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1 INTRODUCTION

1.1 Description of work carried out

Although solar air heating collectors have some significant advantages in comparison to
liquid heating colletors, currently they hava market share of less than 1Pd/eiss,
Bergmann et al. 200®f the global solar collector market. The main advantages of using

air as heat transfer medium are the absence of stagnation and freezing problems and a
reducedtightness requirementor instance, his makes it easier to integrate solar air
heating collectors into facadeSommercially availablair heatingcollector typesrange

from unglazed collectors for space heating support at low temperatures, to high
performance evacuated tube collectors with high efficiencies at increased temperatures. An
important barrier for a broader use of solar air heating collectors is the lack of common
standards for testing to ascertain quality and performance. The Fraunhotetelrfst

Solar Energy Systems ISE is currently working on the development of testing standards
for glazed and unglazedir collectors, the development of simulation tools to calculate
solar gains of solar air heating systems as well as the improvemeataofair heating
collector technology. This work is done in-operation with industry within the project
0Luk®, wh Hunded by the Geomaministry for the environment.

2. TECHNOLOGY OVERVIEW
Different air heatingcollector conceptsare used in different niche markefs.o day 6 s

applications includedirect use of the heated air in space heating, solar assisted air drying
applications, anevater heatingnvolving the use o& heat exchanger to a seconduid-

based heat transfer medium and storage I&pUnglazedair heating collectors ar
mainly used in North Americandlarge facades of commercial and public buildingsres

heat ambient air fospace heatingslazedair heating collectors are mainly usedeurope

for space heating support in commercigplécations,as well as for some process heating
purposes, e.g. the drying of malt at the Brauerei Lammsbrau in Germany. In addition,
autonomous solar mheating collector unitsypicaly with 2 nt of cadlector area and an
integrated PV solar driven ventilator, are usedhé&at air in small buildings such as
weekend houses.

2.1 Air heating collector construction and flow patterns

Air collector development focuses on improvements in the heat transferuotiosn due

to the low thermal capacity of air and the much lower heat transfer coefficient between
absorber and aigs compared with quid heat transfer media. An improved heat transfer
coefficient can be realized by increasing the surface areastimatlirect contact with the
air, or Oi nt e n slfdydiiectinggthe dir lilaav thcoogh hodes ih a shees e
absorbefperforated absorbgror by using absorbgmwith very large surface areas

Unlike with water heating collectors it is not necessary to use hermetically sealed channel
structures for air heating collectors. Air adeat transfer medium thus allows for higher
flexibility in the construction, such as the position of the absorbanyMiifferent absorber
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Page 3 of 31



% TASK 43 - Solar Rating and Certification Procedures

SOLAR HEATING & COOLING PROGRAMME
INTERNATIONAL ENERGY AGENCY

geometries and collear flow designs can be utilize@igure 1 shows different absorber

flow designs of air heating collectors. #AB and B1B3 areglazed A4 and B4 are

unglazed examples Row O6AO6 shows t h ecover eor pedaratetl e d tre
absorbers through which the air is passed to improve the heat transfer coefficient. A1 and

A4 configurations take in fresh outside air through these httlesabsorber design is also

known asfitranspired & w 6 B 6 glazddandumglazedair collectors where the air

flows between thglazingand the absorber, behind the absorber, or on both sides of the
absorberNot shown is gossible channel or fin structure attached to the absorber, which

would increases the absorbair contact eea.

Fig.1: Different types of covered (glazed) and non-covered (unglazed) air heating

cover-absorber constructions ©Fraunhofer ISE

A solar air heating coll ectorisdcgrawsintethe i s cal
collector from outdoorsyhereit is heated and used directly | n contr ast, 6cl o
collector systems circulate the air through the system and the collector and transfer the
heat via a heat exchanger to the point of u:
higher outét temperatures, because the inlet temperature can be higher than the ambient

air. If air is drawn into thecollector via an intake manifoldhe collectorcan operate in
ethercopend or systemslstieedatmbiehtaioip sucked in through holes

either the absorber of the glazimgcan be only operated in aspen system and is

t her ef oopentoccambidnteodl 16e ct or 6 .

Open to ambientollectors are typically used in fagades to preheat the ambient air, which
is drawn intothe collector ad thenused ina building. Since the collector operatasonly

a smalltemperature differdral comparedo ambienteven a small temperature increase of
the ambient aiprovidesuseabléneat andthe efficiency ofopento ambientollectors can

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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be high However, theamount of solar thermal energyhich can be moved into the
building is limited due to the low heat capacity of the air and the low temperature increase
in the collector. Therefore the solar fraction of suctopen to ambiensystem is usubi

rather small.However, sce thee types of air heating systerase relatively easyot
design and construdhey can be very cost effective.

Closed loop collectors are usually covered collectors and operate at higher temypanature
some casedo proess heattemperaturesranges and can be advantageous because
stagnation problemsre minimal in comparison to fluibased collectors. For high
temperature applications a high efficiereyacuated tube air heating collectapable of
generating aitemperatures up to 120°C was developed at FraunhofdB]SE

However, in addition talesign features that achiegeod heat transfeit is important to
optimize the collector desiggp asto achieve a low pressure draphich will limit the use
of electicity for poweringthe ventilator for the forced air circulation.

2.2 Benefits and drawbacks of air heating collectors

To increase the market performance of solar air heating collectors and systemse
applications must be identified where tieawbaks are minimized or avoided and are
outweighed by the benefitA.general overview is given in Tab. 1.

