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1. INTRODUCTION

' This investigation is concerned with test methods used to determine

'the‘degradation:of_solar cOllector’thermal performancelcahsed'b?imate- ;
“’:rial’property changesfresultlng'fromElonghtern'environnental exposnre.r
Materialhproperties Which-effectfthermal'performance inclqdelahsorber
plate'solar ahsorptance-and:infrared’emittanceg>SOlaraandfinfrared
ktransmittance otvthe coyers;_and insulatlon thernal'conductinity.' The .
”major:enﬁlronmental conditions’Whichhmay"cause.changes in theSe pr0p;
pertles are nltrav1olet radlatlon, humldlty,>and elevated temperatures.
The sultablllty of dlfferent test methods to 1dent1fy property changes'
are explored as are the means by whlch varlable and nonrepeatable
'outdoor envlronments affect these methods.}'
| The short;term objectlre of the’ research 1s to‘develop new tech—”»'
”.”nlques to measure collector property changes after env1ronmental expo-r
‘fsure;‘ If these short-term obJectlves can: be reallzed then the long
term obJectlve‘of the research Would be to 1mpr0ve solar collector ;
vh'rellablllty and long—termbperformance, determlnermechanlsms whlch cause
:pproperty changes, and establlsh accelerated test procedures.:‘The_shortfl

 term obJectlveals-the‘maln'empha51s of:thlsglnvestrgatlon. '



1.1 Scope

The investigation reveals some of the limitations of the current
test procedures used to determine the long—term performance of solar
collectors. New test'methodé are proposed and evaluated. These new
methods are based on measuring the 'stagnation" temferature of solar
collectors to determine solar collector thermal performance degradationm.
The stagnation temperature is defined as the equilibriuﬁ temperature
obtained in a solar collector when there is no working fluid removing
energy from the collector. This investigation is concerned with flat-
plate nonconcentrating solar collectors of conventional design (i.e., no
convection suppressing 'honeycomb'' grids or "accordian" folds, curved
. covers, or reflection devices). The method may apply to nonconventional
designs, but this extension is not considered in the present investi-
gation.

The investigatioﬁ involves devéloping steady-state and transient
stagnation temperature models. The analytical models are experimentally
validated and used to determine the sensitiQity of stagnation temper-
ature to collector property changes and environmental cbnditionsf In
addition, indoor and outdoor experiments are designed to provide data to
analyze test meﬁhods incorporating stagnation temperature. Although
analyzing test methods is the main emphasis of this investigation, time
constraints precluded obtaining elapsed time data of longer than three

months  to verify the new methods.



1.2 Béékgr,bgna_ o

The Natlonal Bureau of Standards (NBS) 1s currently sponsorlng
1nvestlgatlons of test methods for predlctlng the rellablllty of solar
"eollectors.ﬁ ThlS stud? 1s a part of the1r Solar Collector Durabllity L a
.land Rellabllity Test Program [1- 3] The research 1n the present 1nves-:

. tlgatlon 1s prlmarlly an attempt to reconc1le the test results that were

_‘v‘obtalned under the NBS test program.. The test method used to obtaln the

»1n1t1al and post‘stagnatlon exposure thermal performance tests’was an. >
’eneroy output method [4] - The energy output thermal efflclency of a g:ﬁv
‘ solar collector 1s deflned as’ the amount of thermal energy transferred
: to the worklng tluld d1v1ded bw the amount of solar radlatlon 1nc1dent
~on- the collector'aperturer‘ Previous investlgatlons [3'“5 6] have shown'
' luncertalntles in the measured eff1c1ency of thls energy Output method to:
'beii_j-to 4‘percentage unlts.' The measured'valuesrwhlchltontribute tov'
ithe;uneertaintymof‘the:energy;output methodfare mainlwdthefmassaflow -
rrate,_solarﬁradiation, and the temperature dlfference between the exit ;,
'and:lnlet temperatures of the worklng fluld. Flgure 1. l shows dataufrom7h
the,NBS.hurahilityiand Rellablllty Program for the 1n1t1al‘"base11ne
,thermal performanee testsgofecollector-B (the propertleshofuth;s and
dother collectors:areadeserlbed laterii These'data were‘obtained“at:test,
sites.lpand.Z KtestrSTte“numbers;refer_to‘testvsltes:used‘in:refereneed;f ‘
1 vandfz.).ﬂ*frhe SolldllnelnFlg 1.1 is a linearfleastj-'_squares'“fitrto;-'; :
' the data‘whieh:iS'plottedfin;thé.manner'preSCrihed by'referenCe’4;a The -
:ealeulatedfexperlmentalruneertaintyfassoeiated'withlthe*testfﬁethod”lsft

‘!__gﬁbhn by*thefdb;ted,lines;f‘As'expected,ﬁthe_experimental‘resultsﬁu_
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igenerally lde wrthln the measurement uncertalntyrrange.' Flgure 1. 2
L'shows thevmlnlmum amOunt of change 1n the solar absorptance of the
:;;absorber plate of collector B whlch results in a- dlstlnct separatlon ofp
the uncertalnty bands between the inltlal and degraded performance
icurres. ThlS graph was constructed by u31ng calculatlons from the wellh
;~establlshed Hottel-Whllller—Bllss analy31s [7] and state—of-the-art
Jchxten51ons [8] The theoretlcal curves 1n Fig. 1 2 were 11nearized 1n‘
‘order to be con31stent Wlth the manner in- whlch Flg 1. l was. con-. i
’ structed;: It appears unllkely that changes in absorber plate absorp- .
v‘“‘:tance less than about 10 per cent can be statlstlcally detected by usrng
"vthe energy output method.‘{"b -

» Representatlve results show that‘the measurement uncertalnty 7,-
:obscures determlnlng p0891b1e changes Wlth‘respect to tlme 1n ‘terms of
L;the two collector performance parameterstg_These two parameterslare
"_jthe ordlnate 1ntercept of the 11nearlzed eff1c1ency curve (the soe-

tcalled optlcal efflclency) andvthe slope of the efflclency curve Whlch
~ is proportlonal to the average heat" loss coeff1c1ent for the col-’i
:_lector;v These tworparameters‘are presented as a functlon of exposure
time 1n Flgs.,l 3 and l 4. Both flgures shom results obtalned at test
51te 1 u31ng three collectors from the same manufacturer and productlon
"lot.; Agaln, the measured results generally lle Wlthln the measurement
"iruncertalnty range for both parameters.‘ Therefore,'small collector
'f_property changes as. a functlon of tlme would be. dlfflcult to dlffered
*”entlate from the experlmental uncertalnty 1n determlnlng both param;=

eters.‘ A comblnation of low sens1t1v1ty to changes in collector ff
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s

'ropertles and a relatlvely hlgh measurement uncertalnty llmltS the

energy output method‘for detectlng eff1c1ency changes of less than
approxlmately 10 per‘cent.,
Whlle Figs.‘l 3 and l 4 show the llmltation of u81ng the energy

i output eff1c1ency asba ‘means" of reveallng collector materlal property

\
|
|
+
N
|
i

changes, a proposed test method based on measurlng only the absorber

‘plate temperature of a solar collector appears to have greater po-
1tent1al- The advantages 1nclude 1ess measurement uncertalnty and a

relatlvely hlgh sen31t1v1ty to collector property changes as compared
i : .
‘ to ‘the energy output method Since a worklng fluid 1s not used in theg'

ctest, measurement uncertalntles assoclated'with measuring'the-flOW—

" rate and determlnlngf%he'propertiesgof the fluid are elimlnated;i
Additionally,‘aplo pe% cent reduction'inpthe‘solar transmittanceiof‘a
cover or the solar abborptance‘of'thebabsorber plate7causes approXi—

‘mately a lO»per:cent_reduction“in'the diiference between‘the absorber
vand‘ambient temperaturer .lhls conditlonhwould‘produce‘a,decrease ln the’
absorber_plate‘temperatureatromllOfC:toIQO_C“which is readilyrmeasured’
using‘thermoCOuple:temperature‘sensors. .Also; changes‘in‘the'infraredh

emlttance from O 20 to 0. 30 result in approx1mately the same decrease

"»

"ln absorber plate temperature.‘ An addltlonal advantage 1n u31ng the
_stagnatlon temperature to determlne collector property changes is that j-.
the collector performance‘can be monltored contlnuously durlng the |
lstagnatlon exposure. 1On the other hand the energy output method

