their effect on calibration shall
be documented.

6.2 Temperature Measurements.

6.2.1 Standard Practice. Temperature measurements
shall be made in accordance with ASHRAE Standard
41.1-1986%.

6.2.2 Accuracy and Precision. The accuracy and preci-
sion of the instruments including their associated readout
devices shall be within the limits as follows:
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Accuracy* Precision**
Temperature +0.5°C (+£0.9°F) +0.2°C (+£0.36°F)
Temperature +0.01°C (£0.018°F) +0.01°C (+£0.018 °F)
Difference

*The ability of the instrument to indicate the true value of the measured
quantity.
**Closeness of agreement among repeated measurements of the same
physical quantity.

6.2.3 Temperature Difference Measurements Across
the Solar Collector. The temperature difference of the
transfer liquid across the solar collector may be measured
with one of the following?®:

a. A thermopile

b. Calibrated resistance thermometers connected in
two arms of a bridge circuit.

Precision thermometers.

Calibrated thermistors.

Calibrated matched type-T thermocouples

f. Quartz thermometers.

o o0

6.2.4 Scale Divisions. In no case should the smallest
scale division of the instrument or instrument system ex-
ceed 2 times the specified precision. For example, if the
specified precisionis +0.1°C (% 0.18 °F), the smallest scale
division should not exceed 0.2°C (0.36 °F).

6.2.5 Instrumentation. The instruments shall be con-
figured and used in accordance with Section 7 of this
Standard.

6.3 Dew Point Temperature. The dew point temperature
of the ambient air shall be measured for each data point to
an accuracy of +£1°C (+1.8°F).

6.4 Liquid Flow Measurements. The accuracy of the
liquid flow rate measurement shall be equal to or better
than +1.0% of the measured value in mass units per unit
time.

6.5 Integrators and Recorders.

6:5.1 Strip Chart Recorders. Strip chart recorders used
shall have an accuracy equal to or better than +0.5% of the
full scale reading and have a time constant of 1 second or
less. The peak signal indication shall be between 50 and
100% of full scale.

6.5.2 Electronic Integrators. Electronic integrators
used shall have an accuracy equal to or better than +1.0%
of the measured value.

6.5.3 Input Impedance. The input impedance of the
recorders shall be greater than 1000 times the impedance of
the sensor.

6.6 Time and Mass Measurements. For calibration pur-
poses, time measurements and mass measurements shall be
made to an accuracy of +0.20%°.

6.7 Wind Speed.The wind speed shall be measured with
an instrument and associated readout device that can deter-
mine the integrated average wind speed for each data point
to an accuracy of +0.2 m/s (+0.5 mph).

6
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%\% OlyressureEDrop Across Collector. The static pressure

drop across the solar collector shall be measured with an
instrument having an accuracy of +5.0 Pa (+0.2 in. of
water).

7.0 APPARATUS AND METHOD OF TESTING

7.1 Test Configuration. The test configurations for testing
solar collectors are shown in Figs. 1, 2, and 3 and are
representative rather than exact. They are not drawn to
scale. Whichever configuration is used, the test conditions
specified herein must be satisfied. When the circulating
transfer liquid is susceptible to evaporation losses as in
Fig. 2, care should be taken to minimize and to account for
the evaporation losses.

7.1.1 Solar Collector. The solar collector shall be rigid-
ly mounted to the test rack at the predetermined tilt angle
with backing determined in accordance with the provisions
of Section 5.1.3. It is essential that the test rack, whether
fixed or movable, be unaffected by strong gusts of wind.

7.1.2  Ambient Temperature. The ambient temperature
sensors shall be housed in a well-ventilated instrumentation
shelter with its bottom 1.25 m (4.1 ft) above the ground and
with its door facing north, so that the sun’s direct beam
cannot fall upon the sensors when the door is opened. The
instrument shelter shall be painted white outside and shall
not be closer to any obstruction than twice the height of the
obstruction itself (i.e., trees, fences, buildings, etc.).10

7.1.3 Seolar Radiation. Irradiation measurements shall
be reported in terms of apparent solar time for the test site
(see Appendix B).

A pyranometer for measuring the total radiation and a
suitable method for determining the direct component shall
be utilized for all collector tests. The pyranometer shall
meet the requirements specified in 6.1.1 and shall be
mounted such that its sensor is coplanar with the plane
of the collector aperture. It shall not cast a shadow onto
the collector aperture at any time during the test period.
The pyranometer shall not be mounted so as to receive a
percentage of terrestrial radiation that is disproportionate
with that received by the collector. It is recommended that
the pyranometer be mounted near the upper-half periphery
of the collector, and in the upper center of the collector
array. The pyranometer should be oriented so that the
emerging leads of the connector are located north of the
receiving surface (in the Northern Hemisphere), or are
otherwise shaded to minimize solar heating of the electrical
connections.

Care should also be taken to minimize reflected and
reradiated energy from the solar collector onto the pyra-
nometer. Some pyranometers are supplied with shields.
Pyranometers not supplied with a shield may be suscepti-
ble to error due to reflections by radiation that originates
below the plane of the sensor.

The direct and diffuse components of the solar radia-
tion shall be determined for each data point. This measure-
ment can be made utilizing the shading band or shading

ASHRAE STANDARD 96-1980 (RA 1989)



© ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, or
transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

AMBIENT TEMPERATURE
SENSOR

WIND VELOCITY SENSOR

PYRANOMETER

MIXING DEVICE

-TEMPERATURE
6:7( ; SENSORS
PRESSURE GAUGE .
A HEAT
oy Frow Y. EXCHANGER
TEMPERATURE ~ T F B — I
SENSORS S S—
b P PRESSURE
INSULATION >\/ EXPANSIO GAUGE
. TANK .
MIXING DEVICE ° I'F DIFFERENTIAL PRESSURE  pResSURE RELIEF FLOW CALIBRATION
i [ MEASURING DEVICE VALVE FACILITY
//
7 g FLOW METER AIR BLEED VALVE
STORAGE
ELECTRIC
HEATER TANK

‘ |553Rc5

Figure 1.

disc method using a pyranometer (see 8.3.1) or by using a
pyrheliometer.

7.1.4 Temperature Difference Measurements Across
the Solar Collector. The temperature difference of the
transfer liquid between entering and leaving the solar col-
lector shall be measured in accordance with 6.2.2 and 6.2.3.

To minimize temperature measurement error, each probe
shall be located as close as possible to the inlet or outlet of
the solar collector and shall be inserted into a mixing device
located as shown in Figs. 1, 2, and 3. In addition, the inlet
and outlet piping between the mixing devices and the col-
lector shall be insulated in such a manner that the calcu-
lated heat loss or gain from the ambient air will not cause
a temperature change for any test of more than 0.01°C
(0.018 °F) between each mixing device and the collector.
Both inlet and outlet piping shall be treated in like manner.

7.1.5 Additional Temperature Measurements. The
temperature of the transfer liquid at each of the two posi-
tions cited above shall be measured by inserting appropriate
sensors into the mixing devices (except for the case where
precision thermometers are employed to determine tem-
perature difference). Reference 8 should be followed in
making these measuremernts.

7.1.6 Pressure Drop Across the Solar Collector. The
pressure drop across the solar collector shall be measured
using static pressure tap holes and an instrument such
as a manometer or a differential pressure transducer. The
edges of the holes on the inside surface of the pipe should
be free of burrs. The holes should be as small as practical

ASHRAE STANDARD 96-1980 (RA 1989)
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and should not exceed 1.6 mm (1/16 in.) in diameter. The
thickness of the pipe wall should be at least 2.5 times the
hole diameter. Provisions shall be made for determining
the absolute pressure of the entering transfer liquid!!. If
the cross-sectional areas at the two sensing locations of the
differential pressure measuring device are unequal, a cor-
rection for the difference in velocity pressure at the two
iocations shall be made.

7.1.7 Reconditioning Apparatus. As shown in Figure
1, the use of a closed-loop test facility requires that a heat
exchanger be employed to cool the transfer liquid and an
adjustable in-line electrical resistance heater be used to con-
trol the inlet temperature to the prescribed test values. This
combination of equipment or its equivalent shall control
the temperature of the liquid entering the collector to within
+0.1°C (£0.18 °F) for each data point.

A heat exchanger is also recommended when employing
an open-loop test facility similar to Fig. 2 to cool the outlet
liquid to minimize evaporation losses and thus minimize
weighing errors in the gravimetric determination of mass
flow rate. Figure 3 shows an open-loop system in which the
liquid is not recirculated.

7.1.8 Additional Equipment. A pump and a means of
adjusting the flow rate of the transfer liquid shall be pro-
vided at the relative locations shown in Figs. 1, 2, and 3.
Depending upon the test apparatus design, an additional
throttle valve may be required in the line just preceding
the solar collector for proper control.