Tab. 1: Benefits and drawbacks of air heating collectors

Benefits Drawbacks
1 No freezingor stagnation problems 1 Low heat capacity of air, thus high air volume
1 Usuallysimpler andess expensiveystems rates and larger channels are necessary
1 Very efficient preheating of fresh air for 1 Poor heat transfdretweerabsorbeandair
buildings possible 1 Closed loop systems:
1 No problems from leaks, no damage, no - Additional losses in the aivater heat
environmental or health hazard risk from exchanger o _
spilled heat transfer medium - Second solar circuit required
(use in facades is possible) (air circuit and water circuit)
1 Open to ambientystems
- Limited/low temperature range
- Fan noise and open air ducts

Today, the solar air collector markist growing in niches where they are already cost
effective. This is often the case ftve unglazed transpiresblar facades in large buildings
such as wehousesnd livestock buildingg North America These buildingsise outside

air for space heating and often have large facades which resigificant sunshine
during winter monthsin some applications in central Europe, covered solar air heating
collectors are competitive with liquid heating collectors. In addition, new applications are
under development due to a growing share of buildings with controlled air systems in
Europe where new market opportunities for solar air collector systems are dxpecte

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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The following market niches for solar air heating collectors caddsgifiedin Europe:

- Common single/two family houses with domestic hot water (DHW) only or
combined systems for DHW and space heating support.

- Niche, applications in mulfiamily housng, heating of nofresidential/utility
buildings, process heat applications.

- Future applications ifigh solar fraction houses (>50% solar fraction)

2.3 Examples of the application of air heating collectors

Solar air heating collectors can be usedifferent ways Error! Reference source not found2

shows simple systems where solar heated air is used directly for space heating. In this case
the facade mounted air collector heats up inside air (a) or outside air (b, ¢ and d) and
releases the hot air directly into the building. In this case the bgiltself is the only

means for storing the heat. It is also possible to pass the heated air through a storage
facility with high thermal mass to inease heat storage capacity sepdrata the building

mass

In some collectors a small PV panel is integrated which provides the electricity for the
ventilator that drives the air flow through the collector. Since the PV panel produces
electricity proportional to the solar irradiation and thus the heat prodacemmatic
operation is possible without the use ofaaditional controller

Fig. 2. Simple air heating collector concepts

{

Error! Reference source not found. S h o ws a s @)istanr for 6oenbimed domestic

hot water and space heating applications. The solar air heating collector is typically
installed on the roof. A threway valve at the aimtakeallows for drawingin outsideair
heaing the building. Alternatively, inside air can bleawninto the collector, heatec&nd
directedack into the building n a fAr eci r@FauhhafdriISEON 0 mo d e

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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Fig. 3: Example of a solar fi ¢ o0 mbsiystemo using an air heating solar collector.

For direct use of the heated air throughout the building, the distribution via air channels
that are large incomparison tothe pipesin the water heating circuit is necessary.
Alternatively, a so called hypocaust hetorage system can be installedhere the heated

air flows through channels in walls and floors, which take up the heat and slowly release it
into the building. If there is no immediate need for direct heating in the building, the heat
can stored in a anventional water storage tank via an-waater heat exchanger.
©Fraunhofer ISE

3 REVIEW OF PERFORMANCE MODELS, TESTING PROCEDURES AND
STANDARDS

Common testing standards are a basic requirement to develop a,msxt@tonlywith
common standardsan the qality of the components be certified, the perforoen
measured, the solar yielthlculated accurately, and the performance of the components
comparedThis informationhelps identify product improvements and drives competitive
market growth. However, cuanttesting standards do ngét sufficiently cover solar air
heating collectors, at least from the European point of view.

The oldest and most wethown air heating collector standard is the AMSHRAE 93,

first published in 1977. This standard is periodically revised and updated by the American
Society of Heating, Refrigerating and ADonditioning Engineersnost recentlyn 2010.
ANSI/ASHRAE 93 provides a good basis for measuring the performance ofaplar
heating collectorshowever durability and reliability tests are not includiedhe standard

Since 2010, the Tedtab for Solar Thermal Systems at the Fraunhofer a& been
accredited for this standard.

Currently, no European tesstandard for solaair heating collectors is available. The
existing solar collectotest standard EN129752006 does not cover solar air heating
collector technologies. In Germany, solar collectequirea Solar Keymark certification

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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based ora test performedaccordingto EN 12975 to be eligible for subsidies. However,
since there is n&N teststandardavailable yet, as an interim solution solar air heating

collectors tested according the relevant parts &N 12975 are accepted for subsidies as
long as no newframework is established. This has caused and will likely cause more
problems among manufacturers competing with slightly different solar air heating
technologies, some of which can be tested, certified and subsidised, and some which
cannot.

To remedy this sitation, and to create a uniform system of test standards, a draft extension
to the EN 12975 standard for covered solar air heating collectors was developed by
Fraunhofer ISE and proposed to the standardization commiteles end of 2010. The

text is basd on the ANSASHRAE 93 standard, but was further developed. Sineend

of 2012 the drafthas beelin the comment phasandis expected to be finally approved as

a part of the new EN 1297EN ISO 9806 respectively spring 2014, latest

In many respects solar air heating collectors can be tested in the same way as water
heating collectors. The rainwater penetration, exposure,-tbigperature resistance,
external thermal shock, mechanical load and stagnation temperature tests as well as the
final inspection can be applied in the same way as for water heating collectors.

However, some durability and reliability tests have to be modified for solar air heating
collectors including he thermal performance testetermination ofthe Incident Angle
Modifier (IAM), determination otollector capacénce the internal thermal shock test and
the internal pressure test.

The pressure drop test for water heating collec®@ptional, howeverfor air heating
collectors it should be mandatory. Unlike wateating collectorsan air heating collector

is usually not fully air tight. Therefore the classical tightness test is not appropriate. Since
the leakage rate has a strong influence on the collector performance, it must be taken into
account in the perfornmee evaluation and ¢énefore musbe measured. In addition, the
determination of the maximum start temperature is mandatory for solar air heating
collectors, but not considered relevant for water heating collectors.