':rrequlres perlodlc relocatlon of the collector from the eXPOSure rackr

’to a testvstandgand,back.”,Thls‘relocatlonvlsglnconvenlentcand_as

|
[
P
i



'much as a'ééék,brfﬁofé'of.expasuféitiae cahibejlost. In addltlon;‘
,testlng by the energy output method is considerably more expen31ve.
However, a test method uslng stagnatlon temperature lS not free
‘from potentlal problem areas;; These problem areas: 1nclude relatlvely
slow.time response'of collectors'to.changes in the solarrlrradiance,'”r‘
stronger effects.of env1ronmental condltlons on measureo temperatures,
and. the temperature dlstrlbutlon of the absorber plate. A-typlcal
time constant for the absorber plate temperature of a stagnatlng
-collector is One—half hour. This long time"response.can 1ead to
errors in measurlng steady-state temperatures long after a perlod‘ofjv"
cloud cover. Env1ronmental condltlons, malnly w1nd speed solar ra—
diation,.and amblent.temperature .haVe a strong'effect on the stag—e
’ vnatlon temperature of collector components as a result of the hlgh |
temperatureblevels_duringjstagnatlon.‘ Heat losses around the perim-
eter'of the?collector‘combiued:with lhternalvairﬁstratification can
.cause the absorber plate temperature to be honlsothermal.' This
absorber’plateftemperature eistributlon resultspln difficultiés,in;
defining an_ueffectiven-absorberrplate temperature.p Thefsignificancev
and the.methods:of‘reconcilihgithese potential'problemxareaS,are _i.'

considered in the present investigation.
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1.3 Literature Review

_The body;ct iiterature'dealing:mithfstagnationdtemperature is
‘divided into threermainfcategoriesri The first{of theselcategories”'
deals with ‘the- degradatlon of materlals durlng stagnatlon exposure.
The second body of llterature con51ders measurlng the collector
thermal performance_by measurrng;the'stagnatlon temperature of’the;
absorber plate‘»”Finaliy,nthere'is_the body‘of>literature dealing with
general coilector“performance‘models'and snecific heat'transfer
;reSults which are of interest. in . formulatlng an analytlcal model
.to analyze ddfferent stagnatlon test methods...Each.one.of these:

categorles is. cons1dered separately in the follow1ng sectlons.

Material Degradation'Literature‘ ,

Exce581re temperatures w1th1n a solarbcollector durlng stagnatlonkd
’condltlons can damage plastlc corers, destroy the bond between the
absorber.plate_and’flOW’tubes, char backside‘insulation,'and cause
thermal expan81on problems. Three days of stagnatlon exposnre‘are
requlred in the ASHRAE 93 77 test standard [4] before obtalnlng the.
thermal performance of a solar collector to detect short term damage as:h
_avresnlt of these high»temperatnres. QPad;llo [9];discusses-problemsA
-dealing,mith;solarhcollectors during,staénation andnsnggestsbpossible_
ways to avoid stagnataon.. But ;é’a resultvof instaiiation;'poWer |
' fallures; and long-term resldent absences, the‘probablllty is hlgh

‘that .a solar»collectorwW1ll stagnatefsometlme durlng its service llfe. :
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i'SeVeral authorst[lb-lSthave discussed-exposing solar'collectOrs in
a stagnating mode asian accelerated exposure test.i_AlthOugh itrls o
" generally agreed by these'authors that-Stagnatlngwconditions;accelerate
thesaging proteSs-in'solarucollectors, a-tine'relationship betWeen
»accelerated»stagnation exposure and normal operation exposure'hasvnot
been established. The Natlonal Bureau of Standards has developed several
test standards [14 16] whlch requlre stagnatlon exp05ure as a means of
accelerated.testlng to determlne.SOlar-collector durablllty and reli-
.’abildty. The Natlonal Bureau of Standards Solar Collector Durablllty
and Rellablllty Test Program [l 3] 1s currently evaluatlng dlfferent
test standards used to’determrne longfterm thermaliperformance of_solar '
collectors'and'the'tine'relationship‘hetween.accelerated'stagnationd N

exposure and normal operation exposure.

Stagnation Temperature Methods

Currently, the thermal performance of solar collectors, heforevand‘
after stagnatlon exposure, is measured using an ‘energy output method as
descrlbed in reference 4 v Few articles are found in the llterature
which discuss‘uslng a change in stagnation.tenperature of the absorber
platevas an indicator{Of_a changejin?thernal;performancefafterfenuiron—,
mental exposure._.Morehouse and Vachon [l7]’consider.the.use of stag—h
,natlon temperature as ‘a method for measurlng solar collector thermal
' performance. Although MorehOuse and Vachon do not . dlrectly address

usingvstagnatlon-temperature»as_anvlndlcator of collector property‘,
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changes, thelr work could be applled to a method of thlS type. Problemsf
deallng w1th translents, dlfferent env1ronmental condltlons, edge‘
w”effects; and 1nternal air- stratlflcatlon are not dlscussed in thelr
" paper. Inraddition,_thefamount-Of.experimental data contained isr;
‘ limited.l Goodman and Menke:[ld] have used the(stagnation temperature-of
the_absorbervplate as an indicatorpof*thevadditional benefitsvofvusing
different cover plate.treatments'oyertuntreated}glass. lAlthough the
discussion’of stagnation temperature_isllimitedp a‘similar procedure
could be used'to detéet decreases ln:cover transmittance, after‘enyironQ"
mental expoSure,. A temperature-dependent:loss‘coefficient UL,vobtained
by stagnatlon temperature measurements, was descrlbed in an artlcle by
_ Gordon, et al. [19] Different temperature levels of'the absorber plate
were obtalned by partlally shadlng the collector w1th nets of various
mesh sizes. The measured results showed -some scatter whlch was attrlb—
uted to the yarlablllty in ‘the w1nd speed durlng the test.: The authors
concluded'that a. test u51ng thls method requlres a mlnlmal degree of
v _sophlstlcatlon and equlpment.h:u

The methods u51ng stagnatlon temperature in references 17—19
requlre steady—state condltlons durlng the test. Steady;statercon4
rdltlons are approached only onvvery clear days near solar noon for a
solar collector mounted in a- flxed south fac1ng p051tlon.' A dual
'vaxls, self tracklng mount, whlch remalns normal to direct. solar |
- radiation,;can increase-the length of thessteady—state perlod,,but -
‘only on very clear days. The other techniquelto»obtain steadysstatexx

s condltlons is thrOugh the use of an 1ndoor solar 81mulator. A solar -
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simulator generally uses either xenon arc or tungsten-halogen lamps to
simulate the ra&iation from the sun. Aithough a solar simulator could
éolve the problems dealing with transients and non-repeating environ-
mental conditions, the expense and short-term life of the simulator
lémps remains an issué. "Another limitation of solar simulators arises
from the question of whether or not solar simulators truly duplicate
the wavelength‘distribution»of natural solar radiatiomn.

A proposed metho& [20] has been discussed at various test standard
meetings which eliminates the effects of outdoor transients on stag-
nation temperature measurements. This meﬁhod integrates the solar
radiation, ambienﬁ température, and absorber plate temperature over
the period of one day. The integrated values for the S§lar radiation
and the temperature difference between absorber plate and ambient
temperature are compared before and after eﬁvironméntal exposure to
determine collector property changes. The primary advantage of this
all-day integration methpd is that both clear and partially cloudy

days provide information on thermal performance degradation.
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Heat TranSfer'Topies

References related to the development of the analytlcal models
(Chapter 3) will be dlscussed in detall as the need arlses.' A summary
of the heat transfer correlatlons and algorlthms used in the ana-
lytical‘models'are_presented invthis section.‘;Studies dealing Withb
free convection,heatvtransfer inside the solar collector can be found
in references 21#31;:~Correlations developed by HOllands,'et,al. [27,
L 28,'29;‘31] are,used to caleulate the'heat,transfer by‘free‘conVectionv
ln the analytical modelsr Inyestigatlons dealing with -forced eon—d
vectionvas'avresultbof wind on the outside cover can be found‘ln
,referenees 32—34; Adrelation deVeloped‘byVMeAdamsi[BZ] is'usedvto
calculate the wind heat‘transfer coefficient. vThe'amount ofVSOlar_;
radiation absorbed in the eoversvand on the absorber'plate in the
vanalYtical models comes from thehanalysis.done by Ramsef;:et al. [35].
Discussions on parameter estlmatlon technlques used to determlne 1nput:
values to analytlcal models Wthh are unknown or known w1th llttle '

. certalnty can bepfound;ln references 36f38, | |
Very_littlelinﬁormation is‘anailable:infthe literaturetdeallng
':with:determiningmthe‘mechanisms{which cause.material‘prOPerty changes;
;The main problem holdlng up studles ‘to determlne these mechanlsms 1s
that currently recommended test methods, based on measurlng efflclency
~as a functlon of exposed tlme, are 1nherently 1naccurate w1th respect‘
jto the degree of changes. “The proposed method of u31ng the stagnatlonhi-
=d temperature as ‘an, 1nd1cator of materlal property changes 1s potentlally:f

v'1beneficial in_removlng,some of thesejlnaceuracles. Although test
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'imethods Whlch use stagnatlon temperature have been con31dered 1n the .

