Development and Validation of Flat-Plate Collector
Testing Procedures

Report for September — October, 2006

Focus on Energy (FOE) supports solar thermal systhat displace conventional fuels
by offering cash-back rebates that provide an itieeffior residents to invest in this
renewable energy technology. To be eligible ftwates, FOE requires solar collectors to
be certified by the Solar Rating and Certificat@orporation (SRCC). The certification
program involves testing of the solar collectora@sordance with ASHRAE Standard
93-2003. Currently, these tests are only provided iniBfoutdoors) by the Florida
Solar Energy Center (FSEC).

Wisconsin'’s flat plate collector testing prograniiwe done at Madison Area Technical
College (MATC). The UW-Solar Energy Laboratonassisting MATC personnel in
establishing a suitable implementation of the ASHRAst method. The UW further
intends to identify alternative test methods tteat be done indoors or under conditions
that are more suitable to Wisconsin weather, hilijpsbvide the information required by
the ASHRAE 93-2003 test. What follows is the firgport of this activity.

Test configuration

The MATC solar collector test facility will use tiogpen loop concept similar to Figure 1
shown below.
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Figure 1 Open loop test configuration (from ASHRAE 93-2008ure 3)
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The following figure shows the test setup as planmethe MATC.
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Figure 2 Test setup for collector tests at MATC (designed’ bgmas Kaminski (MATQ)

The flow plan for the setup in Figure 2 is showrrigure 3 and it will be used to
describe the test setup.
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Figure 3Flow plan MATC collector test facility

Solar Energy Laboratory

Page 2

10/30/2006




Development and Validation of Flat-Plate Collectesting Procedures — Report 1

Water will be used as heat transfer fluid. Instebd pump, the building hot and cold
water supply will provide suitable pressure to agkithe required fluid flow rates across
the ranges expected. The temperature will be sdjus two steps. First the valves will
be used to roughly adjust the temperature by miktgand cold water; after that,
electric heaters will precisely raise the temperata the desired value. To achieve fluid
inlet temperatures lower than the cold water supgohyice storage unit with heat
exchanger may be integrated into the test setinis Skorage unit will allow the supply
water to be cooled to the prevailing ambient terapge as-required during low
temperature ambient conditions. Flow meter ang&ature sensors measure the fluid
flow rate through the collector and the temperatwfethe water entering and leaving the
collector, respectively. In addition to the flovetar, a weigh tank can be used as a
primary measure of the water mass flow rate artd/calibrate the flow meter. Total
solar radiation is measured by a pyranometer mduntéhe plane of the collector.

Instrumentation

The ASHRAE collector test standard defines minimmegquirements for all instruments
used collecting data within the test facility (ASAR standard 93-2003, chapter 7).
Table 1 outlines the needed instruments and redjspecifications. Radiation
measurements and flow rates are discussed in netaé ith the following sections.
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Table 1 ASHRAE 93-2003 Instrument requirements (based on @nstrumentation)

Radiation measurements

Pyranometer Change of response due to variations in ambient <+1%
temperature
Constant sensitivity within £2% over the spectral range from 0.3 to
2.5 microns
Accuracy +1%
Time constant <5sec
Pyrheliometer Change of Response due to variations in ambient | <+1%
temperature
Constant sensitivity within £2% over the spectral range from 0.3 to
2.5 microns
Time constant <25 sec

Temperature measurements

Measurements in accordance with ASHRAE Standard 41.1-1986 (RA 2001)°

Temperature accuracy* +0.5T (+/- 0.9F)

Temperature Precision** +0.2T (+/-0.36F)

Temperature Difference #0.1C (+/-0.18F)

accuracy*

Temperature Difference #0.1C (+/-0.18F)

Precision**

Time Constant thermocouples, thermopiles less than one second
resistance thermometers less than ten seconds

Pumps

Flow rate Recommended: 0.02 kg / s m2 or 14.7 Ibm/[h(ft2]

Flow meter

Accuracy for liquid flow <+1.0%

rates

Pressure measurement

Accuracy for liquids +3.5 kPa (0.5 psi)

Elapsed Time

Accuracy +0.20%

Wind velocity

Accuracy +0.8 m/s (+1.8 mph)

* Accuracy = The ability of the instrument to indicate the true value of the measured quantity.