In parallel to the European activitiehhe CSA F378.2 standard for solar air heating
collectors was developed and published in @ana 2011 It is also based mainly on the
ANSI/ASHRAE 93 standard, but witkeveraladded functional test details, similar to the
EuropeanEN 12975 standard. An ewiew of which tests are covered by the three
standards is given in Tab. 2. The CSA F378.2 standard supports the convergence of the
"American" and'European” methad

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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Tab. 2: Standards and tests for solar air heating collectors

pr EN 12975-1: 2011 ANSI ASHRAE 93, 2003 CSAF 378.2, 2011 EN ISO 9806:2014

Thermal Performance

1) Thermal Efficiency v g « o« ¥ g
2) Incident Angle Modifier « « « «
3) Collector Capacity v g X )4 «
4) Collector Time Constant f V4 V4 v
Durability and Reliability Tests

1) Internal Pressure N X e «
2) High-Temperature Resistance g ¢ « «
3) Exposure Vs X s «
4) External Thermal Shock v b4 o« «
5) Internal Thermal Shock v X X «
6) Rain Penetration v )4 X «
7) Mechanical Load « b4 « 4
8) Stagnation Temperature e =4 =4 «
9) Maximum Start Temperature « X X e
10) Leakage Test « v s s «
11) Pressure Drop qf N N4 N
12) Final Inspection «f f o v g

The draft EN 12975extension for air heating collecsois limited to covered collectors,
since the tesmethodfor noncovered air heating collectors is not fully developed yet.
However, Fraunhofer ISE is working on a subsequent draft extension, wiadsh
presented to thetandardization committeest the end of 2011Table 3 shows thich
collector types areaveredby which standard.

Tab. 3: Solar collector types addressed by various standards

pr EN 12975-1: 2011  ANSI ASHRAE 93,2003 CSA F378.1,2,2011 EN ISO 9806:2014

Water Collectors

Covered

Uncoverd
Solar Air Heaters Open to Ambient

Covered

Uncoverd
Solar Air Heaters Closed Loop

Covered

Uncoverd

44 &4 A4S
XL K& X4
44 K4 &S
44 A4 A4S

As can be seemiTalles 2 and 3the EN ISO 9806standard is mentioned as a goal for a
worldwide, unified solar air heating standaBbme important steps to achieve this goal
have already been describéd,joint working group 61SO and CEN under the Vienna
Agreement has taken up this topi& unified CEN-ISO standard for solar air heating
collectors is ready to be published for comtseand couldbe approved in 2L
FraunhoferlSE is supporting this processtively with the development of the missing
parts of the standard.

4 PERFORMANCE TEST PROCEDURES

4.1 Performance test procedure description for air collectors

To measurecollector performance with high accuracy and repeatability is a must for
further developing the solar system markanly a welldefined performance testlows

for comparison ofcollector® performance, allows the calculation of the yield of solar

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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systems and stimulates constructive competition and innovations. In addition, it is a
requisite for gaining a deeper understanding of the technology and the research work
neededo improve the technology.

Requrements for testingncludeunambiguousnethodologyandprecise test equipmerss
well asdefinitions of what must be measured undeawdonditions and thecontent and
formatting of the esults Solar air heating collectors havsome peculiarities whidtictate
differencesin some aspects of performarntesing as compared with thaf liquid based
collectors. The most importadifferencesare presented in the following.

The results of this work were the basis for the dratemsion for solar air heating
collectors, which is currently in the comment phase of EN 12975.

For covered solar liquid heating collectors the following performance model for
instantaneous efficiency is broadly used:

- - © @ (eg. 1)

With the maximum efficiency:

- 00t (eq. 2),

And the mantemperature of the heat transfer medium:
Y-y Y (eq. 3)

With the ambient temperature T the inlet and outlet temperature of the heat transfer
medium (Tn, Tou), the transmission of the covet , the absorption of the absorbeér ,

the collector efficiency factor'O and the solar radiationO. The collector efficiency is
determined with the parametersitd h .

4.2 Mass flow dependency

The most important difference between liquid andcaitectorsis the much lower heat

transfer coefficient betweeihe absorber and the heat transfer medium air, resulting in a
significantly reduced can kit leatihgoaollecwrs.fAs @i ency
consequence, the temperature difference between absogheald the mean temperature

of the heat transfer medium {Tis much higher for air heating than for liquid heating

coll ectors. A | o wasoleadsfédo to higherrvalugdorftha cotleotar ( F 6 )
parameters (@ &), because for the same mean operating temperature of the m@gijum

the absorber temperature,(d will be highercorresponding to higheéhermal loses

For covered liquid collectors theollector parameter ho htd are considered constant
regarding the mass flowdh of the heat transfer medium (liquid). Although this
simplification is acceptable for liquid based collectors, it isfootir heating collectors.
Therefore equation 1 is rewritten for covered air collectors as:

- "AVY R YR -4 Oa — & a

(eq. 4)

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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Therefore, the performance curve of air heating colletors must state the mass flow
used in the tests.

For a better understanding of tdependency of air heatingpllector efficiency on mass

flow, simulations and measurements for covered air heating collectors have been carried
out. A 1x2 m? flat plate aineating collector with unddmned and undeflown absorber

(similar to B2 in Fig. 1) was mathematically modelled to investigate this issue and other
physical phenomena. The 2 m long finned flow channel runs parallel to the length of the
collector.One ctannel in the middle of the collector was divided into a number of equal
length segments. Each segment was modelled by seven temperature nodes interacting with
each other through heat exchange phenomena. After simulating the first segment at
stationary conitions, its outlet air temperature was used as inlet temperature of the second
segment, and so on until the last. Thermal effects at the collector edges were neglected.

In addition to the simulation, measurememis different coveredsolar air heating
collectors were carried out at the TestLab Solar Thermal Systems of Fraunhofer ISE, after
the test stand was impravein order to achieve similaaccuracy in temperature
measurements and mass and heat flow as for measurements on liquid heating collectors.

The collector performance curve was simulated for different mass flow rates with the
model described. Figukeshows the dependence of the collector performance curve on the
mass flow. The curves for the laminar flow range (mass flow m_pkt = 60 kdplhe
graph), for the transition zone (m_pkt = 200 kg red graph) and for the turbulent range
(m_pkt = 600 kg H, green graph) are presented. Since & Zatlector is simulated, the
mass flow corresponds to 30, 100 and 300 kgA.

As expected, the efficiency increases with increasing mass flow since the heat
transfer from the absorber to the heat transfer air improves with increasing mass flow. The
lower the mass flow, the more the absorber temperatygg (@mains above theean air
temperature (), due to the lower heat transfer coefficient. But with a higher absorber
temperature (3,9 the heat losses are higher and therefore the efficiency is lower.