A storage tank, expansion tank, air vent, and a pressure
relief valve should be installed in the closed-loop test con-

7
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figuration as shown in Fig. 1 to stabilize the flow and allow
the transfer liquid to expand and contract freely in the
system. Figure 1 should not be interpreted to mean that the
relief valve and expansion tank must necessarily be located
below the collector. Depending upon the design, an expan-
sion tank and relief valve are sometimes inserted between
the pump and the collector in an open-loop test facility.
Filters and a sight glass should be installed within the ap-
paratus to ensure that the transfer liquid passing through
the collector is free of contaminants, including air bubbles.

7.2 Indoor Testing With a Solar Simulator. A solar
simulator may be used in lieu of outdoor testing to deter-
mine the steady-state thermal performance of the solar col-

lectors under controlled conditions of wnd and ambient

ACCLOTIS WIIAUCT CONLIONCH CONQGNLIONS O WIIL allQ &I1VICIL

temperature. References 12, 13, and 14 describe typical

simulators used for testine collectors. Solar simulators

SINUIQLODS UsCOQ 101 10SLIAE COLILCIOIS, 20ial S1INRIalVls

employed in the testing procedure shall have the following
characteristics:

7.2.1 Spectral Qualities. The simulator shall duplicate
the spectrum of average North American sunlight as closely
as possible. This average is best represented by an air mass
2 solar specirumi. 2 The measured €Nnergy spectrum shall
not deviate from the air mass 2 spectrum more than

specified in the following table:

Band Air Mass 2, Percent Maximum Deviation
A um of Energy in Band of Simulator
0.3-04 2.7 15%
0.4-0.7 44.4 9

0.7-1.0 28.6 3

1.0-00 24.3 10

In addition, the calculated solar absorptance, «, of the
spectrally selective surface described in Ref. 15 irradiated
by the simulator shall not differ more than 1% from the
value measured under air mass 2 sunlight.

here shall not be a significant change in the simulator’s
energy spectrum for variations in power output. The
calculated solar absorptance of the above specific selective
surface 15 irradiated by the simulator shall not change by
more than 1% for a change in radiation flux from 0.45 to
0.75 of one Solar Constant*

7.2.2 Uniformity. The departure from uniformity of
the illumination of the solar simulator beam over the test
plane (the plane of the collector aperture) shall be such that
the high and low irradiation values of the illuminated plane
shall not exceed +10% of the average irradiation.

7.2.3 Collimation. The collimation shall be such that
95% of the energy output of the simulator is within a
subtended angle of less than 12 degrees.

7.2.4 Simulator-to-Collector Configuration Factor.
The collector configuration factor** between the solar
simulator and the solar collector shall not exceed 0.05.

7.2.5 Air Flow Across Collector. A fan shall be pro-
vided to cause a substantially uniform air flow across the

* 1353 W/m? [429.2 Btu/(h - f1)].'

** Configuration factor, radiation exchange factor, or radiation shape factor are
defined in most heat ransfer textbooks, for example, Ref. 17.
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collector surface at a wind speed not in excess of 1.3 m/s (3.0
mph).

8.0 TEST PROCEDURES AND COMPUTATIONS

8.1 General. The thermal performance of unglazed flat-
plate liquid-type collectors is determined in part by obtain-
ing values of instantaneous efficiency for a combination of
values of incident radiation and ambient temperature, while
inlet liquid temperature is both above and below ambient.
This requires experimentally measuring the rate of incident
solar radiation onto the solar collector as well as the rate of
energy addition to the transfer liquid as it passes through
the collector, all under steady-state or quasi-steady-state

coanditiang In inan tacte ara narfarme A Adotarea:

adds
CONGIUons. in auulLlUlI, tLato alv puliuvi lll\.«d LW ucicl llllllc

how the steady-state thermal efficiency varies with the inci-

8.2 Basic Performance Equations.

8.2.1 Collector Thermal Efficiency. It has been shown
and discussed by a number of investigators!®-2 that the
performance of a flat-plate solar collector operating under

steady-state conditions can be successfully described by the

following relationship:

L e - Uy (1, - 1)
Aa = L{ra), i \tp i
= “/T_ Cp(tr,e‘[r,i) (8.1)

a

To assist in obtaining detailed information about the per-
formance of flat-plate collectors and to preclude the ne-
cessity for determining the average temperature of the
absorber surface, it has been convenient to introduce a
parameter Fp where:

actual useful energy collector by a flat-plate collector

 useful energy collector if the entire flat-plate collector
surface were at the inlet fluid temperature

Introducing this factor into Equation (8.1) results in

Ay
A Frll(ra). — U (t; — 1))
= Aﬂ Coltre —t;) (8.2)

If the solar collector efficiency is defined as
actual useful energy collected q,/A

n, = = £ (8.3)
solar energy incident upon or I,
intercepted by the collector

then the efficiency of the flat-plate collector is given by:

(tfl t; )]

= (Aa/Ag)FR [(TQ)C - U I

me(tre =t
T A (8.4)
t;; and t,. may be either greater or less than t, for collectors
used in low temperature applications.

Equation (8.4) indicates that if the efficiency, n
plotted against (t;; — t,)/I,, a straight line will result
where the slope is equal to (A,/A,) Fx U, and the y in-
tercept is equal to (A,/A,) Fr(7a),. In reality, U, is not a
constant but rather a function of the temperature of the

9
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tion, the product (ra) varies with the incident angle between
the solar beam and the collector. However, in the range of
values of parameter (t;; — t,)/I, of interest in low tem-
perature applications, —0.020 to +0.030 (°C-m?)/W,
(A/AFy U, is essentially constant and the efficiency plot
will be nearly a straight line within that range.

The procedures outlined in this document are intended
to control the test conditions so that a well defined effi-
ciency curve can be obtained with a minimum of scatter.
Figure 4 shows a typical result of tests conducted under
near-normal-incidence conditions on an unglazed collector.

Although a straight-line representation of the efficiency
curve will suffice for almost all low temperature applica-
tions, some collectors may require the use of a higher order
fit, i.e., a second order polynominal, due to variation of U
with collector temperature.

8.2.2 Collector Incident Angle Modifier. The effective
transmittance absorptance factor, (7a),, can be replaced in
the general equations (8.1), (8.2), and (8.4) by the value at
normal incidence, (ra).,, K.,, is introduced.?? Equation
(8.4) then becomes:

(tl',i — [a)

(7). should vary with incident angle according to the
general expression:

(), = a—(b/cosd) (8.6)
Comparing equations (8.5) and (8.6)
b

Ky (te)e, = a (8.7)

~ cosd
Solving the equation for K, and recognizing that
(ra)., = a — b;
b 1
=1 - —(—— -1 8.
Kar =1 = 5 Gosp ) (8.8)
In terms of one constant, the incident angle modifier
K, is:

ar

1
K, =1- b°(cos<I> - D (8.9)

Figure 5 shows the variation of K, with incident angle
for a typical unglazed collector.

The significance of the incident angle modifier to the test
procedures outlined herein is that the thermal efficiency
values are determined for the collector at or near normal
incidence conditions. Therefore, the y intercept of the effi-

= (A,/A)Fg [K en U, —— . .
7, = (A/AYFR (Ko (ra), ) L I, ciency curve is equal to (A, /A, )F, (1), ,. A separate test is
w6, (tre — 1) (8.5) conducted to determine the value of b, and hence K, so
agl, that the performance of the collector can be predicted
100 - Unglazed Flat-Plate Collector
Average Flow Rate = 13.96 kg/s (3.69 gpm)
90 - Average Ambient Temperature = 32.8°C
CALM Average Insolation = 1032.9 W/m2
W27 6 Average Wind Speed = 1.65 m/s
80 Average Relative Humidity = 27%
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Figure 4. Hottel-Whillier-Newton Plot of Thermal Efficiency for an Unglazed Flat-Plate
Liquid-Type Solar Collector Using Water as the Transfer Liquid
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under a wide range of conditions and/or time of day using
Equation (8.5).

It is recognized that some collector designs require tests
in two different incident angle planes to account for non-
symmetrical response to irradiation as solar azimuth and
altitude change throughout the day. In such cases, both
incident angle modifiers should be determined in the dif-
ferent planes.

8.3 Test Procedure. The first performance tests to be con-
ducted are a series of thermal efficiency tests as explained
in 8.3.1. The value of the collector incident angle modifier
is then determined in accordance with 8.3.2. The incident
angle modifier test is not required for those collectors for
which the angular response characteristics are known.