-‘literature, in-depth studles have not been eStabllshed. Indoor and

foutdoor experxments are descr;bed along with the development of
theoretlcal models in the follow1ng chapters to 1nvestlgate stagnatlon;f

ntemperature test methods._”



| 2. EXPERIMENTAL APPARATUS

The maln objectlnes of theiexperlmental apparatus‘used 1n thls‘
1nvest1gatlon are to verlfy analytlcal models, 1nvestigate s1mplify1ng
baSSumptlons,‘analyze measurement technlques,.compare 1ndoor and outdoor
‘f'measurements, and evaluate.nen test«methods.h In additlon. egpéfl;_
'ments nere needed to'determlne-the absorber and cover plate temperature |
'dlstrlbutlon caused by edge losses and anternal air, stratlflcatlon whlch
!are dlfflcult ‘to model | To accompllsh the aboveutasks; an 1ndoor test d
'faelllty was constructediand an“existing outdoor-test_facilitﬁ nasr
uéédF[' ‘ , . , . .

iThe_indoor'testVfacilltyrnasLconstruCted-mainlyntofdeternlne'b.’

'steady and translent temperature dlstrlbutlons on. the absorber and
cover blates for predetermlned solarvradlatlon proflles;, This,indoor
i?test fac111ty con31sts of a hlghl& lnstrumented commerc1al solar
collector equlnped w1th electrlcal strlp heaters on the back—51de‘of.
the absorber to 81mulate absorbed solar energy o

- The outdoor test tac111ty was used to obtaln actnal outdoor data
;w1th the env1ronment as a varlable and to conflrm 1mportant results
‘determined‘indoors. 'Two;commercialﬁcollectors (one'identicaldto,the
.indoor oolleotor)-nere monntedlontdoorsuonfaddnalemountéﬁadjﬂstableEb
tilt,jtest:raok,; Ihe;neoessaryainstrunentation and‘sensQrs reqnired to-f

meaSure.enVironmental‘conditions3and'temperatures'of'the absorber and

ﬁb'cover plates of both collectors were used,sgb:_f7—"”
Addltlonal experlmental data were obtalned from off campus test

'facilities atitest s;tesa4'and-5, Both of these test fac111t1es



- prov1ded data taken on collectors dlfferent from the collectors used on Lf_'f

‘ lcampus.‘ The test fac111ty at test 31te 5 also Supplled data obtalned

;u51ng a solar s1mulator.

“..An'indoOrfteStlfatility’was'neededfto;controlfenvirOnmental’cone-

“ditions, maintain steady-state conditions, and to avoid deterioration by =~

 weathering of instrumentation and sensors. Solar collector I, which
s a single glvlant with a selective surface ab-
i’sorber Plate, Was chosen for theblndoorwtests; Thé'diﬁéﬁéiog;fgégjhgéth‘;
transfer propertlesvof collector I are’ showniln Table 2‘1 ‘,éaiafj
4~rad1atlon Was 51mulated 1ndoors by a unlform dlstrlbutlon of strlp

fheaters manufactured by Electrofllm whlch were attached w1th epoxy

.;underneath the absorber plate 1n31de the solar collector. The power",l,ft.

- slnput to the strlp heaters was controlled by a 110 V AC varlable trans—';

former.. ThlS arrangement enabled a constant 1nput for steady-state

'.measurements, a step 1nput for tran31ent responses, and an arbltrary

'h 1nput to 81mulate cloud splkes;or other solar radlatlon proflles.:fh:.fr»‘T'

The speclflc models and 1dent1f1catlon of the 1nstruments used 1n

:jthlS and other?experlments are Viven 1n Appendlx A There were flf'een B

"751 mm x. l 52 m strlps, three 5h”mm’x O 61 m strlps, and three

: 51 mm x O 23 m strlps electrlcally connected 1n parallel to the varlable o

transformer

'f,dlmen51ons of the collector d1d not c01nc1de'w1th standard manufactured S

t:lengths;_ Measurements were made to verlfy that a unlform heat flux to )

Strlp heaters ofédlfferent lengths were used because the A
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the’abSorber.wasrachieved; With”the collector in a horlzontal pos1tlon N
, and a steady heat flux applled absorber plate temperatures were :
symmetrlcal w1th respect to the center to w1th1n + 3¢ when the center::g
temperature was»l90 C. U51ng the follow1ng relatlon, a‘power 1nputvof 7
1200 W lnto the strlp heaters corresponds to a- solar 1rradiance of

- 975 W/m ﬂ"

S T T R ‘ ‘ I
. o IN : R L 1y

,n

h where i _3:G}' solar 1rradiance (W/m )

'PIN = 1nput power (W)
. :fAC,Y = aperture area. @m )
o §I¢)~ggtranSmittanceéabsorptance_product;‘

'There were 20 locatlons on the absorber plate and.51m locatlons’on the
: glass»cover where»the temperature was.measured., The locatlon of the

, absorber and cover thermocouples along‘w1th thelr 1dent1f1catlon numbers
are‘shownvln.Flg.'Z;l;t All temperature measurements 1n thls 1nvest1-i:v
gatlon were taken by copper-constantan (type T) thermocouples; }Thef
thermocouples on the absorber plate were attached by plac1ng a thermo- g
'bcouple "bead" 1ns1de a small hole drilled 1nto the. absorber plate and
peenlng‘the metal around the hole to ‘secure. the thermocouple. The glass
cover thermocouples werevattached by us1ng a small amount of heat s1nk h
"compound and securlng them w1th clear plastlc tape.‘ |
The collector was mounted on a test stand ‘which allows adjustmentd”
zrofvthe tllt angle from the horlzontal to the vertlcal p031tlon. The

jcollector was located in a large room where ‘the amblent temperature was
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and accurately measure the radl tlv' env1ronment temperature..’The

:Shleld extended O 50 m over eachlufdiof the&collector and extended
0. 35 m over each 31de to glve a ge, etri configuratlon factor between

h.the collector aperture and shleld of 0 87 Thefeffectxveiradlatlve

f‘env1ronment temperature was obtalnedfby averaglng the temperature

‘-l7measured at the lower, mlddle, and upper thlrd sectlons of the shleld. ST

/The shleld temperature varled along 1ts length when the slope of the

‘collector was not horlzontal Thﬁl7

varlatlon Was a result of a chlmney

feffect caused by low temperature alr enterlng the lower space between
lthe glass cover and shleld and rlslng 1n temperature before 1t left the
ftop ex1t. The surface of the shleld fac1ng the collector was palnted L

o w1th a flat black palnt w1th an 1nfrared emittance of greater than 0 95

- The amblent alr temperature was measured w1th '?shleld thermocouple;;,a‘u

_The 1ndoor W1nd speed for all tests was: zero (1 e.,‘free convectr n o

Jfrom the glass cover)

The power 1nput to the strlp heaters was meaSured both by a. Weston

"ﬁ\fAC power meter 1n comblnatlon w1th a’, 5—to-l Weston current trans;{fbl

and a Weston alternatlng current meter along w1 h}a Hewlett-Packard

o dlgltal voltmeter.: The last power measurement used.as aycheck:'measuredgjb
gthe correct power‘lnput; 31nce the heaters were a purely reslstlve 1oad ‘
‘Also, the voltage for both power‘meaSurements”was measured at the load