Fig. 4 shows that the performance curves of an air heating colleaboigbtrdepend on the
air mass flow rate. It is recommendédat measurments of air heatingcollector
performancée conducted usintpree different mass flow values.

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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& m_pkt=60kg/h

B m_pkt =200 kg/h

m_pkt = 600 kg/h

Instantaneous Efficiency

(T_m-Ta)/G

Fig. 4: Simulated performance curves of a 2 m? flat air heating collector
for three mass flow rates (60, 200 and 600 kg h-1)

Fig. 5 shows from measutalatahow the collector outlet temperature,(Dut)) and the
absorber temperature f{out)) nearthe outlet depend on the air mass flow rate. In
addition, the dependency of theefid thermal power (@Qw(out)) on the air mass flow is
shown. The measurements were taken \aitiearly constant inlet temperature £{in))

and a constant irradiation (G) of 993 WinBoth the absorber and air temperatures
decrease with increasing mdksv & Ihe difference increases up to a mass flow rate of
about 350 kg/h and then decreases (not shown in a separate line). Holnedéference
between Tabs (out) and;I(mean), shown in figure 4 as well, decreases continuously.

The following phenanena influence the difference between the absorber and the air
temperature at the collector outl&¥ith increasing mass flow:

91 the heat transfer between absorber and medium air improves and therefore the
temperature difference decreases;

 the residence timef the air within the collector decreases;

1 the useful thermal power removed increases, thus the overall thermal losses
decrease.

With other thing being equal, the useful thermal powdr  is proportional to the mass
flow & , due to:

0 G’y Y (eq. 5),

where @ is the heat capacity of the medium.

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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| Optical Losses‘ Thermal Losses |
G O

Solar
Radiation "'

Useful

: Net Useful :
Thermal Power 9 Q

Thermal Power =

\

Solar Thermal Collector

Fig. 5: Definition of the radiation and thermal energy flow through a solar thermal collector

At low mass flow rates the useful thermal power which can be removed is low. The
principal energy flow through a collector is shownFigure 5. When exposed tgolar
radiation, the absorber temperature rises to the point, where the sum of the theesal loss
0 and the net useful thermal power is equal to the irradiatioiO  minus the
optical radiation lossesO , since the thermal losses mainly depend on the temperature
difference between the absorber and the ambient:

"0 O 0 0 (eq. 6).

The net useful thermal powebd depenénceon the mass flow is shown frig. 6,
named @w(out) and normalized to the lowest measured value at 40 kg/h (right axis).
Since the irradiatiomloes notvary the net useful thermal power is equal to the efficiency
and is thusncreasingwithin the mass flow range shown.

120 r 30

100

80

60

40

Thermal Power Output (normalized)

20

Temperature (°C) / Temperature Difference (K)

0 100 200 300 400 500 600 700 800 200 1000
Air Mass Flow (kg/h)

=#=Tabs (out) =*=Tair (out) **®*Tabs (out) - Tair (mean) =® Qflow (out)/ right axis

Fig. 6: Measured temperatures of absorber and air at the outlet of the collector,
difference between absorber temperature at the outlet and the air mean temperature
as well as the net useful thermal power (normalized, right axis) and their dependency on the
mass flow

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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Figure 5 indicates that with increasing air mass flihwe efficiency of the collector
increases towards an asymptoteile the temperature difference between the absorber and
the mean temperature of the heat transfer air is continuously decred@#&iilg.it appears
that thehighest possibleair mass flow ratesvill achieve the greatesfficiency, the
increasing electricity demand for the ventilator must be taken into accoumt an
operational optimunfiound.

At low mass flow rates between 40 and 200 kg/h the temperature and power curves are

very sensitive to the mass flow rate. This range corresponds with speag&flow rates

between 20 and 100 kdi?; the air mass flonin commercially availablair heating

systemsis typically in the range of 60 to 150 kg/tfraccording tothemanuf act ur er 6
specifications. Thus the influence of the mass flow rate must sdeved carefully for

air heating collectors.

The collector efficiency factor (FO6) was det
rates in order to determine its influence. Figdrghows a very strongfficiencyincrease

for mass flow rate up to 200kg/h (L00kg/Hm?), demonstrating the high sensitivity of

efficiencyto mass flowin thisrange.

1,00
0,95
0,90
0,85
0,80
0,75

0,70

Collector Efficiency Factor [-]

0,65

0,60
0 100 200 300 400 500 600
Mass Flow [kg h1]

Fig. 7: Simulated dependency of the collector efficiencyf act or (F6) on the mass fl o

The <coll ector efficiency factor (F6) refl et
absorber and the heat transfer medium in the maximum thermal efficiendy in

equation 4, buit also occurs in thleat losses factore)( @ ,® & . In the first case the

collector efficiency factor increases with increasing mass flow by increasing the heat
transfer coefficient between absorber and heat medium, in the second case it increases due

to the decreasing absorber temperature and therefore losgessléor a given temperature

difference (Ty-Ta).

WHITE PAPER ON AIR HEAT ING COLLECTORS May 2013
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Since at the collector stagnation point the mass flow isardefinition and thus the net

useful thermal power( Is zero. The full power of incoming radiation resulting in a
useful thermal power is then dissipated through thermal losses. The losses are mass flow
independent because mass flow is zero at this point. When efficiency curves for different
mass flow rateare extrapolated they thus all pass through the same stagnation point.

4.3 Reference temperature for the performance curve

To generate aollector efficiency curve it is important to define in the standard the
reference temperature for which the perforoeaiurve is presented, i.e. the temperature
used on the -Jaxis besides the ambient temperature. For liquid heating collectors the
reference temperature is the mean temperatyfedthe liquid as described in equation

1. For air collectors two differersolutions are in use. The AmericANSI-ASHRAE 93

and theCanadiarCSA F378.tandards westhe inlet air temperature ) asthereference
temperature. In contrary, the IEPask 19 recommends the outlet air temperatugg) (@s

the reference temperaturor generating aperformance curve. The reasons for these
different approaches include the following.