** Precision = Closeness of agreement among repeated measurements of the same physical
quantity.

Instruments and requirements for testing collectors using air were left out!
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Mass flow and volume flow

The flow rate must be the same for all data pant$ maintained constant during the test
periods. The volume flow rate should be maintawvetin £0.005 gpm (0.000315 I/s) to
provide steady state conditions. The ASHRAE stethdecommends a mass flow rate
per unit aperture area (aperture means transpiaoerel) of 0.02 kg/s-m(14.7 Ibm/h-

ft?). The volume flow rate then depends on the pitaseof the heat transfer fluid used
during the tests. For water at a temperature %€Z80°F), the flow rate per unit of
collector area is shown in Table 2. This inforratis from ASHRAE 93-2003 standard:
sections (6.3), (8.3.1.1.6), (8.3.3.3)

Table 2:Volume flow rates for water at 20°C (50°F) as
recommended by ASHRAE 93-2003

Aperture area | Volume flow rate Aperture area | Volume flow rate
m’ ml/s ft” gpm

1.9 37 20 0.59

2.8 56 30 0.89

3.7 74 40 1.18

4.6 93 50 1.48

5.6 112 60 1.77

6.5 130 70 2.07

7.2 145 78 2.30

7.4 149 80 2.36

8.4 168 90 2.66

9.3 186 100 2.95

13.9 279 150 4.43
18.6 372 200 5.90

Radiation measurements

The pyranometer measures the total incident sokdiance per unit area normal to the
collector plane. The sun tracking pyrheliometeasuges the direct normal beam solar
irradiance per unit area. One of the stationdefibtegrated Surface Irradiance Study
(ISIS) Network is located on the roof of the Engineg Research Building (ERB) in
Madison. The measured radiation data are publishédtie internet the day following
the measurement (except on weekends). ISIS cadibthe instruments which consist of
pyranometers for total and diffuse radiation (vattracked shade disk) and a
pyrheliometer for beam radiation. In principleisippossible to use radiation data from
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ISIS for the collector test at MATC. The advantagrild be to reduce costs for
instruments and save working hours for calibraing maintaining the instruments.

However, this is not an option for the total raiatmeasurement, as the standard
explicitly mentions that the pyranometer must beinted in the plane of the collector
(7.1.3). A pyrheliometer is required in the instient section of the ASHRAE 93
standard, but the measurements of this instrumrermat directly used in the test results.
So using the ISIS data could be an alternativeoopb installing a new pyrheliometer at
the MATC test facility. As the pyrheliometer is naeded to conduct the efficiency test,
the installation of a new pyrheliometer at the MATESt facility can be postponed until
the use of ISIS beam radiation data is evaluakslevant chapters of the ASHRAE 93-
2003 standard for this issue are: (6.1); outdostr (€.1.3), (8.3.1.1.1)-(8.3.1.1.3); indoor
test: (7.3.2), (8.3.1.2.1)

Inlet temperature distribution

The ASHRAE standard prescribes collector efficiemmasurements at different inlet
temperatures that require a distribution of indehperatures. The distribution of inlet
temperatures is very important for the dimensiordhthe heaters and coolers in the test
facility. It turns out to be one of the requirerteeim the ASHRAE test standard that can
not be satisfied by the test facility at MATC, aplained below. The reason is not the
equipment at MATC but the unrealistic requiremeaitthhe ASHRAE standard. Because
of these circumstances closer attention is patteanlet temperature distribution in the
following paragraphs.