8.3.1 Experimental Determination of the Collector
Thermal Efficiency. The testing of the solar collector to
determine its thermal efficiency shall be conducted in such
a way that a governing efficiency curve for near-normal-
incidence is determined under test conditions described in
Section 5 and this section. At least four different values of
inlet liquid temperature shall be used to obtain the values
of At/1,. Atleast one value of At/1, shall be in the negative
range of approximately —0.02 to —0.15° (°C -m?*)/W.
The remaining values shall be in the positive range of
+ 0.01 to + 0.030 (°C -m?)/W.

At least four data points shall be taken for each value of
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Figure 5. Example of Incident Angle Modifier for an
Unglazed Flat-Plate Solar Collector with a
Non-Selective Surface
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t;;; two during the time period preceding solar noon and
two in the period following solar noon, the specific periods
being chosen so that the data points represent times sym-
metrical to solar noon. This latter requirement is made so
that any “transient effects” that may be present will not bias
the test results when they are used for design purposes. The
requirement for obtaining data points equally divided
between morning and afternoon does not apply when test-
ing with an altazimuth mount. All test data shall be
reported in addition to the fitted curve (see Section 9) so
that any difference in efficiency due solely to the operating
temperature level of the collector can be discerned in the test
report. The curve shall be established by data points that
represent efficiency values determined by integrating over
five minutes. The integrated value of incident solar radia-
tion will be divided into the integrated value of energy
obtained from the collector to obtain the efficiency value
for that test period.

When an indoor solar simulator is employed and true
steady-state conditions can be obtained, the time interval
specified above is not applicable. In this case, data may be
considered as steady-state when the collector outlet temper-
ature does not change (within the limits of measurement)
in a five minute time period. Instantaneous data may then
be used to determine instantaneous efficiency.

In conducting outdoor tests, care should be taken to en-
sure that the incident solar energy is steady for each time
interval during which an efficiency value is calculated.
Either electronic integrators or continuous pen strip chart
recorders may be used to determine the integrated values of
incident solar radiation and temperature rise across the
collector. However a strip chart recorder with a recom-
mended chart speed of 30 cm/h (12 in./h) or greater must
always be used to monitor the output of the pyranometer
to ensure that the incident radiation has remained steady
during the test period. Figures 6 and 7 show strip chart
recordings of incident solar radiation on a horizontal sur-
face. Whereas the conditions of Fig. 6 would be perfectly
acceptable for obtaining efficiency values, those of Fig. 7
would not be*

The surface of the exposed envelopes of the pyranom-
eter(s) and pyrheliometer (if used) should be wiped clean
and dry prior to the tests. If local pollution or sand has
formed a deposit on the transparent surfaces, the wiping
should be carried out very gently preferably after blowing
off most of the loose material or after wetting it a little, in
order to prevent scratching of the surface. This is particu-
larly important since such abrasive action can appreciably
alter the original transmission properties of the enclosing
envelope.

The pyranometer(s) shall be checked prior to testing to
see if there is any accumulation of water vapor enclosed
within the glass cover. The use of wet pyranometers (where
moisture is visible) shall not be allowed.

In order to obtain sufficiently good steady-state or quasi-
steady-state conditions for the solar collection process, the
transfer, liquid should be circulated through the collector

* One or two “blips™ of 10's or less occurring the test period such as at 12.18 in Figure
6 are acceptable.

11
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Figure 6. Incident Solar Radiation on a Horizontal Surface in Gaithersburg, Md, March 13, 1974,

at the appropriate inlet temperature level until the temper-
ature has remained constant for 15 min prior to the period
in which data will be taken to calculate the efficiency values.

When using an indoor simulator, the following starting
procedure has been found satisfactory. The transfer liquid
is circulated through the collector at the inlet temperature
chosen for the test. After equilibrium is established for the
chosen inlet temperature, the simulator is turned on and the
desired radiant flux obtained by adjusting the lamp voltage.
A check should be made to ensure that the flow rate of the
transfer liquid does not vary by more than +1% and that
the incident radiation is steady as described above.

The flow rate of heat transfer liquid through the collec-
tor shall be standardized for all data points. The recom-
mended value of flow rate per unit area (transparent frontal
or aperture) for standard tests is 0.07 kg/s -m? (51.5
Ib/(h-ft?)). It is recognized that in some cases the manu-
facturer of a collector will recommend a design flow rate
different from that specified above. In such cases the recom-
mended design flow rate should be used.

The fraction of the incident solar radiation which is dif-
fuse must be determined and reported for each efficiency
data point. In the absence of a normal incidence pyrheli-
ometer, two pyranometers may be used, one of which uses
a shading band’ or if only a single pyranometer is used, its
sensing element shall be shaded from the direct beam of sun
just prior to and just following each test for a short period
and the value of the incident diffuse radiation determined.
This shall be accomplished by using a small disc attached
to aslender rod held in a direct line between the pyranom-

12

eter and the sun. The disc should be just large enough to
shade the sensing element alone. As an example, see [5].

The steady wind speed across the collector as measured
per 5.1.7 and 6.7 shall be less than 1.3 m/s (3.0 mph).
Average wind speed shall be recorded for each data point
on the efficiency curve.

8.3.2 Experimental Determination of Collector In-
cident Angle Modifier for Stationary Collectors. The test-
ing of the solar collector to determine its incident angle
modifier can be done by either of two methods.

Method (1): This method is applicable for testing indoors
using a solar simulator or outdoors using a movable test
rack so that the orientation of the collector can be arbitra-
rily adjusted with respect to the direction of the direct solar
beam. Four separate efficiency values are determined in
general accordance with the method described in 8.3.1. For
each data point, the inlet temperature of the transfer liquid
is controlled as close as possible to within +1°C (+1.8°F)
of the ambient air temperature. The collector is oriented so
that the average incident angles between it and the direct
solar beam for the four test conditions are respectively,
approximately 0, 30, 45 and 60 degrees +3°The foregoing
values are appropriate for most unglazed collectors.

Method (2): This method is applicable for testing outside
using a permanent test rack where the collector orientation
cannot be arbitrarily adjusted with respect to the direction
of the incident solar radiation (except for adjustments in
tilt). Six separate efficiency values are determined in general
accordance with the method described in 8.3.1. For each
data point the inlet temperature of the transfer liquid is

ASHRAE STANDARD 96-1980 (RA 1989)
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Figure 7.

controlled as close as possible to within +1°C (£1.8°F)of
the ambient air temperature. The efficiency values are deter-
mined in three pairs where each pair includes a value of
efficiency early in the day and a second value late in the day.
The average incident angle between the collector and the
direct solar beam for both data points is the same. The
efficiency of the collector for the specific incident angle
shall be considered equal to the average of the two values.
As with Method (1), data should be collected for average
incident angles of 0, 30, 45 and 60 degrees, +3°.

8.4 Computation of Collector Thermal Efficiency. For
the test interval for each efficiency data point, the efficiency
value is calculated using the equation:

. T,
mcpf Tty — tp)dT
— TI
e = (8.10)
T,
A, le~l‘dT

The quantities m and ¢, have been taken out of the inte-
gration in the numerator since they remain essentially con-
stant during the test. Note that the collector area used for
the calculation is not the absorbing surface area but rather
the gross collector area.

At least sixteen data points shall be obtained for the
establishment of each efficiency curve and an equation for
the curve shall be obtained using the standard technique of

ASHRAE STANDARD 96-1980 (RA 1989)
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a least-square fit* In most cases, a linear or second order
fit will suffice. The curve should not be extrapolated beyond
the limits of data.

8.5 Computation of Collector Incident Angle Modifier.
Regardless of which experimental method in Section 8.3.2
is used, three different values of the thermal efficiency of
the collector shall be determined corresponding to three
different values of incident angle. Since the inlet collector
temperature is held sufficiently close to the ambient air tem-
perature, (t;; — t,) ~ 0, the relationship between K, and
the efficiency, according to Equation (8.5), is:
TIQ
Ko = QA Fe(ra). .,

Since (A,/A)F(ra),., will have already been obtained
as the intercept of the efficiency curve determined in accor-
dance with Sections 8.3.1 and 8.4, three different values of
K,, can be computed for the different incident angles
using Equation (8.11). The value of b, may be determined
using Equation (8.9) and the standard technique of a least-
squares fit to a first-order polynominal. Other methods of
correlation may be used to describe an equation for the
incident angle modifier.