In North America mainly norcoveredopen to ambiengir heating collectors are ke
Therefore therilet air temperature is equalttee ambient tempenate and the temperature
increase in the collector is rather smalthen the inlet air temperatures usedas the
reference temperatyréghe measurement processsimplified IEA Task 19 presumably
focused more on covered air heating collectors and took into accouatghtemperature
difference between the absorber and dlreheat transfer medium. Since the temperature
profile of the air flowing through the collector is not ettg known the outlet air
temperature is closer to the absorber temperaturettieemean air temperature, atne
temperature diffemce between the absorber ardbient is the relevant parameter for
calculating the thermal losses, the outghperaturevas recommended

There are fouconsiderationgaspectswhich should be taken into account when dexj
which reference temperature to use:

1. How is the measurement of the performance curve influenced by the reference
temperature?

2. How will the performanceurve be used for comparison between solar thermal
collectors?

3. How does the reference temperature influence the quality of the performance
curve?

4. How will the performance curve be used for simulations of solar air heating
systems?
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Regarding aspect 1:When anopen to ambientollector is measured, the inlet air
temperature is equal to the ambient temperature. Since the mean and the outlet
temperatures are fixed for a given radiation and mass, flo@oes notmatter which
temperature is ches as refeence. However, men to ambientollectors haveonly one
efficiency value for a given mass flow and irradiatiamd different manufacturers may
specify different mass flows per’niThe sameeference temperativalue must be used

for all collectors. # requiresmore effort toperformthe measurement for the same mean or
outlet temperature for all collectors, because the mean and the outlet temperature depend
on the efficiency of the collectoifherefore while it is muchsimplerto reference the
performance ofopen to ambientollectors using the inlet air temperature, it islsa
possible to use the meanthe outlet temperature.

In the case of closed loop collectors an efficiency curve cageberatedy varying the
inlet temperature. Therefore no metions apply here to which reference temperature can
be used.

Regarding aspect 2The main reason to unifyollector performance standards isattow

for compaison of performancendependent of theollector construction or hddaransfer
medium In most cases concerning liquid heating collectbess mean temperature of the
fluid is used as the reference temperatsos direct comparison via mean temperature of
the air aghereferencéemperature foair heating collector performance is possible.

Regarding aspect 3:The thermal losses of a collector depend mainly on the mean
temperature of the absorber. The performance of a solar collector, according to equation 1
and 4, depends on the temperature difference betwgandthe ambient temperaturg T

To determine the mean temperature, the ialled the outlet temperature need to be
measured. For the same mean temperature many inlet temperatures are possible, by
adjusting the mass flow rate to achieve desiredoutlet temperature. The same applies

for the outlet temperature. This medhatif eitherthe inlet or the outlet temperatuakone

were to be used as the reference temperature without defining the other temperatures, the
result would not be sufficiently defined.

Regarding aspect 4.Simulaton models calculate the outlet temperature of the collector
for a given inlet temperature using the efficiency of the collectoronliy the inlet
temperaturavere usedasthe reference temperatutbe efficiency would be independent
from the temperaturdifference between inlet and outlet temperatuiaich is physically

not possible. This is the same argument as in aspect 3.

Therefore, only the mean temperature can be used as reference temperature- for well
defined measurements of the performance clteethisreason the mean temperature is
proposed aghe reference temperature for air heating collectors in the draft for EN 12975.
Where the difference between inlet and outlet temperature is limited and the measurement
conditionsare fairly constanisis the case when measuring ramvered open to ambient
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collectorsthe inlet temperature could be used by proxy.

Therefore the question is: howcan the mean temperature can be determined. The
temperature difference betwettre absorber anthe heat transfeair is usually largeand

an asymptotic profile for botfrom the results of th@forementionedgimulations of air
and absorber temperatures along the collector channel, shown ingiJure heat transfer
coefficient for each segmens also shown.The temperature increase of the air in the
collector isnearlyl i near
also validated by measuremeniswas thereforedetermined that the mean temperature
can be calculatkin the same way for air heating collectors as for liquid heating collectors,
i.e. as the arithmetic average of inlet and outlet temperature as described in equation 3.

from t he

nl

et-ind.

Air Temperature

—4—Absorber Temperature
—-Heat Transfer Coefficient

Air Temperature [°C]
=y
o
L o=

0,0

0,5

T
1,0
Length of Flow Channel [m]

1,5

2,0

40

30

20

10

Heat Transfer Coefficient [W m2 K'1]

t Adi sutlestul

Fig. 8: Simulated temperature of the heat transfer air and the absorber as well as the heat

transfer coefficient
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4.4  Detailed work on measurement methods and leakage rate to achieve
suitable accuracy

The temperature of the air in a channel depends on different variables; therefore a
comprehensive analysis using computatioihaild dynamics is needed to simulate the
behavior. The equations describing the situatawa the continuity equation );7the
moment equatior8j and the energy equatio®)( These equations in differential form are:

} - density
ti time
v i velocity
% +DQrv)=0 g i gravity of earth
pi pressure
(Ea- 7 Ui friction term

dv . kT thermal conductivity
r—=rg-bp+b0, e i specific energy

dt (Eq. 8 ui specific internal energy
T - Temperature

de ci specific heat
r SC+vpp=p{(kDT)+D{v1,) _
dt j (Eq. 9 A - area

According to these equations {howevewnlyathree f i v e
equations are provided. The other meressargquations are fahestate of a gs.

r=r(pT)

Eqg. 10and1l
u=u(p,T) (Eq and1l)

Theoretical solutions for these problems can only be prowgedakingmany assumptions
suchas that the fluid to be modeled is behaving Bewatonian fluid or that thdluid is either
incompressibleor anideal gas. Computation&luid dynamic programs are often applied to
solve more complicated (and closer to reality) situations.