Introduction to inlet temperature distributions

This section explains the motivation for using eliéint inlet temperatures. The inlet
temperature distribution is used during the theraffadiency test. The result of the
thermal efficiency test is an efficiency curve litk@se in Figure 4.
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Figure 4 Examples of thermal efficiency curve, ASHRAE 93-3(®gure 8
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The important parameters from these tests arerdited by the Y intercept A and the
slope B of the test results plotted as efficienegsus x, where x is the ratio of the
difference between inlet and ambient temperatudetla@ total solar irradiance. Collector
theory suggests that the efficiency is approxinyaadinear function of x and can be
written as

y=A+Bx (1.2)
where y is the efficiency value
y=1 1.2)
and x is
t -t
X=—" (1.3)
GI

If measurements are conducted for a certain vdlneaad the efficiency y for this value
of x is measured, the values of x and y togethecalled aata point.

In theory, only two different values of x (or twatd points) would be sufficient to
describe the curve and calculate the Y intercegtthe slope. This situation is illustrated
in Figure 5.

Y1

Y2

v

Figure 5Y intercept and slope derived from two data points

To increase the quality of the test results, tlen@ard requires conducting the test for
four different values of x, which means for fouffelient inlet temperatures (assuming
ambient temperature and solar irradiance remaistaat). Additionally, for every inlet
temperature, 4 measurements are required. Soyfile@|IASHRAE standard requires at
least 16 data points for establishing the efficjeturve for a given collector. A plot is
then created based on the 16 data points collbégteding the standard technique of a
least-square fit. The new situation is illustrateéigure 6 and corresponds to the
example curves in Figure 4.
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Figure 6'Y intercept and slope derived from 16 data points

Inlet temperature distributions in the ASHRAE standard

The distribution of the four different inlet tempé&ures can not be chosen arbitrarily. The
ASHRAE standard allows only two distributions whiehl be described below. The

first distribution described in chapter (8.3.3.1}le standard is called “Distribution 1,
the second one ‘Distribution 2”.

Distribution 1

Distribution 1 uses the maximum operation tempeeatisx recommended by the
collector manufacturer. The inlet temperature thistron is determined by setting the
difference between inlet and ambient temperatyie- ¢f) to 0%, 30%, 60% and 90% of
the difference between maximum operation and amigemperature {fux - ta).

Advantages:
- Very easy

- Can be determined without any further informatiom the manufacturer’'s
recommended maximum operation temperature.

Disadvantages:

- The values of the calculated efficiencies mightistributed unequally over the
range of possible efficiencies from 0 % to 100 &nilght even be possible to
choose a temperature with a negative efficiency.

- The recommended temperatures are often that tighdistribution 1 leads to
maxim inlet temperatures of far more than 100°Q(E).

Distribution 2

Distribution 2 directly involves the efficienciest first the inlet temperature is adjusted
to the ambient temperature. The efficiency fos thiet temperature is set to 100%. By
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increasing the inlet temperature, the efficiencgrdases as more heat losses to the
surroundings occur. The temperature distributsoddtermined by decreasing the
temperature until the thermal efficiency is redubgd%, 30%, 60% and 90%.

There are two ways to realize method 2:

a. Calculate the instantaneous efficiency during 8 &nd use the efficiency value
to adjust the temperature indirectly.

b. Use a model to calculate the temperatures andati@ist the inlet temperatures
directly.

Advantages:

- The values of measured efficiencies are evenlyidiged over the range from
10% to 100%.

- Using (b.) it would be possible to determine theptete temperature distribution
before starting the efficiency test, as the 100ficiehcy can be calculated from
the measurements during the time constant testingléghe temperatures before
the test will make the test processing easier,usscthe staff does not have to
determine a temperature distribution during theussg (a.).

Disadvantages:
- Calculations are required to determine the distitiou

- For (b.) detailed information or estimations abihét collector and the test
conditions are needed.