'ftaé a reSult of a 51gn1f1cant voltage drop between the varlable trans—:l;‘

‘fformer and the load._ The steady state thermocouple temperatures were PR
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'meaSured uslng a-thermocounle sWitch_and a‘HeWIettaPackardxdigital
lﬁulrineterfwith,alleaSt:countfof one;pV.AbSelecred:collector tenner}'l
‘arures‘during'bransientntestsdwere recorded‘at 36fsecond,internalshonn
a Honejuell_24echannel multipointvrecorder. | |

; The.amountvof bime reduired to-reach steadyestate conditions
during‘steady—starehtests was between‘two_and four hours depending’onv
the:lnpur:bOWerblevel‘and'lnitial temperaturem Conditions werenconsid—
‘ered to be steady-state when the center absorber plate temperature_
changed less than airate»of_ZICvper{hour. Power adjustment dlfflculfles.h
precluded usingfnominal values forhponer‘input, _Ihese difficulties were. .
a result of the~finite nunber of turns‘in‘the transformer coils. A
repeatablllty test was performed w1th steady—state temperatures measured’
1n1t1ally and. agaln after 45 days u51ng the same power 1nput for both
,testS, :The.max;mum changelln (Tpf—vTa) between tests at any locatlon

was 3 C when the center absorber plate temperature was equal to 190 C.

2.2 ‘putdoor TeSt_Apparatus

Solar collectors‘D and-I from‘Table 2. 1 uere mounted on a dual—l
’mount ‘adJustable—tllt test rack The test rack at a. latltude of
v37.23° north faced duejsourth.: The necessary 1nstrumentat10n and datav
recordlng apparatus were locatedkln a separate 1nstrumentatlon room.

The total solar radlatlon, beam ‘solar radlatlon‘ and 1nfrared sky
1rad1ation were measured by an Eppley Model PSP pyranometer, an Eppley
rModel NIP pyrohellmeter, and an Eppley model PIR pyrgeometer,v_ .

respectlvely A three-cup Model WlOBB Weather MeaSure anemometer was
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.used‘to measure wind speed. The ambient temperatnre thermocouplelmaS\
housed in a small white enclosure with louverspto:insure.adeqnate .
ventilation. ,Instantaneousbvalues forbthe totalvsolar radiation;‘beam’;
solar radiation, and wind speed Can change slgnificantly‘lnia matter:ofp
seconds. In order to keep ‘the amount of recorded data reasonable,
the 1nstantaneous values: for these three measurementsAwere‘1ntegrated
:over-five-minute periOds by.electronic.integrators, manufactured by AGM'
Incorporated. The lntegrator output con51sts of'a ramp voltage s1gnal
which was contlnuOusly recorded on °tr1p chart recorders. The peak
vvalue»ofvthe ramp voltage, just before reset,hcorresponds to the flve—
‘minute average. The instantaneous output from theppYrgeometer was'
recorded directly on a strip chart recorder. The ambient temperature"
and the cover and absorber'plate temPeraturesrofFbothfcollectorshwere"v
' recorded at one—minate intervals on a 24—channel multl—point recsrder.;f
rThe-temperature of the cOllector coversvmas measured ln,the;center“
~of each glassQ Significant errors in measuring CO?er'plate‘temperatures
may result from»solar radlation'being'absorbed‘on‘the'temperatnrel
'sensors. This problem of measurlng the temperature of a’ transparent
medlum in the presence of solar radlatlon Was satlsfactorlly resolved byv'v
u51ng arthermocouple of 0. 0127 mm thick foil w1th a butt—bonded Junc—"“
tion, 0.254 mm wide (Omega, COZ—T) The f01l thermocouple Junctlon wasrf
attached to the glass by a thin fllm of clear 5111cone rubber adhe31ve.r>
The reasoning behlnd u31n0 an unshlelded thln f01l thermoc0uple“to :
. measure cover temperature~was that the small ampunt,of solarrradlatron:Ag,‘

"intercepted by the foil is easily dissipated into the“glass with a
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',_negllglble temperatureirlse._ Tests confirmed that‘the”tehperaturel
dlfference between the same f01l thermocouple, shaded and unshaded from :'
‘normal solar‘radiatlon,.was less than 1 C.

Varlatlons in- the absorber plate temperature occur as a‘result of
linternal air stratification and edge losses. As a result of thlS, the
temperature of the absorber plate for both collectors was measured in:
ethe center of the lower mlddle, and upper thlrd sectlons.. Slhce somevv
:collectors cannot be disassembled_to‘install»thermcoupleS'onlthe__
backside of the:absorber without damagihghthe collector; a sprinéf’

: .loaded thermoc0uple probe was developed as shown in. Flg 2 2 The

',_de51gn of this probe is such that the same- probe can be used -for col~

lectors w1thjd1ffereht~th1cknessesvof back-side 1nsulat10n}f ThedthermoQ-p
couple probe is;mouhted ohtthe;collector_bw;drllling’aflOvmmpholerinlthev'
iback4side‘cower‘and usihé-a gasket cutterfto‘remove a‘lohﬁmfdiameter
bcore;of the glassfflberllhsulatioh;;_The,probe57wlth'heat;trahsfefli'x
| compouhd on'theitip,'lsﬂthehhlhserted ihto the”hole andffastehed-to'the"[
'backfslde sheet'hetaltcower; vlhe:sprihg;tensiohbls adﬁusted toyprovide
ajnooinal contact pressure ofdthe;probelsrtlp agaiﬁst the absorber,p The
probefs'tip isfcoustructed'Of'arQS‘mm'loné dowel»of polyletrafluoro-
:ethylene to‘mihihlae heat conduction through thepprobe,to amblent and‘
.thus‘seﬁsihg_aﬁlower thaalactual abSorberjplate_temperature,,l JY

.zThe enwironheotal'cOnditlohs_and collector‘temperatures werajre-
»corded contlnuously all day. The tilt angle of thehtest rack was;
~fper10d1cally adJusted so that the 1nc1dent angle of beam solar radlatlon

at solar noon was always less.thanp7.5'degrees.
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2.3 Off-Campus Testing

In addition to the data collected at VPI&SU,'stegnation'ﬁemper-
ature data from an indoor soler simulator‘test facility at test'éite 5
and all-day outdoor deta from the test facility at test site 4 were
used in the investigation. Although the data from test sites 4 and 5
are not as detailed as ﬁhat from the VPI&SU facilities, the additiomal
data were important for validating the analytical model for othef types
of collectors and for tests conducted with a solar simulator. The
dimensions and heat transfer properties of the four additional collec—-
tofs (A, B, E, H) tested at test sites 4 and 5 are in Table 2.1l. Cover
plate temperatﬁres were not meesured at test site 4 or 5 and the
absorber plate temperature was measured only atithe center ef the
.abeorber plate. In additioh, the diffuse fraction of solar irradiance
and sky temﬁerature were not measured at ﬁest site 4., The solar siﬁu4
lator used at test site Svis composed of seven hexegonal modules con-
taining 25 kW Xenon lamps, an aconic,reflector,be spectral filter, and
a collimator [40]. The irradiance produced by this simulator has a
uniformity of + 10 per cent and a beam divergence’angle of +1.75
degrees. Data obtained from test site 5‘were recorded at S5-minute
intervals and the data from test site 4 were recorded continuously on
strip charts.

The data from the experimeﬁtal facilities were used‘mainly to
validateeanalytical models used to predict stagnatibn temperatures.

These models are developed in the next chapter.



3. ANALYSIS

This-chapter dévélops analytical models for.deﬁerminingnsteady;
state and transient stagnation temperatures in solar collectors; In
addition, an approkimate ﬁodel for determininé the twé-dimensional
temperature distribution oﬁvthe absdrbér'piate»as a result of edge
losses is developed. Finally, a paraméter estimation method is devel-
oped for determiningrinput parameters to the analytical ﬁodels when
these paraméters are unknown or subject to much uncertainty.

This chapter deals specifically with modeling‘component temper-
atures of solar collectors in a‘stagnationvmode as opposed to a normal
operating mode. A solar collector in a stagnation mode has no energy
removed from the collector by a working fluid. The stagnation tem-
perature of the absorbér plate, cover plate(s), back—side insulation,
and back-side cover is modeled in this chapter. The first section
deals with modelingrsteady—state component temperatures in solar

collectors.