The calculation of the temperature in air channels involvesy variants and must be
analyzed carefully. One exampgghat die to the air density gradiemmiduced by temperature

differences and changes in the floating directidlmsying air in acircular pipe cannot be
consideredo beaxial symmetric.
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Jig, w75 L

Figure 9 and 10: Results of fluid dynamic analysis of the temperature distribution (left) and the
air velocity distribution (right) of an air duct of one meter length. The flow direction is from left to
right. The minimum values (blue) are 0°C (273 K) and Om/s; maximum values (red) are 67°C
(340 K) and 0.85 m/s. ©Fraunhofer ISE

In order todescribehe temperature afevicedike solar air heaters which are assembled from
different parts and materials it is reasondbldefine ahermal mean temperatuie;this case
this mean temperature tefined as thesum of all singt parts weight with their respective
heat capacity and temperature in relation to the sum of their thermal capacity and mass.

AmeT
Tm,th = i:ﬁ
amec
i=1 (Eqg. 19

This equation has to be transformed to describe the real mean temperature in the air channel.
Thereforean integraloverthe entire normal surface areaeds to be determined considering

all the depending variables. With this transformationttie@mal mean temperature is called
mixedtemperature.

T (AV(A) 7 (A)c(A)dA
T =A

m,th

V(A r (A)c(A)dA
A (Eq. 13

Deriving from thisequation one can see what parameters have to be measured at each point of
the cross section areaftod a meartemperaturef the testing fluidThese are:

- local temperature
- local density
- local heat capacity (depending on humidity)

- local air vel@ity
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Equation {4) shows that the temperature is beneath others depending on the fluid velocity
This means that the temperature measuremnmargt consider the velocity profile in order to
arrive atan accurateresult. To simplify the process one caronsiderthe density and the
specific heaasconstanwithin one cross section area along the channel [1].

Thereducedexpression for the mixed temperaturé¢hisnas follows:

1
Ton = A T (AV(A)dA

m A (Eq. 19

4.5 Comparison of two methods for temperature measurement in gas
streams

In the following sectionstwo methods for temperature measurements are described, their
advantages and disadvantages are discussedla suggestion is madabout how the
measurement can be standardized. The aim is to idensfyitable method to measure the
reference temperatures for a caloric characterization of solar air heaters.

600
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Figure 11: Sketch of method 1 using a blender and multi-sensor temperature measurement unit
(left) and method 2 using two net and an integrating temperature sensor (right)

4.5.1 Method 1: Multi-temperature sensors with air blender

In this methodthe gasis mixed wth an air blender(Figure 11 left) to ensure greferably
homogenous temperature profile. This profile is homogenous but only at a certain distance
behind the blendetepending on the Reynolds number of the fiatwation.
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Meantemperature = 76,7 °C

Volumeflow = 146 m3h
left figure shows the temperature distribution without blender. The mean temperature is 83.4 °C,

the temperature variation is 3.3 K; the volumetric flow is 141 m3/h. The right figure shows the

Figure 12 (left) and 13 (right): Temperature distribution measured in a 200 mm air duct. The
mixed air temperature by using an air blender measured 34 cm behind the air blender. The mean

temperature is 76.7 °C, the temperature variation is 0.7 K; the volumetric flow is 146 m3/h.
©Fraunhofer ISE

By using an air blender the homogeneity of the temperature distribution across the saface at
certaindistance after the blender can reach values up-t0.3% K. In this case, when aair

blenderwas not usedhe temperature dierences exceede8.3 K. The distance between

blender and temperature measurement inflegtite homogeneity as well as the velocity of
the air stream. These influences are shown in figure 6.

maximum temperatur
difference IN K

Figure 14: Maximum temperature differences within a cross section caused by the distance

between blender and temperature sensor unit and by the velocity (volumetric flow) of the stream.
The green and red points are the projected measured points in xy-plane and yz-plane.
©Fraunhofer ISE

The distancdetween temperature sensor and air blender was varied from 140 to 350 mm for
these experiments. The complete length of the temperature measuringinigudiag theair

WHITE PAPER ON AIR HEAT ING COLLECTORS

May 2013
Page 21 of 31



sm TASK 43 - Solar Rating and Certification Procedures

SOLAR HEATING & COOLING PROGRAMME
INTERNATIONAL ENERGY AGENCY

blenderexceeds600 mm and the entire length must be properly insulated in ordeeaehi
accuratdemperatureneasurements

Table 4: Advantages and disadvantages of method 1

Advantages Disadvantages

Dependence of the distance between air blender

Repeatable andccurate
P temperature sensor on the Reynolds number.

temperature rofile o
.p . p_ temperature sensor has to be moved dependingi

achieved by installing . . :

blender velocity. In normal operatn the sensors are fixed at

position with the result of high@nhomogehmity.

The blender generates
only low pressure lossg The measurement error depends on the homogeneity
in the measuremer temperature distribution

channel

Large surface areaf the air channels leads tbermal
losses because the channel length is determine
operational considerationkescribed above

Thermal losses must beonsidered in the thermal
performance of the solar air heateue to thehigh number
of sensors needetis not possible to calibrate the thern
lossesf the sensors

Many sensors are needed in order pmvide a good
homogeneity

4.5.2 Method 21 integrating temperature sensor with two nets

In method 2 he sensorunit consists otwo nets along thechannel witln a distance of 1hm
in order to provide a uniform velocity profilesee figurell, right). The temperature is
measuredbehind these netsith a spiral sensdiomogeneouslgoveringthe channel ared].
The distance betweehe netandthespiralsensor is 10 mm

The length of the equidistant temperature sensor depends on the diameter of the air duct and
the radian distance between each winding of the sensor. The geometry of the nets has to be
analyzed in case studiessit depends on theolumetric flow and the diameter of the air duct.
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Table 5: Advantages and disadvantages of method 2

Advantages Disadvantages

Need to analyze the effect of the net on air flo
Velocity profile can be considered uniform An optimized net is requirefdr this measuring
method.

Only one signal sensor Pressure drop caused by the sensor

Smaller space needed leading to a smaller sur
area. The distance between temperature sen
and solar air heater can be reduced to 100 m
The total constructiotength can be reduced to

150 mm

Preconditions for using methoda2e a homogenougelocity distribution anda requirement

that the nets have no influence on the temperatneasurment. Three case studies
representing differerntonfiguratiors help modela properly working temperature sensbhe
reason for developinthese three differergtudiesis to provide different flow conditions and
study the effecbon the temperature profile arambnsequentlythe effect on the temperature
measuremenilThese situabns are assumed to occur when characterizing different air heater
products.