Problems with the lower limit of the inlet temperature distribution

Both distributions require setting one of the fonlet temperatures to ambient
temperature. This measurements give directly thregreept (x = 0 in Figure 6).
Furthermore the standard does not allow extrapgdtie curve. That means the only
way to determine the y-intercept is by settingitilet temperature to the ambient
temperature. This works fine as long as the antligmperature is above 16°C (60°F)
which is the temperature of the cold water suppiyh@ MATC building. But as soon as
the ambient temperature becomes lower that therwapgply temperature (approx. 10°C,
50°F), the water must be cooled. The ambient teatpes is often below the water
supply temperature in Wisconsin. Cooling can migiled by MATC. However, if the
ambient temperature is lower than 0°C (32°F), weder no longer be used as heat
transfer fluid. As changing the heat transfer fligishot desirable, days with an ambient
temperature significantly below 0°C (32°F) may soitable for testing.

Another concern is that the ambient temperature vaay max. +/- 1.5°C (2.7°F). The
inlet temperature must not be updated, but remamstant within +/- 2% or 1.0°C.
(Chapter 8.3.3.3 in the ASHRAE standard). It appézen that the standard is
inconsistent in what must be maintained constaetjrilet temperature or the
temperature difference between the inlet and ambien
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The requirement to set the inlet temperature tovéthee of the outlet temperature
increases the test effort for ambient temperatbedseen 16°C (60°F) and 0°C (32°F)
and makes it impossible (using water as heat teaifisiid) below 0°C (32°F). UW plans
to determine how many days during a typical yearaamilable for testing when this and
other requirements of the Standard (such as th&hbieasolar radiation) are considered.

Problems with the upper limit of the inlet temperature distribution

The highest possible collector inlet temperaturta@MATC facility is currently about
50°C (112°F). To reach this value the hot watepsupf the building and heaters with a
power of 12 kW are used. The most important quagtothe sizing of the heaters is:
“What is the highest inlet temperature we havertivige during the collector test?”

The two allowed inlet temperature distributionsadiuced above set the highest inlet
temperature to a value depending either on the faatuer’'s recommended maximum
inlet temperature or on the efficiency curve of tlo#lector. Using the data of previously-
tested collectors, it is possible to calculateitiet temperatures that would have been
needed to test these collectors using one of tHéR¥EE inlet temperature distributions.
The highest inlet temperatures for both distribngiare calculated below.

Highest inlet temperature for distribution 1

The maximum temperature in distribution 1 is detasd by

(t;; 1) = (tha — 1) 90% (1.4)

where fax is the maximum operation temperature recommengetdedcollector
manufacturer. The maximum inlet temperature isithe

t,, =90%!, ., — 1091, (1.5)

So the maximum inlet temperature depends mainthemanufacturer’'s recommended
maximum operation temperature. The manufacturecemmended maximum operation
temperature for typical collectors on the market loa taken from “Directory of SRCC
certified solar collector ratings (March 17, 20Q4)he range of recommended
temperatures in this directory is shown in Table 3.
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Table 3:Range of recommended maximum operation temperatures “Directory of
SRCC certified solar collector ratings (March 17, B04)”

Collector type | Unglazed Glazed Vacuum tube
collectors collectors collectors
Range of 104 93.0 130
reco_mmended 132 990
maximum
operation 100.0
temperature 100.0
120.0
121.0
121.1
132.0
140.0
170.0
176.7
177.0
Highest tyax 132 1770 130

Using distribution 1, the highest inlet temperasuneuld be required for the collector

with the highest recommended temperatusg. TThe highest recommended temperatures
are 132°C, 177°C, and 130°C for unglazed, glazed vacuum tube collectors
respectively as shown in the last row of TabléA3.indicated in Equation (1.5), the inlet
temperature depends also on the ambient temperaaivee 4 shows the required highest
inlet temperature depending on the ambient tempertfor all three kinds of

collectors.
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Table 4: Range of required maximum inlet temperatures baseBable 3 and ASHRAE 93-2003 (8.3.3.1)
first method