3.1 Solar Collector Steady-State Model -

A steady-state model is needed to predict stagnation tempefatures
of collector components for sensitivity studies, material selection,
and long-term durability studies. The following anglysis is for flat-
plate ﬁon—condentrating solar collectors of gonventional design (i.e.;
no convection suppressing "honeycomb" grids or "accordian" folds;

curved covers, or reflection devices).

28
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i 'A’S.S'uymgl ytions .

V’H;The foliowing,assumhtions”are'usedifu cia

”;lg ?,Qneédimensional'heatbtransfer“occurs“throughfthe'coversyand-c;a:s‘

ke Back+Sidevinsulation;"
' Steady-state condltlons exist. E
o Cover surfaces obey 1deal optlc laws. o

“rvSolar radlatlon reflected off the absorber plate is d1ffuse. :

All surfaces are dlffuse-gray for 1nfrared radlatlon. ,hﬂv:w“

- :Component,surface and thermal prdpertieSyare»not,temperature_fi
vfdgﬁéﬁdént;;>>pgls.‘
" Thermal condnctive‘reSiStances of the absorber and’ covers.

;’areinegliglbleL

o ‘Energnyalancej

The stagnatlon temperatures of the prlmary collector components'r;f"°y”

Care obtalned by performlng energy balances on each of the ‘N compo-

lvnents.l

The reSult glves a system of N simultaneous non-llnear alge-""'

T:bralc equat1ons Whlch may be solved by an approprlate mathematlcal

'”technlque.-

The energy terms and the overall conflguratlon of a two—,.

h.‘cover collector“are:shownwlnsFlga 3.1 The follow1ng analy31s is for I

'7‘ja twovcovervcollector}] The one—cover collector analy31s is 51m11ar'

**;and lS brlefly descrlbed 1n Appendlx B. Energy balances on the ab— :3: -

fisorber plate, 1n31de cover (No. l), and outs1de cover (No.-Z) glve
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(ta)G + J2'= qpl +»qB + Jl (3ﬂl)
,(al)G + J4 + Jla+ qpl = J3 +»;2 + dy9 | (3.2)
a(az)G‘+ J6 + J3 +_q12.= ;5_+»J4 + q, o o (3.3)

Introducing a cpﬁvection~heat transfer cqefficient,and a back-side

losa‘coefficient, Eqs. 3.1-3.3 can be arfanged asa

(hpp #0p) Tp =By Ty = GG+ 0y =0y +0,T, . G4
=hy T, + By +hyy) Tep = BypTep = (@6 +
3+, -,;2 -5 VA N (3.5)
T PygTey F (g FROT, = (@8 + I3+ T -
J, = dg+h T - C(3.6)
Equations 3.4-3.6 are highly non-linear because hpl aﬁd h12’ UB’ ahd

J ’--‘J5 are all functions of Tp; T

1 cl

, and T.y- The expressions for
hpl’ h12’ hw’ UB’ (ta), (ql); (az), and Jl - J6 are developed in tha

following sectioms.

Free Convection Coefficients

‘The free convection coefficients are needed in order to calculate
the heat transfer between the absorber and inside cover and between the
inside and outside cover. Many relevant studies dealing with free

convection have been made and the results are found in references
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,21—31."The‘inVestigatlons by Hollands,jet’al [27 28 29 31] agree i'
':w1th1n 5 per cent of experlmental data and are the most recently c1ted
"work 1n the llterature. Therefore, the follow1ng correlatlon by

"', Hollands is: used 1n thls 1nvest1gat10n. '

) 1708 1708 (sin 1.8 3)
N 14 1 44 [1»“ ——-——Ra e B] [1. Racos ]
Ra cos: B : .- S T : 17y
+ [¢ 5830 _) O R S

where the dotted'square'brackets, [ ]’, indicate‘that‘if~the'quantity
' 1n51de the brackets is negatlve, the quantlty 1s to be taken as zero,
‘1 e., [Xj (X + |X|)/2 . The above dlmen31onless correlatlon equa—

tlon has been experlmentally verlfled [30] for 1nc11ned parallel

planes, heated from below, at 1nc11natlon angles of O to 60 degrees

from horlzontal Also, the aspect ratio of the length or w1dth of the

:collector d1V1ded by the a1r space thlckness should be greater than 20 C :

‘and Ra should be less than lO5 for Eq 3 7 to be valid Equatlon 3 7 .
- is expected to be valld for 1nc11nat10n angles up to 75°.and Ra > 10
but experlmental verlflcatlon 1s lacklng. In general Holland s work '55
applles dlrectly to. usual collector des1gns 1n terms of aspeetbrataos,:
Ravranges,vand 1ncl1nat10n;angles. Flnally, the free convectlon - |

3

eoefficient, h,”ishobtained.fromvthe Nusselt nnmber,ln,Equ>3.7.
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' Extermal Windeoéfficient

The external wind coefficient,'hw, accounts for both free and
forced convection mechanisms. The importance of each mechanism de-
‘pends on the wind speed, Vw’ McAdams [32] suggests a'corrélation of

the fbrm.
=la+b (v, s/m"] wn'c | (3.9

with é = 5.7, b= 3.8, and n = 1 for flow over smooth surfaces with
V&_i 5 m/s. It‘has_been pointed out in the recent literature [33, 34]
that Eq. 3.9 isllimited in determining hW because this expression

>neglects the effects of wind direction, collector dimensions, and air

temperature. In fact, Sparrow {34] recommends the'following relationv

1/2 1/3

L
c

h_ = 0.86 k Re /L, (3.10)

A difficulty with Eq. 3.10, however, is that free convection is neg-
lected when the wind speed is zero. Since Eq. 3.9 is used extensively
in the literature and accounts for free convection, at léast'approx—

imately, it is used in this analysis.

Back Loss Coefficient

The back loss coefflclent is obtained by con51der1ng one—dlmen—'
SIOnal heat conductlon through the back-side 1nsulat10n to the ambient -

air. The expreSSIOn-for U, is

Ug = I8y Ry + 1/ (G + )] | o G'll)
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8 wheré»h ‘%uEBC;C ( 2 + T ) (T + T ) and the env1ronmental temper- d,s;

.ature, in thls case, 1s the amblent temperature
By usxng UB’ the mld-p01nt temperature of the back—s1de 1nsu—‘

’ 1at10n and the temperature of the back-31de cover are t”

]

e inve P ;Biln

l .
Hf“

.k}TBcril ' Bain( p T )/k ; j. ‘sgﬁ.risp%ﬁ‘}f >f‘“ »:§3~13X

The mld—p01nt temperature of the back-s1de 1nsulat10n represents the

average temperature of the 1nsu1atlon and is used as’ the temperature of"

the 1nsulatlon node in the tran81ent analy31s. .\

Optical Properties and Solar Radiosity Analysis,",j'fpgﬂ '

Expre331ons for the transmdttance-absorptance product (T&);rand;'-
the solar absorptance of the covers, (a ) and (az), are essentlally from
Appendlx A of Ramsey, et al [35] These authors used a generallzed
» rad1031ty approach to determlne the“short ‘wave. propertles of the
] absorber and cover system;, The specular transmlttance ofva glven»conera'lb
g is. found bp averaglno the two components (perpendrcular and parallel) |

’of radlatlon,ig -

‘...],: -

- where

A
[}

. T, ; - T ) /(1 = T r ) :;v;t‘ivl;ﬁgffff ;fif _h:f;}i”tjelsﬁkr
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ECEER /(1'- : ri) o sae

n

"
i

lnz'(éé‘-;é)/sinz (62>+ éj‘ o  ”1.'   , ;A‘ »  (3,17)_':

rmcan? (9, - 0)/tan® (6, +0) (3.8

@
|

b|

exp (w8 feos 8) (G20

- Similarly, the sﬁecular.refléctanéé of a>given cover is .. =

>

Pm g2 6
‘where

‘ r [l + T (l -r ) /(1 - r )] 3:  ; | i:  ,  J(j;ZZ)‘

o
]

. N - . 2
: r
a

r [1 + T (l - ) /(l -1

EN:

ST G

o
II

 The fraction of solar radiation absorbed in ‘a given cover is

~

~ ~ A

The short wave dlffuse cover propertles, Td’ pd, and ad are obtalned

by mumerically integracing Bas. 3.14 and 3.21 by the follow1ng
WEightEd’intégfaisi' o :
)

S Ta T T ore) sin (20) d8 F N ¢ PV

a#lFrFﬁf}}}f_ff FERT I RS e Qﬂ@&@;”“f
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~

Pa

=

O‘—\Nl:

S(e) sin (28) de

~ A

and the identity ay = 1 - T4 T Pyt

@a3.