(8.11)

* One should consult any standard text discussing analysis of experimental data for
presentation of this technique (e.g. Refs. 23 and 24).
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equal the ambient air temperature [within +1.0°C (£1.8°F)], equation (8.11) to compute the different values of K.
an estimate of the (A,/A,)Fg U product should be made
for the collector for the conditions of the test and each value
of K, computed as: '

8.6 Computation of Theoretical Power Requirements. In
order to calculate theoretical power required to move the
transfer liquid through the solar collector, the following
_mp + (AJAIFU (1 — 1)1 812) equation shall be used.

ar (A/AQFg(7a)e, P, = m-Ap/w (8.13)

Alternatively, each data point can be plotted on the same

plot with the efficiency curve determined in accordance 9.0 DATA TO BE RECORDED AND TEST REPORT
with 8.3.1 and 8.4 and a curve drawn through each point
parallel to the efficiency curve and made to intersect the y
axis. The values of the y intercept are the efficiency values
that would have resulted had the inlet liquid temperature
been controlled to equal the ambient air temperature.

K

9.1 Test Data. Table 1 lists the measurements which are to
be made at the beginning of the testing day and during the
individual tests to obtain an efficiency data point.

9.2 Test Report. Table 2 specifies the data and informa-
tion that shall be reported in testing the solar collector.

Table 1 Measurements to be Made and Test Data and Information to be Recorded

Data

Observer(s)

Equipment name plate data

Collector tilt angle, deg.

Collector azimuth angle, deg. from South

Collector aperture area or frontal acceptance area, m? (ft%)

Gross collector area, m? (ft?)

Local Standard Time at the beginning of the collector warm-up and at the beginning and end of each test period

Apparent solar time, as required above

Ambient air temperature at the beginning and end of each test period, °C (°F)

At = t;, — I across solar collector (either as a continuous function of time or as a data point integrated quantity), °C (°F)
Inlet temperature, t;; °C (°F)

Outlet temperature t;,, °C (°F)

Liquid flow rate, kg/s (Ib/h)

Pressure drop across solar collector, Pa (Ib/in.?)

Height of collector outlet above the collector inlet, m (ft)

Wind speed near the collector surface or aperture (data point average), m/s {(mph)

I,, the incident total solar irradiation onto the collector (as a continuous function of time, and as a data point integrated quantity if
desired), W/m? (Btu/(h- ft?)) or J/m? (Btu/ft?)

Ipn, direct beam component of solar irradiation onto the collector (as a continuous function of time and as a data point in-
tegrated quantity if measured) W/m? (Btu/(h - ft3)) or J/m? (Btu/ft?)

or

I, the diffuse component of the solar irradiation onto the collector (at the beginning of the test period and after the completion
of the test period) W/m? (Btu/(h- ft?)) or J/m? (Btu/f1?)

&, incident angle (at the beginning of each test period), deg.

Dew-point temperature, °C (°F)

Table 2 Data and Information to be Reported

General Information

Manufacturer of project name

Collector model no.

Construction details of the collector:
aperture dimensions and area, m and m? (ft and {t?)
gross dimensions and area, m and m? (ft and ft?)
dimensions and area of absorbing surface, m and m? (ft and ft?)

Absorber area, dimension layout and configuration of flow path, absorptance to short wave radiation (if known), emittance for long
wave radiation (if known), description of coating (including maximum allowable temperature (if known), °C (°F)

*1f applicable.
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Table 2 - continued

Insulation*, material, thickness, m (ft), thermal properties

Transfer liquid used and its thermal and physical properties

Mass of coiiector, based on gross area, kg/m? (Ib/{t?)

Volume of transfer liquid contained in collector, based on gross area

m3/m3(ft3/ft%)

Direction of flow

Normal operating temperature range, °C (°F)
Minimum transfer liquid flow rate, kg/s(lb/h)
Maximum transfer liquid flow rate, kg/s(Ib/h)

Maximum operating pressure, Pa(lb/ft?)

Description of mounting of the collector for testing

Location of tests (longitude, deg. latitude, deg. and elevation above sea level, m (ft))

Collector Thermal Efficiency Tests

.. ey —
A plot of efficiency vs _LLr_a
t

For each data point:
m

C

kg/s (Ib/h)
J/(kg- °C) (Btu/(Ib- °F))

p
inlet liquid temperature, t;

°C (°F)

exit liquid temperature, t;,
T,, time of starting test,

OC ( OF)
LST (AST)

T,, time of ending test,

LST (AST)

°C-s(°F-h)

T7
f (tre — t)dT
Tl

J/m?(Btu/ft?)

T,
f 1,dT
Tl

pressure drop across the solar collector

Pa(lb/in.?)

collector tilt angle deg.
collector azimuth angle deg.
incident angle deg.
percentage of incident radiation that is diffuse o
wind speed near the collector surface m/s (mph)

Collector Incident Angle Modifier Test

Method (1) or Method (2)

A plot of K, versus &

(A/AF (7)),

For each data point:
m kg/s(lb/h)
S J/kg- °C) (Btu/(Ib- °F))

*If applicable.
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continued

inlet fluid temperature, ty;

°C ( OF)

exit fluid temperature, t;.

°C (°F)

ambient temperature, t,

°C (°F)

T,, time of starting test

T,, time of ending test

LST (AST)
LST (AST)

°C-s(°F+h)

T
(tre — tedT
Tl

J/m? (Btu/ft2)

T7
f *1dT
T]

collector tilt angle

collector azimuth angle

incident angle

deg.
deg.
deg.
percentage of incident radiation that is diffuse %
wind speed near the collector surface or aperture m/s (mph)

10. REFERENCES

"Morrison, C.A., and E.A. Farber, “Development and Use of
Insolation Data for South Facing Surfaces in Northern Latitudes?’
ASHRAE Transactions, Vol. 80, Part 2, 1974.

2ASHRAE Handbook—I1985 Fundamentals.

*Morrison, CA., and E.A. Farber, “Clear-Day Design Values,’
In Applications of Solar Energy for Heating and Cooling of
Buildings. New York: American Society of Heating, Refrigerating
and Air-Conditioning Engineers, Inc., 1977.

41987 ASHRAE Handbook—HVAC Systems and Applications.

*Guide to Meteorological Instrumentation & Observing Prac-
tices. Geneva, Switzerland: Secretariat of the World Meteoro-
logical Organization, Ed., 1971.

$Latimer, J.R. “Radiation Measurement?’ In International
Field Year for The Great Lakes, Technical Manual Series No. 2.
Ottawa, Ontario: The Secretariat, Canadian National Hydrolo-
gical Decade, No. 8 Building, Carling Ave., 1971.

"Coulson, K.L. Solar and Terrestrial Radiation, Methods and
Measurements, p. 129. Academic Press, New York: 1975.

SASHRAE Standard 41.1-1986, Standard Methods for Tem-
perature Measurement.

SASHRAE 37-78. Methods of Testing Unitary air Condition-
ing and Heat Pump Equipment.

National Weather Service Handbook, Observation Hand-
book No. 2, Substation Observations. Asheville, NC: National
Weather Service, 1972.

" “Tnstruments and Apparatus: Part 2, Pressure Measure-
ment?” Supplement to The ASME Power Test Codes 19.2. New
York: American Society of Mechanical Engineers, 345 E. 47th St.,
10017, July 1964.

2Yass, K., and H.B. Curtis, “Low-Cost Air Mass-2 Solar
Simulator” NASA TMX-3059, presented at the United States Sec-
tion Meeting of the International Solar Energy Society, Cleveland,
Ohio, October 3-4, 1973.

BSimon, F.F, and P. Harlamert, “Flat-Plate Collector Perfor-
mance Evaluation—the Case for a Solar Simulator Approach”’
NASA TMX-71427, presented at the United States Section
Meeting of the International Solar Energy Society, Cleveland,
Ohio, October 3-4, 1973.

“Ramsey, JW., JT. Borzoni, and TH. Holland. “Development
of Flat-Plate Collectors for the Heating and Cooling of Buildings?
NASA CR-134804, June 1975.

STabor, H. “Selective Surfaces for Solar Collectors” In Appli-

16

cations of Solar Energy for Heating and Cooling of Buildings.
New York: American Society of Heating, Refrigerating, and Air-
Conditioning Engineers, Inc. 1977.

"6Thekaekara, M.P. “Solar Electromagnetic Radiation”
NASA SP-8005, May 1971.

"Sparrow, E.M., and R.D. Cess, Radiation Heat Transfer. New
York: Hemisphere Publishing Co., 79 Madison Avenue, Suite 1110,
1978.

BHottel, H.C., and B.B. Woertz. “The Performance of Flat-
Plate Solar Heat Collectors!” ASME Transactions, Vol. 64,
p. 91, 1942,

Bliss, RW. “The Derivations of Several ‘Plate- Efficiency
Factors’ Useful in the Design of Flat-Plate Solar Heat Collectors”’
Solar Energy, Vol. 3, No. 4, p. 55. Elmsford, NY: Pergamon Press,
Maxwell House, Fairview Park, 1959.

OWhillier, A., “Prediction of Performance of Solar Collec-
tors?” In Applications of Solar Energy for Heating and Cooling
of Buildings. New York: ASHRAE, 1977.