Collector tmax ta ts; taeNn triEN
type [C] [C] [C] [F] [F]
130 0| 1170 320| 2426
130 5| 1165 41.0| 2417
130 10| 1160 50.0| 2408
130 15| 1155 59.0|  239.9
vacium 130 20| 1150 68.0|  239.0
130 25| 1145 770| 2381
130 30| 1140 86.0| 2372
130 35| 1135 950 2363
130 40| 1130 1040| 2354
132 0| 1188 320| 2458
132 5| 1183 41.0| 2449
132 10| 1178 50.0| 2440
132 15| 1173 59.0| 2431
Unglazed 132 20| 116.8 68.0| 2422
132 25| 1163 770| 2413
132 30| 1158 86.0| 2404
132 35| 1153 95.0| 2395
132 40| 1148 1040| 2386
177 0] 1593 320| 3187
177 5] 1588 410| 3178
177 10| 1583 50.0|  316.9
177 15| 1578 59.0|  316.0
Glazed 177 20| 1573 680 3151
177 25|  156.8 770| 3142
177 30| 1563 86.0| 3133
177 35| 1558 950 3124
177 40| 155.3| 104.0| 3115
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Applying the first distribution recommended by ASARto the glazed flat plate
collector with the highest recommended inlet terapee in the “Directory of SRCC
certified solar collector ratings (March 17, 2004)3uld lead to a required inlet
temperature of about 157°C or 315°F. This is araswnably high value. Our
recommendation is not to use distribution 1, adritet temperatures required by many
collectors on the market would be far too hightésting and these temperatures would
not provide useful results if the testing faciltyre able to provide fluid at these
conditions.

Highest inlet temperature for distribution 2

An overview of the required inlet temperatures gsimethod 2 was obtained based on the
“Ratings Summary of OG-100 certified glazed colbest in the “Summary of SRCC
certified solar collector and water heating systatings (October 2006)”. The test
results for a choice of collectors were compiledider to calculate the required
temperature difference. The efficiency curve abHector is represented by the function
(1.1), (1.2), and (1.3). They intercept and tlopa are given in the test summary for
every tested collector. Collector models of thesananufacturer often have very
similar efficiency curves. To get a representatiieice of collectors, one or two
collectors per manufacturer were chosen. Usiniligion 2, the temperature
distribution is determined by decreasing the temjpee until the thermal efficiency is
reduced by 0%, 30%, 60% and 90% from the intercalpte corresponding to an inlet
temperature equal to the ambient temperature. hiighest inlet temperature is needed
for the reduction by 90%. A reduction by 90% mean®fficiency of 10% of the given

y intercept, so

_ 1.1 (1.6)
Sope
and
X+t
t,. =——2, 1.7
fii G ( )

The maximum required inlet temperature for 42 adtie models for an ambient
temperature of 10°C (50°F) and solar irradianc@adf W/nf were calculated on this
basis. The results are presented in

Table 5.
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Table 5: Choice of collectors in “Ratings summalr¥p&-100 certified glazed collectors”
in the “Summary of SRCC certified solar collectodavater heating system ratings
(October 2006)” with an inlet temperature requifedtesting at an ambient temperature
of 10C (50 F) and solar irradiation of 800 W/m

Manufacturer Model Y intercept [W?rlnof\pze-(:] t_fi [C]

Rheem Water Heaters RS21-BP 0.722 -8.36 86.0
Sealed Air Corporation FW-48 0.739 -8.21 89.2
Radco Products, Inc 308P-HP 0.764 -7.51 99.5
Alternate Energy Technologies |AE-21E 0.660 -6.37 101.2
Synergy Solar S19.78 0.626 -6.01 101.7
Sunsiary Solar Manufacturing,