26}

For a two-cover and absorber system, the radiosity distribution is

shown in Fig. 3.2. The left-hand side radiosities arée for beam radi-

ation and the right-hand side radiosities are for diffuse radiation.

A

~With the assumption that the absorber is a diffuse refléctor; J

bl lS»

zero. The following equations relate the short-wave beam and diffuse

radiosities:

~ ~ A ~

T - 1N p
g (T Tg) 55 Jyg

o
]

~ ~ A A

= T - N
Jps = T Jpg P @ =Ty

A ~ A ~ ~

- O - a
Jdl (1 P).sz + (1 p)Jb2

-1 o

Ta2 7 a1 e T T Ta
T P

Ja3 7 Tar Jar * Tan Tas

~ ~ . A ~

<
I

TN |
as = ‘a2 'a T a2 Ja3

~, A ~ ~

=T p. n
as = a2 %43 T a2 a

3

3
@

(3
3
3

(3

(3.

3

.27)

.28)

.29)

.30)

.31)

.32)

.33)

.34)

35)'

.36)



_   37x_ .

DIFFUSE

BEAM s |
~ RADIATION

RADI ATION

T [ . COoverR

R TJdB e S
L INSDE

A
N ABSORBERI‘

' '”vFig; 3.2° Solar Wavelength Rad1031ty Dlstrlbutlons in a Two—Cover
o Coxlector :;  C el .- . o v

— e

_—— ' PLATE. *j',s'



38

o

Equations 3.27-3.31 are solved simultaneously and the value for JbZ
is inserted into Eq. 3.3Z, thus permitting Eqs. 3.32-3.36 to be solved
simultaneously. The values for the short-wave radiosities are then used

ﬁo calculate (ta), (al), and (az) as follows:

~ -~ ~

(T&)

S Jdpp v T a B3
@) = Jpp = T2 = T3 a1 T e T Y2 T Yas | (3.38)
@) =1+ Jp3 = Jpg = Jps T Ia3 " das T das | 3.339)

Infrared Radiosity Analysis

A radiosityvméthod,,rather than the network analogy, must be used
to calculate the radiation heat transfer when a surface is partially
transparent to infrared radiation. Figure 3.3 shows the radiosities to

be determined. The following equations relate the infrared radiosities:

b, | | '
Jpme, 0Tt 1 - Ep) I, _ ' (3.40).
J, = ¢ o T4 + J, + 1 J | 7.(3.417)
27 %19 %e1 T Pel 1T Tel 4 A
J.=e . 0T 4+ J, + 1. J ' (3.42)
37 fel el T Pel T4 cl "1 - :
Joeme . o1t 4 St | (3.43)
477 %c2 9 te2 T Pe2 737 Te2 6 ,
J_ = ™o, g+ J (3.44)
57 %2 9 *c2 T P2 T Te2 U3 e
J, =0T (3.45)
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' Fig. 3.3 Infrared Rédids‘itﬁ’ Distributions in a Two-Cover Collector
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Fq;.spee;fledheemperatures Tp"ici’:iEZ’;and.isiEqs' 3f40~3‘45 ean |
be solved simulﬁeneogSLy~td_determihe theeinfrared;radiatien'qistrie R
‘bution. ‘The'teéuiﬁingjielﬁesgeré;thenfused in};he"éreeediﬁg'enéngQZ.*i

balances.

Solution Tgchnique“

To solve Eqs. 3 4-3. 6 for Tp, T l,band T 02’ a succe881ve sub-

‘stitutlon 1terat1ve approach is employed because of the nonllnearlty 1n
vthese equatlopsf’SThe‘splarvoptlcel prope:t;ee (T&), (&l)}.and (&2).é:e
ebtaihedvfirst'heeeﬁee these velueebere_nqt_fuhctions of'temperature

’ ahd'Wili‘net-ehenge‘dhring_the‘iteretive p:bcese; Next;ban‘ihitial
_estimate for ﬁhe'temﬁeratﬁrehof each.COmponent isbaseumed U31ng the*x
vlnltlel temperature estlmates, the 1nfrared rad1031t1es, free convec~
tion_coefficieﬁts, andhthe_back lqesvcoefficient'ean be;ealula;ed.
quuetiene73.4-3;6:cen‘be‘consiaeredglihea: ﬁeing theee,tempefetu:ef
.;eStimetes and a standé:d Gauss eiiminatien teehnieﬁe iedthenéeeed‘téz

: eolve these‘equetions‘for imh:oved esﬁimates of}thevcompenent'teméerf

_ atqree.‘ |
Thevcuffehfheemponehﬁ:eehperetg:es are.then'eempered withvthe;
;pfevibus estimetes." If the difference iejgreeter.than ehe'speeifiedT'
-accuracy, then a comblnatlon of the old estlmate and’ the updated :
htemperature is applled 1n the follow1ng manner to obtaln a new estlmate.

,T " “ -fY) .

new uPdaté,+ Toa o 'hb.‘ o _‘7 .(3946),



7df‘§héfé,y is-eidampinéffaetor7(st:Yﬁs‘i)f‘ ‘A damplng factor is nec—f

.essary to av01d potentlal stabillty problems resultlng from 1nappro—
"_prlate 1n1t1al estlmates.t The calculatlon procedure is repeated untll
‘changes 1ﬁ coaponent temperature‘areIWIthln a prescrlbed.convergenee 'ff.
vrequlrement (0 05 K is typlcally used) These new estrmatesvare used‘
!te recalculate yalues for Jl 6’-hpl’ 12; and U and qu-‘3 b= 3 6

: are solVed agaln. The process 1s repeated until convergence'occdrs.

The next sectlon deals w1th the tran81ent behav1or of a: solar
coliector in a. stagnatlng mode.H_The transient eqﬂations'are Simiiar-to;iv
the.steady—state equatlons eacept the heat eapacltles ef.the eomponeats:4

are'takeq into account;and'a trme—marehlng_solutldn technlquevls,used;‘
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3.2 Sblar Collector Transient Model

Clear-day solar radiation incident on a fixed-mount collector is
inherently an unsteady phenomenon and variations in cloud cover result
in strong transients. Therefore, a transient model is needed to predict

all-day collector stagnation temperatures.

Assumptions

The same assumptionsvused'in the steady-state collector analysis
are included in the transient collector analysis. It is also assﬁmed
in the transient analysis that the Component heat capacities do not
vary Withvtemperéture and a.lumped—hééﬁ-cgpacity model for each com-

ponent is valid.

Fnergy Balance

An energy balance, similar to ﬁhe steady-state energy balance, is
‘performed on a two-cover collector with an energy storage térm included
for each component. - Thesevenergy balances on the absorber plate, two
covers, back-side insulation, and back-side cover lead to the following'

differential equations:

(ta)G + szf,Jl - hpl (Tp - Tcl) - Zkin (Tp - Tin2/§in'

=m_ C_ dT_/dt ‘ : (3.47) -
PP P '
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(@6 + 3y + 3, Fhy (T, =T ) =3y = J3 = hyy (T - T,)

=m, Ccl_dTCI/dt : , (3.48)

(az)G + J, + J6 + h12 (Tcl - TCZ) -J, - J. - hw (Tcz - Ta)

3 4 5
s_mcz‘Cc2 chZ/dt . : (3.49)
Zkin(ip - Ti_n)/ain — 2kin (iin - TBC)/éin:= min Cin dTin/dt (3.50)
Zkin (?in - TBC)/sin'_ (hw % hr)(TBC f Ta) = mBCC dTBC/dt (3.51)

BC
Equations 3.47-3.51 are solved by a well-known time marching technique.
The numerical integration technique used isva~second;order Runge-Kutta
method called Heun's method [39]. The simultaneous first-order non-
linear ordinary differential equations to be solved are of the general

form

dt/dt = F(T,t) - o (3.52)
where T is a vector of collector cOmponeﬁt temperatures. In the Huen
- method, the temperatures are computed at t + At in the following

manner.