ADuffie, J.A., and W.A. Beckman, Solar Energy Thermal Pro-
cesses. New York: John Wiley and Sons, 1980.

22Simon, FF, and E.H. Buyco. “Outdoor Flat-Plate Collector
Performance Prediction from Solar Simulator Test Data” NASA
TMX 71707, presented at the 10th ATAA Thermal Physics Con-
ference, Denver, Colorado, May 27, 1974.

BHolman, J.P. Experimental Methods for Engineers, 4th ed.
New York, McGraw Hill, 1984.

2 Bevington, P. R. Data Reduction and Error Analysis for the
Physical Sciences. New York: McGraw-Hill, 1969.

This Appendix is not part of this Standard but is included for
information purposes oaly.
APPENDIX A
BIBLIOGRAPHY

Hill, J.E,, Streed, E.R,, Kelly, G.E., Geist, J.C., and T. Kusuda.
“Deveiopment of Proposed Standards for Testing Solar Collec-
tors and Thermal Storage Devices.” National Bureau of Standards
TN 855. Gaithersburg, MD, February, 1976.

Hill JL.E., and E.R. Streed. *“Testing and Rating of Solar Collec-
tors?” in Applications of Soiar Energy for Heating and Cooling
of Buildings. New York: American Society of Heating, Refriger-
ating, and Air-Conditioning Engineers, 1977.

ASHRAE STANDARD 96-1980 (RA 1989)



© ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, or

transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

This Appendix is not part of this Standard but is included for information purposes only.

APPENDIX B
Table B1
Solar Position Data for 1977 (values of declination and Equation of Time will vary slightly for specific dates in other years).
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Date

Year Day 1 32 60 9t 121 152 182 213 244 274 305 335
1 Declination  —23.0 -17.0° —-7.4 +4.7  +15.2 +22.1 +23.1 +17.9 +8.2 -33 —14.6 -21.9
Eq. of Time -3.6 ~13.7 -12.5 -4.0 +2.9 +2.4 —-3.6 -6.2 +0.0 +10.2 +16.3 +11.0

Year Day 6 37 65 96 126 157 187 218 249 279 310 340
6 Declination  —22.4 —15.5 -5.5 +6.6 +16.6 +22.7 -~22.7 +16.6 +6.7 -5.3 -16.1 —22.5

Eq. of Time -5.9 —14.2 —11.4 -2.5 +3.5 +1.6 —4.5 -58 +1.6 +11.8 +16.3 +9.

Year Day 11 42 70 101 131 162 192 223 254 284 315 345
11 Declination —-21.7 -13.9 -3.5 +8.5 +179 +23.1 =221 +15.2 +4.4 -7.2 -17.5 -23.0
Eq. of Time -8.0 —-14.4 -10.2 -11 +3.7 +0.6 -53 -5.1 +3.3 —13.1 +15.9 +6.3

Year Day 16 47 75 106 136 167 197 228 259 289 320 350
16 Declination  —20.8 —-12.2 -1.6 +103 +19.2 +23.3 +21.3 +13.6 +2.5 -8.7 —18.8 -233
Eq. of Time -9.8 —4.2 —8.8 +0.1 +3.8 -04 -59 —4:3 +5.0 +14.3 +15.2 +4.4

Year Day 21 52 80 111 141 172 202 233 264 294 325 355
21 Declination -19.6 -10.4 +0.4 +12.0 +203 +234 +20.6 +12.0 +0.5 -10.8 —20.0 —-23.4
Eq. of Time —11.4 -13.8 -74 +1.2 +3.6 -1.5 -6.2 -3.1 +6.8 +15.3 +14.1 +2.0

Year Day 26 57 85 116 146 177 207 238 269 299 330 360
26 Declination —18.6 —8.6 +2.4 +13.6  +212 +23.3 +19.3 +10.3 -1.4 -12.6 —21.0 —23.4
Eq. of Time —12.6 —13.1 —58 +2.2 —3.2 -2.6 -6.4 -1.8 —8.6 +15.9 +12.7 -0.5

(Units for declination are angular degrees; units for Equation of Time are minutes of time.}
Apparent Solar Time (AST) = local Standard Time - Eq. of Time + 4 minutes x (Local Standard Time Meridian — Local Longitude).

Standard Time Meridians: EST,

To find solar altitude, 8, when latitude L, declination é and hour angle H are known:

75 deg W
CST, 90degW
MST, 105 degW
PST, 120degW
YST, 135degW
A-HST 150 deg W

Sinf = Cos L CoséCosH — Sin L Sin ¢
To find solar azimuth,
Sin¢ = Cosé Sin H/Cos 8
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Table B8 Latitude 24°N, Incident Angles for Horizontal and
South-Facing Tilted Surfaces

Dates (Declination) am pm Hordz. L-10 Lat. Lat.+10 - Lat. + 20 Vert.
7 s 86.8 80.5 763 T2.4 68.9 62.6

8 4 751 67.5 62.7 38.6 55.4 36.6

9 3 64.5 $5.3 49.6 4.9 4.8 sit

Dec. 21 (—23.45) 10 2 55.7 4.5 374 316 280 46.6
1t 49.6 36.5 27.6 19.6 143 436

12 A1.4 334 3.3 13.5 34 42.3

sm pm Hoedz. L-10 Lat. Lat.+10 Lat.+20 Vert.

703 85.2 796 759 72.6 69.8 65.7

8 4 731 66.2 62.0 58.8 56.0 59.8

Jan. 21 (-19.9) 9 3 62.4 538 434 “.5 42.2 54.4
Nov. 21(-19.9) 10 2 52.8 2.0 35.5 30.6 28.2 50.0
1] 1 46.4 134 248 17.6 14.1 470

32 44.0 30.0 20.0 10.0 0.0 46.0

am pm Horz. L—10 iat. Lat.+10 Lat. +20 Vert.

7 5 80.7 2 75.2 1.1 726 74.8

Feb. 21 (-10.6) 8 4 67.7 62.9 60.5 59.0 58.5 69.0
Oct. 21 (—10.T) 9 3 $5.6 49.0 45.9 44.3 4“4.5 63.8
10 2 449 35.9 IS 29.5 0.6 39.6

11 ! 37.0 25.0 18.0 14.3 17.6 56.9

12 34.0 20.0 10.0 0.0 10.0 36.0

am pm Horiz. L—18 La. Lai.+10 Lat.+20 Vert.

TS 76.3 75.2 5.0 15.2 5.9 84.0

Mar. 21 (0.0} 8 4 628 60.5 60.0 60.5 62.0 78.3
Sep. 21 (0.0) 9 3 49.3 459 45.0 459 48.4 73.3
102 317 38 30.0 31.5 38.8 69.4

"1 281 180 15.0 18.0 248 66.9

12 24.0 10.0 0.0 10.0 20.0 66.0

am pm Horlz, L 16 Lat. Lat.+10 Lat.+20 Ven.
6 6 853 880  90.0 92.0 93.9 100.6
7 s na 73.8 75.3 71.6 %0.2 94.6

Apr. 21 {+11.9) 8 4 380 89 607 63.4 67.0 89.1
Aug. 21 (+12.1) ? 3 “.4 44:2 46.2 49.7 54.4 344
0 2 e 9.5 32.0 36.8 43.2 80.7
11 18.9 14.8 18.9 26.2 .9 8.4
12 12.4 1.6 116 21.6 3.6 77.6

sm pm Horz. L-160 Lst. L.+ 10 Lat. +20 Ven.
6 6 820 86.0 90.0 93.4 6.7 108.2
7 5 68 n.6 75.9 79.6 83.6 102.3
May 21 (+20.3) 8 4 55.4 8.5 62.0 66.2 T 97.0
Jul 21 (+20.5) 9 3 41.7 44.5 434 53.s 59.% 92.4
10 2 28.0 0.6 358 424 49.6 839

1 14.5 17.6 248 334 42.6 86.7

12 4.0 10.0 20.0 30.0 40.0 86.0
am pm Horiz., L-18 La. Lat.+10 Lm.+20 Vert.
6 6 807 - 360 90.0 94.0 97.8 111}
T 5 617 2.4 76.3 30.5 85.0 108.5
Jun. 21 (+23.45) B 4 545 58.6 62.7 (18] 72.8 100.2
% 3 40 4“9 49.6 s5.8 61.7 9s.7
0 2 274 M6 374 445 2.4 923
i1t 13.7 19.7 216 36.5 459 90.2
12 0.6 13.4 2).4 334 4).4 89.4

24

Table B9 Latitude 32°N, Incident Angles for Horizontal and
South-Facing Tilted Surfaces

Detes (Declination) sm pm Herix. L-W Let. Let. + 10 Lat. + 29 Vert.
s 4 .7 67.3 €2.7 58.6 55.4 345

9 3 70.2 353 496 4.9 418 9.1

Dec. 21 (—2).45) 10 2 62.4 445 374 36 200 40.7
"\ 573 Y B X 19.6 14.3 36.2

12 354 334 2.4 13.5 3.3 34.5

am pm Horz. L-10 Lat. Lat.+ 18 Lat. +28 Vert,

7 s 88.6 796 159 2.6 6.8 65.2

3 4 mn.s 66.2 62.0 58.5 56.0 57.4

Jan. 21 (-19.9) 9 3 67.5 3.5 48.4 4.5 4.2 50.0
Nov. 21(-19.9) 10 2 39.4 42.1 35.8 30.6 28.2 438
11 539 134 28 17.6 14.1 39.6

12 52.0 300 0.0 10.0 5.0 38.0

sm pm Heriz. L-10 Lat. Lat.+10 Lat.+28 Vert.