Inc. NC-32 0.508 -4.84 102.4
Solargenix Energy, LLC WS0503 0.600 -5.68 103.0
Radco Products, Inc 408P-HP 0.768 -7.24 103.3
Alternate Energy Technologies |ST-21E 0.674 -6.02 108.5

EPI-

R&R Solar Supply 308CU(3'x8") 0.708 -6.11 112.0
Heliodyne, Inc. Mojave 410 0.726 -6.08 115.1
Rheem Water Heaters RS21-BC 0.759 -5.93 122.6
Solene SLCR-30 0.735 -5.37 130.4
Synergy Solar T19.78 0.647 -4.67 131.9
Alternate Energy Technologies |AE-21 0.706 -4.91 136.5
King Solar Products KS-32 0.706 -4.91 136.5
Mr. Sun Solar AE-40 0.706 -4.91 136.5
Solar Development, Inc. SD8-28 0.706 -4.91 136.5
Solar Mining Company SMC/AET26 0.706 -4.91 136.5
SunEarth, Inc. EP-20 0.682 -4.54 142.2
Synergy Solar TC-26.52 0.697 -4.57 144.2
Stiebel Eltron Sol 25 Plus 0.660 -4.29 145.4
Rheem Water Heaters RS21-SC 0.750 -4.87 1455
Solahart Industries Bt 0.750 -4.87 145.5
Solar Energy, Inc. SE-21 0.704 -4.49 148.0
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Radco Products, Inc 308C-HP 0.778 -4.96 148.0
ACR Solar International 10-01 0.602 -3.76 150.9
SunBank Solar SB10 0.602 -3.76 150.9
Solar Capital Partners Typ A 0.630 -3.88 152.9
Radco Products, Inc 408C-HP 0.779 -4.77 153.7
Schuco International KG V, H, LA 0.718 -4.28 157.6
Solene SLCO-30 0.782 -4.60 159.6
SunEarth, Inc. EC-20 0.714 -4.13 162.1
Schuco International KG V, LA 0.715 -3.99 167.7
Thermomax Industries Ltd. AST20 0.574 -3.05 175.6
Viessmann manufacturing

Company (US) Inc. SV1, SH1 0.720 -3.50 191.0
Beijing Sunda Solar Energy SEIDO 5-16

Technology Co Ltd AS/AB 0.492 -1.92 235.5
Beijing Sunda Solar Energy SEIDO 10-

Technology Co Ltd 10AS/AB 0.462 -1.57 269.0
Beijing Sunda Solar Energy

Technology Co Ltd SEIDO 1-16 0.529 -1.70 283.8
Apricus Solar Co., Ltd. AP-10 0.418 -1.17 324.4
Thermo Technologies TMA-600-20 0.530 -1.42 338.5
Viessmann manufacturing

Company (US) Inc. Typ SP3, 2m2 0.509 -1.09 420.9

The results in Table 5 indicate that only threeafut2 collectors could be tested with an
inlet temperature below 100°C or 212°F. 30 outdtdllectors would need an inlet
temperature above 130°C or 266°F to be testeddisthibution 2. Just like distribution 1
distribution 2 leads to inlet temperatures abov@®@)(212°F) which is not reasonable
for testing a device that is used for low temperapplications.

Conclusion and Recommendations

Both inlet temperature distributions specifiedhe ASHRAE 93-2003 test standard lead
to tests at unreasonably high inlet temperaturesmy collectors on the market. The
conditions specified in the standard indicate #rgdr heaters are necessary and, as a
result, will make the tests more expensive. Beyexjknse, increasing the temperature
above 100°C or 212°F causes problems with regaboitmg and the related change in
fluid properties.

The recommendations for determining the inlet tenajpee distribution are as follows:
1. Test at ambient temperature
2. The maximum inlet fluid temperature should be a&hlas possible, but not higher
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than 10% below maximum operation temperature recenda®d by the collector
manufacturer (as shown above, this will occur sgrelnd test at this temperature;

3. Distribute the two other values of inlet temperastuequally between the two
temperatures used in 1 and 2.

Heaters

The relevant information to calculate the requinedt power for the test facility is the
maximum required temperature rise at a specified flate. The temperature of the hot
water supply can be considered constant throughewear, so the maximum
temperature rise is determined by the maximum redunlet temperature during the
test.