The first configuratiorconsistsof a 3 m straight pipahere the sensor is placed at the end of
the pipe.

In the £condconfigurationthe sensor is placdsehinda 90°lbow. In front of theelbow a 3
m pipe is placed in order to avoid disturbance on the fluid profile.

The third casstudyis a diffusercausinga diameter change from 120 mm to 200 mm.

Effect of theneton flow speed

2 In figure 15 the distribution of the air
velocity in a horizontal line through a
e /H“'\'\\/_T straight air duct is shown (flow direction
§ %ﬁ N from bottom to top). The bluene shows
E T the measurement values without fine
< s meshed nets. The violet line shows the
straightened profile aftehé fine meshed
o - . . . | Dets. The green line demonstrates the
Radius [mm] theoretical line calculated according to
-=- without fine mashed net —- with fine mashed net — theoretical distribution NICURADSE. The calculated variance is

reducedsignificantlyby using the fine meshed nom 5-10° to 5-10°).

Figure 15: Distribution of the air velocity in a straight air duct
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Figure 16: Distribution of the air velocity after a 90° elbow

2.0

The blue line inFigure 16 shows the

s velocity profile after a 90%lbow. The

inner circular part of thelbow (positive

ol T N radial values) shows a reduced velocity.
/\\R/N*J\‘ The outer circular part of thelbow

os ~— shows a higher velocity. Both effects are

o compensated by the net. Variance is

100 50 o 50 wo  reduced from 9-16 to 4-10° by using

redve fm the nets.

Air velocity [m/s]

—+ without fine mashed net -=-with fine mashed net

Figure 17: Distribution of the air velocity after a diffuser 120/200 mm

0 The air ducts in solar air heaters often
vary in the geometry and it is necessary

15 — to use diffusers in order to adagphemto
1 / \’/\ measurement devices. In this case the
10 distribution of air velocity is extremely
1 m disturbed. h figure 10 this distribution is
T S represented by the blue line. The effect
o of diameter change from 120 to 200 mm
100 50 0 50 0o js reflected in the flow distribution. The
radus fine meshed net reduced the

inhomogeneous profile. The calculated
variance is reduced from 0.253 t®07 by using fine meshed nets.

Air velocity [m/s]

-+ without fine mashed net -= with fine mashed net

It can be observed that the net provides a uniform velocity profile. Therefore the temperature
measured by the spiral sensor is accurate since there is not need to weight the temperatures
across the cross section.

4.5.3 Effect of fine mesh nets on temperature

To analyze thenfluenceof the neton temperaturehe following experiment was performed

The air streamwas heated, after temperature and volumetric fere measuredvith and

without net In order to estimate psible effectsof the net on the temperature in stationary
conditions, such aseat transfer or radiation exchange from the net to the channel surface or
to the sensor surface, the volumetric flow was kept constant. The temperature was measured
in a horizomal axis with 6 points covaerg the same circular area. The temperature was
weighted by the velocity. Figure 1€hows the difference of this weighted temperature and the
temperature of the air heater.
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8 o These results show that the net has no
[ : . g

& 006 significant effect on the measured
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g 00 temperature and its influence can be
% £ 0.00 neglected in a stationary measurement.
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Figure 18: Weighted temperature difference at different preheated temperature levels (50, 75
and 100 °QC)

4.6 Conclusions regarding measurement of air flow and temperature

Both methods omeasuringemperatures in air channels lead to accurate results if they are
executed irthe proper way. Both types of sensor units have advantages and disadvantages.
Whenusing the temperature sensor with an air blendethmdel) many single point sensors

are needed. The minimum number of sensors should el 2emperature measurement
pointfor a 200 mm air duct. This leads to a relative high uncertaggagrdingthe calibration

of the sensor units.

Because of the fathat the homogeneity of the temperature depends on the temperature level,
the geometry of the air duct and also on the flow parameters, the measured arithmetic mean
temperature differs from the real mean weighted temperaigeation13). To reduce the

error of measurements different temperature layers have to be migeadiacean acceptable

mean value. The ANSI ASHRAE 2003 requires a value with a tolerance 6fG:b K [2].

To reach this value a properly working air blendeetuired

The temperatre profile uniformity when using a mixing devicepends orthe Reynolds
number of the flow and the distance between the air blender and temperature sensors. To
accuratelycharacterize a solar air heatermust be measured with several volume flows
therefore the temperature homogeneity can vary. The advantage of this senfigurationis

that temperature profike can be visualizedOn the othemandthe complete construction
length carexceed00 mm. The heat losses over thannelengthsbefore and after the solar

air heater have to be considergldencalculatng the solar air heater performance. Therefore

this method is very sensitive to varying products and boundary conditions and seems to be
difficult to use

In the case of using thermperature sensor with nets (method 2), only one sensor is needed.
The sensor isonfigured to uniformlyrepresent theross sectiomf the air duct. This can be
accomplishedby configuringthe sensor in an Archimedean spiral. To be able t&gsation

14 and ensure that the measured temperature is the mean weighted temperature the air
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velocity has to be uniform. This can hecomplished by placing two fine meskts short
distances in front of the tgmarature sensor. The fine maess guaranteéhat thedistribution

of the air velocity is homogenous even after thehais passedhrougha 90°elbow or a

diffuser. Withadditionalcase studies optimizedeshnet geometry can be found. The length

of this kind of sensor can be redudsdup to3/4 in comparsonwith the length of the sensor

unit using an air blender. The sensor measures the temperature directly at the solar air heater
inlet and outlet. Due to this fact the influence of the surrounding environment is reduced (the
influence of heat losses, wirgpeed and irradiation). The heat loss between inlet and outlet
sensor can be calibrated in such a way that no recalculation is necessary.