Ty = g £0.5 8e[F(@,e) + F(T; + AeF(T,,8), £+ 40)] (3.53)

where Ti is the temperature vector at time, t, and Ti+l is the tem-

perature vector at time, t + At. Caution must be exercised in the
selection of a time step, At, in order to avoid cumulative integration

. L 1 .
errors and solution instability. The determination of a time step, At,
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can be oBtained'in practiCe by éhobsing a reasonable time step for a
'giVen application and réduéing»thevtime step‘By increments of one-half
;ntil the tempefature.Solution changes less tﬁan"afspeéified éﬁoun;f
Difficultieé-arise-when modeiing a sdlar coilectof having cdﬁponents
with relativel&\small heatfcépacitiesﬂf Eﬁamples.éf_theée problems :
inciude thihiplastié films for covers and tﬁin metal foil for the'back—‘:
si&e cover. These prOblemé;canvbe solved, at thé:éxpense‘of EXcesSivef
computerktime, by making the time step vefy small of bj hegléCting thei
thermal capacity of that éomponent and sqlving difé¢t1y for the tem-
perature of the‘comﬁbnent aﬁ each;;ime step. o J

The réquired_compouent maﬁéri;lfpropefties énd-diméﬁéidns aloﬁg
with the envirégﬁéntai’c&ﬁditioﬁstu:}ng the simulation arg needéd_a$
iﬁpufs to #he_@ddeia- A lineariinteffslatioﬁ fou£iﬁe,is’usedlﬁé es;iméfé
:envifonmental conditionsfwhen fhe'integrati§g timé step_does-not
ébincide with the environmental,daté input;in;e?va;, Lgstypicalaihput
inﬁerval for ?nvironmental data iS:fiQé Sr more ﬁiﬁute§ ﬁhile the

integration time step in the model is typically one minute:of>lessﬁ
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rB;E'ABsorber-PIate lemperaturEhDistribution'

ﬂOne-of&the a3sumptions usedﬁinathe steady—state and"transient,"
N stagnatlon temperature models ls that the edge losses can be unlformly
l dlstrlbuted over the absorber plate., In practlce, one effect of edge

1losses is to slgnlflcantly lower the temperatures 1n the perlmeter area

ofitheaabsorber. ThlS temperature varlatlon can lead to d1ff1cu1t1es 1nb;wh

experlmentally determlnlng the mean: absorber‘plate temperature by u51ng
Lonly'a few-temperature sensorsw The follow1ng analy51s takes into
account edge losses in determlnlng the steady—state absorber plate
temperature dlstrlbutlon for a stagnatlng collector;.vWith this temper4 _"‘
ature dlstrlbutron known, a value for the mean absorber plate temper-
ature>can‘be.calculated Flgure 3 4 deflnes the coordlnate system;

‘differential'element;'andfnomenclature for the,follow1ngjanalysis, -

Assumptions -

l.”'rﬁdée 1osses‘are;concentrated alongcthe edée of thefabsorber plate;
2. Temperature varlatlon 1n‘the z dlrectlon is neglected
fn3; :;Symmetry ex1sts about both centerllnes of the absorber plate.
4gkf'Heat losses from the top and back—51de of the collector ‘can. be
- combined intoxan‘overall-loSs coefficient .UL, whlch 1s;temperature{
blndependent.p (The value of UL would be based ‘on- the'center ab—. 7

sorber plate temperature )
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Energy Balance

An energy balance on the differential element,in‘Fig. 3.4 results

in the following partial differential equation

2. .2 ' -
2T 3L w’r=-afs/u - mll o (3.54)

2 2 L ~ Ta e .
ox oy _ : .

where

2 _
m = UL/(kpép)f

The associated boundary conditions for Eq. 3.54 are

3T - - oo
5= 0,y =0 (3.55)
3T _ '
3y %0 =0 (3.56)
2L (L,y) + (U_/k) T (Ly) = (U_/k)T (3.57)
9% ? ex!Tp ’ tTex' p’la :
3T (x,8) + (U_/k) T (x,0) = (U /k )T o (3.58)
3y ey P ey’ p’la ’ T

To make Eq. 3.54:h6mogeneous, the’followihg substitution is made :

6 =T-T - S/U - | (3-59?

Equations 3.54-3.58 then become

2 2 o
39,998 _ 24.4 o : (3.60)

2 T T2 , , . | ‘
ox Y :

o I R |
3= Oy =0 , | L (3.61)
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30 | o
3y (x,0) =0 o . (3.62)
2w,y (U l)) 8 @y) = = U S/(Uk) | (3.63)
38 | I o

3y (Xfl) +<Uey/kp) 0 (x,8) = - Uey S/(ULkp) : (3.64)

To reduce the number of'non—homogeneous,boundary conditions to one and
thus permit a solution by separation-of-variables, the method of

superposition is employed. Let
O(x,y) = 8; (x,y) + 98, (x,y) (3.65)

vThé boundary conditions on Ol and 92 can be selected so that the
resulting two problems in 6, and 6, have a_single’non—homogeneous

boundary condition each. The governing equations and boundary con-

ditions for 6, and 6, are

1 2

3261 3291 : -2 . o

+—5=-m 6, =0 (3.66)

2 2 1 .

X dy :
861
38 . : .
— (x,0) =0 ‘ - (3.68)
oy o : L . : v
861 :
T o)+ O [k 8y (L,y) =0 - . (3.69)
—— (x,2) + (Uey/kp_) 8, (x,2) = wy S/(U,L“- (3.70)
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and
’%e, azez o, | : -
ox - 3y . : ) . .
38, , - | | . -
—zf (O,y) =0 B , : | (3.72)
g 862 . N ' . ‘
Tl (x,0) =0 | ‘ | | (3.73)
%, : e
T B+ (U k) 8y (,2) =0 X (3.75)
where
b = U Ly N E B
=7 2 S - 7
wy ey /kp | , | (3.77)

Omitting the details in.thé separation—offvariables procedure,'the

following solutions are obtained:

. S Y (S/UL) sin (A L) cos (A x) cosh (8 y)
81 (7)) = =4 T oo L)[(B ©)sinh(_ z>+w cosh(B D]l2+sin 20 D]
|  a=l | R
. S | - TOD
’ ‘ ' (3.78)
.o | ¢ (S/U ) sin (g &) cos (£ y) cosh (Y x) ,
Gy = b T z)[(v D) sinh (v D)y cosh(y L>1[2+s1n2<g DT
n=l D)

C3.79)
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where An and gn are the solutions to the following equations

O tan A1) =4 a=1,2,3, .. | (3.80)
() tan (50) =¥ n=1,2,3, ... (3.81)
Bi =+ Ai | j | - (3.82)
Yi = n? +'gi | ©(3.83)

Finally, the temperature distribution is
T(x,y) = Ta‘+ S/UL.+ 61 x,y) + Oz(x,y) ‘.' | - (3.84)

The mean absorber plate temperature is
| L %

T =L 1(x,y) dydx o | C(3.85)
pm o o o .

It is interesting to note that the absorber temperatufe distri—
bution and the mean piate temperature at a given:solar.radiation and
ovefall'loss coefficient are.only a function of the two. parameters wx
and-wy.. A difficulty exists in obtaining values for wi and wy beCaﬁse
effective values of U,, and Uéy are difficult to determine from col-
lector design information. If experimental data are available Cn the
temperatﬁre distribution of the absorbeﬁ plate, a parameter estimation
method can obtainvestimates for wX and wy. bnly a ﬁew temperature.
measurements would be needed to characterize the collector and obtain
values for these parameters since the pérameters do not change with

temperature. The next section deals with the development of a
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parameter estimation algorithm to estimate these and other important

collector parameters.
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3.4 Parameter Estimation

."Péréme;erfgsfimaii§§ the6fy i§}é usefﬁi;@ethéd;fo%idéterﬁiniﬁg’”
inég;}pérametefgnféréaﬁél&tiééifmddéiélwhéﬁifhé5é pa;;me£efs afé?
‘.unknownxor»Subiectvto.much-uncértaintyi.,Thété%afglsevérél methdds
. currently-emplqyed‘fbr»parémeter‘es;imatignjiﬁéluding_th gfa&ieﬁt
”ﬁethod, éegpndeprder fGaﬁss—NéWtdn)'éigqéitﬁm?!aﬁdhtheiééussianlleast4‘;
squarerdifferen;ial*qdrféction:(LSDC)valgorithm. RefErénEeé.36 énd 3i’
| reéommeﬁdvtﬁe:Géu§siah;LSDC alg6rith£'dﬁéf ;he other:method$ 5e§auséHi£ F
;c§ﬁvérgeé bétter. The'ﬁSbC.aigofithmIis;'théréfofé;xcﬁoSen for this

“'analysis.