The temperature distributions prescribed by thedtesmdard have been evaluated in the
last preceding sections but the evaluation didewsnd to reasonable values for the
maximum required inlet temperature. We consid@aaimum inlet temperature of 70°C
(158°F) to be adequate. The following calculatiaresbased on the first collector that
will be tested at MATC. The calculated heater powd be sufficient to provide the
defined maximum temperature of 70°C (158°F) afflind flow rate recommended by
ASHRAE.

The considered collector has a relatively larga.arehe recommended flow rate for a
specific collector depends on the collector ardaigher collector area leads to a higher
flow rate. Hence, the heater power will be suéfitifor most of the collectors on the
market, as the required flow rate and as resultehaired heater power decrease for
smaller collector areas. 147 out of the 148 ctbleclisted in “Ratings summary of OG-
100 certified glazed collectors” in the “SummarySRCC certified solar collector and
water heating system ratings (October 2006)” hasmaller area than the considered
collector. So with the heater power calculatethafollowing section all these collectors
could be tested at an inlet temperature of 70°G{&p

The first collector that will be tested at MATC heas area of 7.2 fr(78 f£). ASHRAE
recommends a mass flow rate of 0.02 kgfs¢.7 Ih/h-ft?). The density of water at

37.8°C (100°F) is 993 kg/M(8.287 Ih/gal). So the volume flow raté should be
adjusted to 0.0001451%=s (2.3 gpm). The following table shows the reedipower to
heat up water at this flow rate from an inlet terapareT,, of 37.8°C (100°F) to the

desired outlet temperaturg,,. The heat capacity, is assumed to be constant at 4.182

kJ/kg-K (1 Btu/lly-F), losses to the surroundings are neglected pola@rW can now
be calculated by

W =V [ple, T, - T,) (1.8)

and is shown for different outlet temperatures abl€ 6.
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Table 6: Required heat power for water flowing 8001451 ri¥s (2.3 gpm) entering the
heater at 37.8°C (100°F)

AT T AT Tou W

[C] [C] [F] [F] (kW]
111 48.9 20 120 6.7
16.7 54.4 30 130 10.0
22.2 60.0 40 140 13.4
27.8 65.6 50 150 16.7
33.3 71.1 60 160 20.1
38.9 76.7 70 170 23.4

During a test at MATC on Oct 25 2006, the heaterseviested to evaluate the
calculations. The heater inlet temperature was°83(601.5°F); the heater outlet
temperature was 48.9°C (120°F). The volume flow veds measured to be 0.0001382
m*/s (2.19 gpm). Using the values same values fosideand heat capacity as above and
equation (1.8) yields a required power of 5.9 kWisTvalue can be compared with the
electrical power provided to the heaters. The 3d1savere operating at a voltage of
116.4 V and a current of 18.3 A, so the power wds®V. Possible reasons for the
difference between the power values are thermakksvhich have been neglected and
uncertain measurements of temperatures and flay aatthe calibration of the
instruments was still in progress during the fosilector test.

Theoretically a heater power of 20.1 kW must bevjpled in order to achieve a
maximum inlet temperature of 70°C (158°F) for th@sidered collector.

! ANSI/ASHRAE Standard 93-2003, Methods of Testing to Determine the Thermal Performance of Solar
collectors. ISSN 1041-2336, ASHRAE, Inc., 2003, 1791 TulliedB#, Ne, Atlanta, GA30329

2 ASHRAE Standard 41.1-86 (RA 2001), Standard Metiood emperature Measurement: Section on
Temperature Measurements. ASHRAE, Inc., 2001, Ti9lie Circle, Ne, Atlanta, GA30329
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