7 s 2.9 2 152 37 2.6 736

Feb. 21 (—10.6) 3 4 n.o 62.9 60.5 39.0 58.5 659
Oct. 21{-10.7) % 3 60.1 43.0 45.9 4.3 44.5 58.9
10 2 50.9 359 s 29.% 30.6 33.2

1 1 4.4 25.0 18.0 4.3 17.6 49.4

12 42.0 20.0 10.0 0.0 10.0 48.0

am pm Horz. L-10 Lat. Lat.+ 10 Lal.+28 Vert.

7 s 3 75.2 75.0 5.2 759 82.1

Mar. 21 (0.0) 8 4 64.9 60.3 60.0 60.5 62.0 74.6
Sep. 21(0.0) 9 3 532 45.9 45.0 459 48.4 68.0
10 2 42.7 s 30.0 3L 355 62.7

1 1 3s.0 18.0 15.0 18.0 248 59.2

12 32.0 10.0 0.0 10.0 20.0 38.0

sm pm Hordz. L—-10 Lat. Lat.+ 10 Lst.+20 Vest.

6 6 83.9 880 9.0 9.0 93.9 99.3

7 s n.2 738 753 7.6 80.2 9.1

Apr. 21 {+11.9) 3 4 58.5 58.9 60.7 61.4 61.0 349
Aug. 21 (+12.1) 9 3 46.1 44.2 46.2 4977 54.4 8.7
0 2 M3 295 320 36.8 432 73.8

it 1 4.6 4.8 18.9 26.2 349 70.7

12 20.4 1.6 11.6 21.6 3.6 69.6

am pm Horiz. L-18 Lat. Lat.+1¢ Latl.+ 20 Vert,

6 6 79.6 866 90.0 93.4 96.7 106.9

78 67.2 T2.6 759 .6 8.6 99.3
May 21 (+20.3) 3 4 54.6 58.5 62.0 66.2 .1 92.4
Jul21(+20.9) 9 3 419 4.5 48.4 533 59.5 86.4
10 2 294 306 358 421 49.6 819
11 1 18.0 17.6 243 334 426 79.0
12 12.0 10.0 20.0 30.0 40.0 78.0

am pm Heriz. L-10 Lat. Lat.+10 Lst. +20 Vet

6 6 7.8 86.0 900 94.0 9.8 109.7

7 5 65.7 24 763 0.5 85.0 102.2

Jun. 2t (+23.45) 3 4 531 58.6 62.7 61.5 72.8 95.4
9 ] 40.4 “9 96 55.3 61.7 89.6

10 2 278 e ¥4 4.5 524 85.2

1 1 153 19.6 27.6 36.8 45.8 824

12 8.6 13.4 234 334 43.4 8.4
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Table B10 Latitude 40 °N, Incident Angles for Horizontal and Table B11 Latitude 48 °N, Incident Angles for Horizontal and

South-Facing Tilted Surfaces South-Facing Tilted Surfaces
Dates (Declination) am pm Horz. L-10 Lai. lat. + 10 Lat. + 20 Vert. Dates (Declination) sm pm Hordz., L 10 Ist. Lat.+10 Lat.+20 Vert.
4 4 845 615 621 $8.6 ss4  $32 9 ) 820 553 496 “y a8 416
9 3 760 $5.3  49.6 445 a8 438 Dec. 21 (~23.45) 10 2 764 445 374 316 280 31
Dec. 21 (~23.45) 10 2 69) “s 114 3.6 80 354 o1 ona 365 276 19.6 43 224
11 650 365 216 19.6 143 290 12 714 334 234 13.3 3.5 188
12 6).4 334 23.4 i3.3 3.8 20.6
am pm Horz. L-10 Est. Lat.+ 10 Lat.+20 Vern.
am pm Hordz. L-10 Lat. Lat.+10 fa. +20 Vent. 8 4 - B6S 662 620 8.3 6.0 $4.7
8 4 819 6.2 620  SBS 560 587 9 3 790 Shs 484 4“3 422 47
Jan. 21(-19.9) ¢ 1 m2 S35 484 4S €22 46 Jan.21(=19.9) 10 2 7M1 421 358 30.6 82 1S
Nov. 21 (-19.9) 0 2 662 21 158 0.6 22 383 Nov. 21 (~19.9) 11 693 334 248 17.6 14.1 25.4
11 616 334 248 17.6 141 323 12 68.0 300 200 10.0 00 o
12 60.0 30.0 200 10.0 00 300
am pm Horz. L- 19 Lat. Lat. +10 [a +20 Ver, am pm Horiz. L-10 Llat. Lat.+ 10 Lat. + 20 Vert.
75 852 772 752 73.7 726 727 75 816 112 782 7.7 e N2
Feb. 21 (-10.6) 8 4 746 629  60.5 59.0 585 633 8 4 T84 629 605 $9.0 58.5 612
Oct.21(-10.T} 9 3 650 49.0 459 44} 45 595 Feb. 21(~10.6) 9 3 703 490 459 44 “s 507
02 572 359 31s 29.5 3.6 471 Oct. 21(-10.7) 10 2 838 359 3Ls 29.5 30.6 414
b 1 519 25.0 18.0 148 17.6 49.9 11 1 59.% 250 18.0 14.8 17.6 34.6
12 50.0 200 100 0.0 100 400 12 580 200 10.0 0.0 100 N0

am pm  Horz. L -10 la. lat. + 10 Lai. +20 Ven. am pm Horiz. L-10 ULat. Lai.+ 10 Lai. + 20 Vert.

786 75.2 75.0 75.2 159 80.4 b

s s 800 752 150 7.2 759 189
Mar. 21 (0.0) § & 675 8.5 600 605 620 713 8 4 705 6.5 600 0.5 620  68.2
Sep. 21(0.0) 9 3 512 459 450 4.9 484 63.0 Mar. 21 (0.0) 9 3 618 459 450 45.9 48.4 $8.3
10 2 484 NS 300 N 85 %62 Sep. 21(0.0) 10 2 546 3. 300 38 5.5 499

o1 423 180 150 18.0¢ 248 516 11 497 180 150 18.0 48 44

12 40.0 100 049 10.0 200 500 12 48.0 100 0.0 10.0 200 420

sm pm Horz. L-10 f[at. La.+10 Lat.+20 Vern. am pm Horz. L-10 Lat. Lat.+10 Lat, +20 Ver.

6 826 880  90.0 92.0 939 989 6 6 B8i.4 88.0  90.0 92.0 919 977
T8 T 5783 7. 0.2 89.8 75 714 7.5 7153 7.6 80.2 86.9

Apr. 21 (+11.9) g 4 597 89 607 614 61.0 80.7 8 4 615 589 607 63.4 67.0 76.7
Aug. 21(+12.1) 9 3 487 42 462 49.7 544 T30 Ape. 21 (+11.9) 9 3 522 442 462 9.7 44 617
0 2 388 9.5 320 36.8 4.2 670 Aug. 21 (+12.1) 10 2 442 295 320 36.8 432 603

11 1 313 i4.8 18.9 26.2 49 6).0 11 1 8.8 14.8 189 26.2 349 $5.3

12 28.4 16 116 2i.6 K 61.6 12 36.4 1.6 116 21.6 3.6 33.6

am pm Horiz. L -10 Lat. Lat. + 16 Taf. + 20 Vert.
88.t 100.4 1041 i07.4 110.2 1147

am pm Hordz. L-10 Lat. Lat.+10 Lat, +20 Vert.