Therefore we suggest the application of method 2 with a spiral temperature sensor and net
assemblyas the standardizl method for temperature measurements in air ducts for the
characterization of solar air heaters.

4.7 Performance test methods for uncovered/covered, open to ambient and
closed loop collectors

As described above tesequencesor air heating and water heating collecttia@/e many
common features, however significant difference betwssm to ambiendir collectorsand
covered, or glazed collectors must be madpen to ambientolledors always use ambient
air as inlet air ath heat this air flux to the outlet air temperaturbis makes thédoundary
conditions for eta0 measurements difficult to control and prefameeair heating collears
may have asignificantdelta T over the collectorio have amean value ofyf on the same
temperature levehs tomn, mMakeslow inlet temperaturesiecessary For example if the
collector efficiencyis high,the inletair temperatureat near eta@onditions may be raised by
40°K at the outlet.To raisety, to the level of 4 inlet air at atemperature of around 0°C
would be requiredHowever, heating tke air in the collector will change its capacity for
humidity significantly.So this would lead to conditioned air for the measurement which is not
realistic anymore.In addition to this effect, the inlet temperature for open to ambient
collectors is the ambient temperatuneweverif cold inlet temperaturair is providedas just
described, the,twould againnot be at 4w, These effects lead to tleenclusion that specific
temperatureoperatng points and the respective efficienciasd power outputshould be
generatedrather tharcurves to extrapolate.

A similar effect happens vem describing the IAM obpen to ambientollectos. The IAM
should escribeonly the optical losses from a varying incidence asglée measurethese
influences empiricallghe boundary conditions when the mean heat losses of the collector are
zero under perpendicular radiatiare determinedandthen determined again feach of he
different incidenxce angles required\s noted previouslthe eta0O conditions amot possible

to providein some casesAs aconsequencethe IAM may not beable to bedetermine
empiricaly if the nothermalloss conditionsare not providedThis effect is especially true

for collectos were the mass flow is directly controlled by an integrated PV module. In such a
cadlector, the fan generating the mass flow and therefdetermining the operation poirg
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provided with electricity from an iegrated PVmodule. The resultis that the higher the
irradiance the higherthe mass flow, the more heat exchanged thus the more heat power
output. Calculating a yearly energy output dime basis of standard collector parameters is
complicated forthis type of product. The mass flow dependency of the thermal collector
performancas linked tothe angle dependency of the PV moditeturnresulting in a IAM

for thermal performance.

The effect ofwind on thethermalconvectionlosses of aollectoris an important parameter
for all collector types. Formaevacuated tube collector (ET@)e externalconvective losses
are significantly reduced by the vacuurior a standardlat plate collector (FPCyith a
transparent cover and some gap between tBerlabr and the cover optimized to have no
internal convection transportirgignificantheat from the absorber to the front cover, the wind
dependency can be measured but has often proven to be in a lowwamgieffects may be
more pronounced ocollectas where the front cover is either in direct contact with the heat
transfer mediumor collecto desighs without any protection against convection logsesh

as unglazed)and these effects must be quantifidthe values from the measurements can
then beused for calculations and simulations. The dependency is descrilkepisyonl5:

1 (Eq. 15)

Q )
=4 - b,
AGB“ max0m/s hj

=== water heating solar collector

0,9

o SAHC @ high mass flow rate

e + »SAHC @ middle mass flow rate

=mw SAHC @ low mass flow rate

® Uncovered SAHC @ 3m/s wind and 4
mass flow rates

Collec tor Efficiency [ %]

® Uncovered SAHC @ 1.5m/s wind and
0.1 4 mass flow rates

0 Uncovered SAHC @ Omy/s wind and 4
0 0,01 0,02 0,03 0,04 0,05 0,06 mass flow rates

dT/Gin Km¥WwW

Figure 19; the graphic shows dependencies of collector performance on dt/G, mass flow rates and
wind speed
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4.8 Simulation tools for different technologies and applications

To calculateeconomic performance and convirepotential custometo purchase solar air
heating systemit is necessary tgimulate the solar yield of solar air heating system at a
specific site and under the specific conditions. For solar liquid heating codleseteeral well
known and validated simulation programs are available. For air heating systems two
commercial tools are availablehowever they are unable to simulate some of the
commercially availablsolar air collectors on the market.

The freeRPpT®9greennd i s made available by th
Canada (NRCan) (RETscreen, 2011). Tdmreadshedbased program calculates system

yields for noncovered (unglazed)}ranspired air collectors. A selection can be made between
ventilation ar heating and process air heating. The results include values foydike costs,
greenhouse gas emission reductions@oductenergy production.

The second program O6TSol 6 (Pro Version 5) i
GmbH and can caldate two system configurations (Valentin, 2011). One is for domestic air
heating, the other for domestic air heating in coration with solar domestiwater heating.

TSol provides a choice between fresysemair (0
configurations The results include system efficiency, greenhouse gas emission reductions and
savings of natural gas.

In order topredict theenergy productiomf a solar air heating system in detail and opténiz

the technology and the design of solar air collector systems, a more detailed simulation tool
verified with reliable test data of the solar air collectors is necessary. Fraunhofer ISE is
developing a solar air collector Type for the simulation tool TRN$Y®rder to model
different solar air heating collectors and systems. A yield calculation is also important
because it is required faccessingubsidies for solar thermal collectors in Germany.

5 AIR COLLECTOR TESTS

Figure 19 (above)xhows efficiency testresults for different solar air heating collectorssts
for performance and functional tests for methodology validat@ve been carried out. The
tests on functiomprovide important informatigrandin some casesaybe the reason for not
meetingthe equirements of the Solar Keymark label.the experience ofraunhofer ISE
the collectorsability to withstandmechanicalloads induced by wind and snoand the
tendency to accumulathigh levels of condensation wide collectos are thetwo most
commonfactors forfailing performance and durability tests.
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6 ANNEX: SUBTASK A ROADMAP CONTENT RELATED TO AIR HEATING
COLLECTORS

The Subtask A Radmap content was developed this section and appears as part of the
Roadmap of Collector Testing and CertificatiissuegSubtask A.1)
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