7 5 7 848 100.4  104.1 107.4 1102 1142

6 6 113 866  90.0 93.4 96.7 1052 6 6 7153 86.6  90.0 93.4 9.7 103.2

75 660 2.6 759 79.6 836 961 May 21 (+20.3) 75 65.4 726 759 9.6 836 928

May 21 (+20.3) 8 4 546 58.5 620 66.2 711 877 Jul 21 (+20.5) 8 4 554 8.5 620 66.2 7.1 83.1
Jul 21 (+20.5) 9 43.2 44.5 48.4 53.5 9.5 80.5 9 3 45.7 4.5 48.4 53.8 $9.5 4.6
102 328 o6 355 424 9.6 749 0 2 2310 306 388 421 96 619

ooy e 176 248 134 26 T2 i1 308 176 248 3.4 426 615

12 200 100 200 30.0 400 700 12 28.0 100 200 30.0 400 620

am pm Horiz. L~ 10 Lat. lat.+ 10 Lat, +10 Vert. Lat. + 10 Lat. + 20 Vert.

am pm Horiz. L-10 Lat

5 7 B5.8 99.5 103.7 107.6 1l 117.2 5 7 82.1 99, 103.7 107.6 1.t 1i6.3

6 6 752 860 900 940 97.8  107.7 6 6 728 860 900 %40 978  105.4

75 640 724 763 805 85.0  98.8 Jun. 21t (+23.45) 705 6.0 724 163 80.3 850 952

Jun. 21 (+23.45) 8 4 526 $8.6 627 615 128 %06 8 4 529 536 627 67.5 728 85.7
9 3 412 449 496 353 61.7 836 9 3 4 4“9 496 35.3 6.7 718

1o 2 302 3.6 374 44s 524 78 102 342 316 3114 “s 24 71

1 1 20.8 19.6 276 36.5 458 14.6 11 273 19.6 21.6 36.5 45.8 66.9

12 16.6 134 23.4 334 4.4 734 12 24.6 i3.4 23.4 33.4 4.4 65.4
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South-Facing Tilted Surfaces

Dates (Declination)

am pm Horiz. L-10 La lIst.+18 Lat.+20 Ven.

9 3 88.1 553 49.6 44.9 4].8 40.5

Dec. 21(~23.45) 10 2 83.4 4.5 374 316 28.0 282
1 30.5 3.5 2.6 19.6 14.3 16.8

12 19.4 334 24 13.3 14 10.5

am pm Horiz. L-10 Lat. Lat.+ 10 Lat. +20 Veri.

9 3} 85.0 338 48.4 44.5 422 42.1

Jan. 21(-19.9) 10 2 80.1 42.1 3s.5 306 282 30.0
Nov.21{~-19.9) 11 ! 771 134 24.8 171.6 14.1 19.3
12 76.0 30.0 200 10.0 0.0 14.0

am pm Hordz. L-10 Lat. Uat.+ 10 Lat, +20 Vent.

8 4 82.5 629 605 59.0 58.5 59.6

9 3 75.8 49.0 459 “) 44.5 47.6

Feb. 21(~-10.6) 02 70.6 359 1S 293 30.6 36.5
Oa. 21 (=10 1 1 67.2 25.0 18.0 148 t7.6 217
12 66.0 20.0 10.0 0.0 10.0 24.0

am pm Horz. L-10 1a. lai.+10 Lai. +20 Vert.

708 81.7 152 150 75.2 5.9 716

8 4 73.9 60.5 600 60.5 62.0 65.0

Mar. 21(0.0) 9 3 66.7 459 45.0 459 48.4 s54.1
Sep. 21 (0.0) a2 61.0 RIS SR X ] 318 38.5 4“4
il I 57.3 18.0 15.0 18.0 243 36.8

12 56.0 10.0 0.0 10.0 20.0 .0

am pm Horiz. L - 10 Lst. Lat. + 10 Lat. +20 Vert.

5 7 88.6 102.4  104.7 106.5 107.9 108.8

6 ] 80.4 88.0 90.0 92.0 93.9 96.5
Apr. 21 {+11.9) T8 720 738 153 71.6 80.2 84.4
Aug. 21 (+12.1) 8 4 63.9 58.9 60.7 63.4 67.0 7.9
9 3 56.4 442 462 49.7 54.4 62.5

[( 501 295 No 36.3 43.2 538
1t 45.9 14.8 18.9 26.2 349 418
12 444 1.6 116 21.6 31.6 45.6
am pm Horz. L—10 La. Lat.+18 Lat.+20 Ven.

4 8 88.3 113.8 1180 1218 124.0 125.5

5 7 81.5 100.4 104.1 107.4 110.2 1131
May 2t (+20.)) 6 6 7.8 8.6 9.0 9.4 96.7 1010
Jul 21 (+20.5) 105 65.2 726 759 19.6 81.6 89.4
8 4 56.9 585 620 66.2 na 18.6
9 3 9.1 445 434 535 39.5 63.9

10 2 2.4 Y6 358 421 49.6 61.1
"1 3.7 176 248 3.4 426 55.9
12 36.0 10.0 200 30.0 40.0 34.0

am pm Horz. L—10 Lai. Lat, +10 Lst.+20 Vert.

4 8 358 1125 3173 1214 124.6 1211

5 7 8.6 9.5 1037 107.6 Hit 114.8
Jun. 21 (+23.45) 6 6 707 80 90 9.0 9.8 102.9
705 62.4 724 76.3 80.5 85.0 9L.5
8 4 s4.1 8.6 627 67.5 72.8 80.9
$ ) 4.2 49 46 55.3 61.7 716

2 393 316 314 4.5 324 64.1

11 | 34 196 216 36.8 458 9.2

12 32.6 134 234 334 43.4 57.4
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Table B13  Latitude 64 °N, Incident Angles for Horizontal and
South-Facing Tilted Surfaces

Dutes (Declination)

am pm Herlz, L-I0 Lat. Lai.+ 10 Lat.+20 Vert.

Dec.21(—234%) 11 1 8.2 363 216 19.6 14.3 139
12 87.4 N4 D4 13.3 34 2.3

sm pm Hordz. L-10 Lat. Lati.+18 Lati.+2¢ Vent.

Jan. 21(-19.9) 10 2 87.2 Ly R} 38.5 3.6 2.2 28.2
Nov. 21 {-19.9) 11 ) 348 334 2438 17.6 14.1 15.0
12 84.0 30.0 200 10.0 0.0 6.0

am pm Horlz. L-10 iat. Lat.+ 19 Lat.+20 Ven.

8 4 86.6 629 603 59.0 58.5 58.3

9 3 Bi.4 49.0 459 443 4.5 45.4

Feb. 21 (—10.6) 10 2 77.4 359 LS 29.5 30.6 326
Oct. 25 (-10.7) 11 1 74.9 25.0 18.0 148 7.6 214
12 74.0 10.0 10.0 0.0 100 16.0

sm pm Horz., L-10 Lat. Las.+10 Lat. +20 Vert.

7 5 83.3 752 75.0 75.2 15.9 76.5

8 4 773 60.5 60.0 60.5 62.0 63.3

Mar. 21{0.0) % 3 719 459 45.0 459 48.4 50.5
Sep. 21 (0.0) 10 2 67.7 s 3o.0 s 355 389
T ] 64.9 18.0 15.0 18.0 24.8 2938

12 64.0 10.0 0.0 10.0 20.0 26.0

am pm Horiz. L-10 Lat. La.+10 Lat. +26 Vert.

5 7 86.0 102.4 104.7 1065 107.9 108.4

6 6 79.6 880 900 92.0 939 95t

Apr. 21 (+11.9) 7 s 73.0 73.5 753 77.6 80.2 82.0
Aug. 21 (+12.1) 8 4 66.7 589 0.7 63.4 67.0 69.4
9 3 61.0 4.2 462 49.7 54.4 517

2 56.5 295 320 368 43.2 47.6

3] ! 538 14.8 18.9 26.2 349 40.3

12 52.4 1.6 11.6 21.6 31.6 37.6

am pm Horiz. L-—10 La. Lat.+10 Lat.+20 Ven.

4 3 84.2 11,3 1180 1218 124.0 124.9

5 7 78.4 100.4  104.1 107.4 10.2 il.eé

May 21 (+20.3) 6 6 7. 866  90.0 9.4 9.7 98.6
Jul. 21(+20.5) T 3 65.5 726 739 79.6 83.6 86.1
8 4 $9.1 58.5 62.0 66.2 Tl 74.2

9 3 $3.2 44,5 48.4 535 59.5 63.4

10 2 48.4 30.6 358 42.1 49.6 54.4

11 i 45.1 17.6 24 334 426 48.3

12 44.0 10.0 20,0 30.0 40.0 46.0

am pm Horiz. L-10 Lat. Lat. - 18 lat.+28 Vent.

39 85.8 124.7 1304 135.1 138.2 139.2

4 8 81.0 125 1173 121.4 124.6 125.9

Jun 2t (+23.45) s ? 783 9.5 1037, W06 et 1128
6 6 69.0 860 %00 .0 97.8 100.0

T8 62.5 724 763 80.5 85.0 87.8

8 4 56.0 58.6 62,7 67.5 728 762

9 3 50.t 49 496 356 61.7 63.9

10 2 451 Jie )74 4.5 52.4 51.3

[ 417 196 216 36.3 45.3 51.8

12 40.6 13.5 2).4 314 43.4 49.4

ASHRAE STANDARD 96-1980 (RA 1989)



© ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, or
transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

This Appendix is not part of this Standard but is included for

information purposes only.
Appendix C

This appendix presents a sample calculation showing how the
test results obtained in accordance with this Standard can be used
to compute the daily performance of a collector which is used for
heating swimming pool water.

The collector considered is unglazed, south-facing and tilted at
30° with respect to the horizontal, and its efficiency is assumed
to be described by Figure 4 in the body of the Standard. Its inci-
dent angle modifier is assumed to be described by the curve in
Figure 5. For this exampie, the ambient temperature is assumed
to vary from 15°C (59 °F) to 27 °C (81 °F) during the day and the
pool to have a constant temperature of 29 °C (84 °F). The location
is 40°N latitude and the calculation is done for the 21st of
September. Table C.1 shows the results of the calculation and each
step is described as follows:

1. Inlet fluid temperature to the collector; this is assumed to be
constant for all hours as described above.

2. Ambient air temperature; this assumed to vary as stated
above and shown in Table C.1. If records of typical days are not
available for the location of interest, a diurnal temperature pro-
file can be calculated for the summer months based on Table 1,
pg 24.4, and Table 3, pg 26.7 of reference 2.

3. Incident radiation on the collector plane; these values were
taken for Table B4 for September 21, 30° tilt angle. Therefore this
calculation is based on clear sky conditions. If only incident radia-
tion on a horizontal surface is available for the location of interest,
see reference 21, pp. 48-55 for procedures for converting the values
to incident radiation on a tilted surface.

100 -
90 -

\.0"‘

W e

50

40

Collector Efficiency, %

30
20 i

1

4. (t;; — t,)/1,; these values were computed using the data
from lines 1, 2, and 3.

5. Collector thermal efficiency at normal incidence; based on
the calculated values in line 4, the collector efficiency was deter-
mined using Figure C.1 (duplicate of Figure 4),

6. Incident angle between the direct solar beam and outward
drawn normal to the collector plane; these values were taken from
Table B10 for September 21, L-10. To compute the values in general,
see refernce 21, pp. 14-18.

7. Incident angle modifier;.although the incident angle
modifier was only obtained for angles up to 60° as shown in Figure
S, for this example it was assumed to be constant and equal to 1.0
out to 75° In reality, the incident angle modifier will drop off to
values less than 1.0 between 60° and 75 °; however, the collector
efficiency is zero for the iow radiation levels that occur at these
angles. (Less than 5% of the daily total radiation falls at angles
greater than 60.°)

8. Energy output from the collector; this is calculated using the
equation shown. Fy (7%)., is obtained from the ordinate (y) inter-
cept of Figure C.1 (Figure 4). For this example, since K . = 1, the
energy output for all hours is simply the collector efficiency (ex-
pressed as a fraction) at normal incidence multiplied by the inci-
dent solar radiation.

9. Collector thermal efficiency; this is calculated using the equa-
tion shown. The approximate daily collector efficiency is obtained
by dividing the daily total in line 8 by that in line 3. Since the values
in the table are only rates and not hourly totals, the exact daily col-
lector efficiency is obtained by plotting the curves shown in Figure
C.2 using the hourly rates, determining the area under each curve,
and calculating the ratio of the two areas.

Unglazed Flat-Plate Collector

| 1 1

1 { 1 |

|
-004 -002
0048
.0048

) .utl:z /T\ 0072 010

X .0145 016 018 .0

.0053 0124 0128

1
|
!
|
!
l
|
|
|
l
]

2

0 .022 024 .026 .028
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Figure C.1 Thermal Efficiency Curve Used in the Example Calculation
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1000 [ Unglazed Flat-Plate Collector
40°N Latitude
908 - 30° Tilt Angle
Septemher 21; Clear Day
800 |-
Incident Solar
Radiation
700 -
. 600
E
z
£ 500
-
&
g 400 Collector Energy Output
tf,i = 29°C
15°C < 13 < 27°C
300
200
/ \
100 |- / \
/ M
/ \\
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Solar Time

Figure C.2 Incident Solar Radiation and Solar Collector Output for the Example Calculation

Table Bl Solar Position and Insolation* Values for 24 Degrees North Latitude

Solar Time, H Daily
7Jam 8am 9am 10am 1lam 12 1pm 2pm 3pm d4pm Spm Total
1. Inlet fluid temperature to the collector, 29 29 29 29 29 29 29 29 29 29 29 —
te; °C .
2. Ambient air temperature, t,, °C 15 15 16 17 17 22 24 25 26 27 27

3. Incident radiation on the collector plane, 161 419 649 826 939 977 939 826 649 419 161 6965
I, W/m?

4. (55 — )71, (°C- m?)/W 0.0870 0.0334 0.0200 0.M45 00128 0.0072 0.0053 0.0048 0.0046 0.0048 0.0124 —

5. Collector thermal efficiency at normal 0.0 0.0 048 038 060 0.68 0.70 0.71 0.71 0.71 0.61 e
incidence, fraction

6. Incident angle between the direct solar 75.2 60.5 459 315 18.0 10.0 18.0 31.5 459  60.5 75.2 —

beam and outward drawn normal to the
collector plane, °

7. Incident angle modifier, K, 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 —

8. Energy output from the collector, W/m?, 0 0 312 479 563 644 657 586 461 297 98 4117
line 3 [line § + Fy (ra), (Ko, — )}

9. Collector thermal efficiency, fraction, 0.0 0.0 0.48 0.58 0.60 0.68 0.70 0.7t 0.71 0.71 0.61 0.59

line 8/line 3
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POLICY STATEMENT DEFINING ASHRAE’S CONCERN
FOR THE ENVIRONMENTAL IMPACT OF ITS ACTIVITIES

ASHRAE is concerned with the impact of its members’ activities on both the indoor and outdoor environment. ASHRAE’s
members will strive to minimize any possible deleterious effect on the indoor and outdoor environment of the systems and
components in their responsibility while maximizing the beneficial effects these systems provide, consistent with accepted
standards and the practical state of the art.

ASHRAE’s short-range goal is to ensure that the systems and components within its scope do not impact the indoor and
outdoor environment to a greater extent than specified by the standards and guidelines as established by itself and other
responsible bodies.

As an ongoing goal, ASHRAE will, through its Standards Committee and extensive technical committee structure,
continue to generate up-to-date standards and guidelines where appropriate and adopt, recommend, and promote those new
and revised standards developed by other responsible organizations.

Through its Handbook, appropriate chapters will contain up-to-date standards and design considerations as the material is
systematically revised.

ASHRAE will take the lead with respect to dissemination of environmental information of its primary interest and will seek
out and disseminate information from other responsible organizations that is pertinent, as guides to updating standards and
guidelines.

The effects of the design and selection of equipment and systems will be considered within the scope of the system’s
intended use and expected misuse. The disposal of hazardous materials, if any, will also be considered.

ASHRAFE’s primary concern for environmental impact will be at the site where equipment within ASHRAE’s scope
operates. However, energy source selection and the possible environmental impact due to the energy source and energy
transportation will be considered where possible. Recommendations concerning energy source selection should be made by
its members.
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About ASHRAE

ASHRAE, founded in 1894, is an international organization of some 50,000 members. ASHRAE fulfills its mission of
advancing heating, ventilation, air conditioning, and refrigeration to serve humanity and promote a sustainable world
through research, standards writing, publishing, and continuing education.

For more information or to become a member of ASHRAE, visit www.ashrae.org.

To stay current with this and other ASHRAE standards and guidelines, visit www.ashrae.org/standards.

ASHRAE also offers its standards and guidelines on CD-ROM or via an online-access subscription that provides
automatic updates as well as historical versions of these publications. For more information, visit the Standards and
Guidelines section of the ASHRAE Online Store at www.ashrae.org/bookstore.

IMPORTANT NOTICES ABOUT THIS STANDARD

To ensure that you have all of the approved addenda, errata, and interpretations for this
standard, visit www.ashrae.org/standards to download them free of charge.

Addenda, errata, and interpretations for ASHRAE standards and guidelines will no
longer be distributed with copies of the standards and guidelines. ASHRAE provides
these addenda, errata, and interpretations only in electronic form in order to promote
more sustainable use of resources.
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