Gaussian Least-Square-Differential-Correction

fThe.Gaussian LSDC method Waé:dEVéloped ﬁi-éauéé'[38] ;nv186§ and
“employed t§ de#grmine plaﬁétéry orﬁits. Thié nininear,ﬁethéd‘is a
genefélizatién of Ne&ton's method for fihdiné;roots'ofvéquatioﬁs in the
‘fform.." |

>

> > s R o : N . o
y-F &) =0 ' R LT (3.86)
The following formulation of the LSDC ﬁéthod is!baéedfon”usihg
measured"stagﬁation temperature to estimate effectivé3¢6llector'par
rametéfs such as hegt'capacity,,edge loss coefficient,‘etc.'rASSuﬁe
‘ that:the stagnation,temperature,cén be modeled as.
- Tj = Fj (le %95 i;” Xos Up, uz; ...,»uz); j>= l,‘z,‘3, Seem3

wew N P o



o where Tj‘are m.calculated temperatures‘of eo}lector components and-FJ

"v.iare‘m arbltrary lndependent functlons of the unknown‘parameters,ﬁxi,
'fvaudvknown parameters, ul., For example,,Fi w0uld be the analytlcal"
H:models of Sectlons 3. 1 3 2 and 3 3 w1th x p0351b1y belng apfjmoi

:'krn In addltlon, FJ and all the partlal derlvatlves w1th respect to e

' ?Xl of FJ must be 51ngle—valued and contlnuous. Suppose that a- set of

’f;measured temperatures

‘~ G . ~

‘V:'(T j",: T
' are avallable correspondlng to calculated temperatures Tj' 'Ihen'the‘,
obJectlve is to flnd a partlcular set of x—values
3'Whiehrminimizes.theosum offsquarespofethe‘residualsu‘

.m;_

~

B TRt Tt R e Wie Ll S >’ 3=1,2,3,

(3 91)

'7,'D1rect mlnlmlzatlon of Eq 3 90 by means of calculus to obtaln an

i ,\exp11c1t closed form solutlon 1s not p0531ble because of the compll—’

”cated;ﬁunct;ons.Fj : Therefore, a llnearlzed succe551ve approx1mat10n

 ~procedurefdesigned-toxconVErge;to’accurate»least—squaregestlmatesi"

Zdl[ATijz bi‘>‘.}ﬁ:t5:'::.:{“ }jpt /’j: ‘ tidifum'lr"(3,99?p!f7m;‘»
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given approximate starting values, is used. Let the current estimates
be

Cxlc, xzc,,-¢~, ch) ‘ | (3.92)

Let

xi-= x, t Axi_ ; L= l,l2, cee M ‘ (3.93)

where Axi is an unknown’set of sufficiently small corrections whiéh
when added to the current.estimatés yield estimates which min-
-imize " the sﬁm of squares of the residuals, o,

The current residuals correspoﬁding tovthe current estimates,

X, 5 are
1c

ATjC = Tj - Fj (ch’ Koo +oes chf'ul’ Uy eves uzg;

$=1,2, veu, m ’ | (3.94)

The linearly predicted residuals, Aij, after the correction, Axi,'

using a Taylor series expansion of Eq. 3.94 about X, ., are
’ n SFj- .
AT, = ATj - ( axi ) bxg s i=1,2, «c., m (3.95)

i=1 v e

The objective.is to now find the Axi's'which miﬁimizevK. 3.90.

Substitution of Eq. 3.95 into Eq. 3.90 yields

o ; 'A _ _.g _El 9 | AP
b, = BTy = B oy | ) axgd - (3.96)

C
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In order that the corrections Axi yield a minimum, the necessary

conditions are

m B n oF. F, :
2 [a, & 10 - o, G.97)
~2 B [T, - C ox, c)-AxiJ[ - axk__c]~- 03 k-;,z,...n (3.97)
j=1 . i=1 o :
Rearranging
m  9F,  3F, m  OF, 3F,
> (-8xl‘) ( agk)]‘AxI f [ §» C axz } K_Bxk )] sz + .
B L S A
m - dF,  3F, LY | o
sL T ( ES?L') (v§§;')],Ax - I EEAEATjCVF k=1,2, ..., n (3.98)
. n ko T n j=1 k 77 . } _ :

im1
The corrections Ax‘,'sz,,..., Axn’are computed by a standard Gauss
elimination process for a linear set of n equations and n unknowns .

The parameter estimates are then improved, i.e.,

x, =x, +AM, 3i=1,2, ...,0n | 1 (3.99)

) . . .
where Xio is the dimproved current estimate.

Tests for convergence are usually based on achieving a negligible
change in ¢ after updating or a negligibly small set,of'Axi's. The

process is summarized in block diagram form in Fig. 3.5.

Practical Considerations

'The LSDC method is not free from convergence difficulties. The

initial parametér_estimates may need to be relatively close to the
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final estimates if the functions,»Fj, are highly nonlinear. Damping
of the corrections is usually required for highly nonlinear cases,

i.e.

X, = Xic_+ @ -y AXi_ ; i»?'l»,Z’ ...,'n. . (3.100)

where y is a damping'factor (0 =<y s_i). Physical limitatioms, in

thé form of méximums an& ﬁinimums, should'befplaged on tﬁe pé;ameters
to éid in coﬁvergence and to avoid pﬁysically unrealistid reéults (i.e.,
0 j_&p j_l); Thfee statistical values that aid in interpreting ﬁhé

results are the mean of residual errors, Hapo the standard deviation of

residual errors, GAT’ and thé maximum residual error, AAT' These
statistical values in equation form are ‘ 1
o v
_ -1 - AT, (3.101)
j=1 ’
P ¥/ o - |
= ' : ’ o .102
g = | z ATj] _ | | , (3.102)
j=1
VAAT=ma’x(A.T‘j; i=1,2, «eo,m) » © (3.103)

In general, good agréement between the analytical model and the

experimental measurements will give a near zero HAT and a OAT'approx—

- imately equal to the uncertéinty of the measured values. Outlying and

questionable data points will be identified by AAT'
‘ . _ oF .
The complexity of most analytical models precludes obtaining Sgl
o : ‘ i
analytically. Therefore, numerical derivatives are taken in the form
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Forward dlfference derlvatlves are generally used rather than central..i?" ’

dlfference derlvatlves because of the sav1ngs in: computer t1me by
already hav1ng FJ (x ) calculated 1n prev10us steps. Values for-éi
depend on the convergence crlterla 1n the functlon FJ (x;)rand the -

degree of nonlinearlty 1n the functlon F (xi). Slnce the derivatives

3§l.are used to steer' in,the'convergencefprocess; Gi;equal to 5.'per

cent of xl are - usually suff1c1ent.-

; In the- follow1ng d1scu581on of results chapter, the LSDC method
in. conJunctlon Wlth the stagnatlon temperature theory developed in
'thls chapter;-1§.used.to:obta;n collector‘paraneters-fromdexper;mental;'

temperature measurements.



‘4. RESULTS AND DISCUSSION

Test methods are analyzed whlch use stagnatlon temperature as a
bymeans for determlnlng collector thermal property changes after environ-'
mental~exposure. The chapter beglns w1th a dlscussion of steady-state‘
bdata obtalned us1ng the ‘indoor 1nstrumented collectorr? These dataeare.v
7 analyaed and Compared_to;temoeratures'predicted'by theuanalytical‘model.
Next azdiscussion'ofjdlfferent techniques'for measurlng-therabsorber
.piate.temperaturefis presentedr Following this~Section‘ttranSientudata,‘
measured both outdoors and lndoors, are analyzed and compared w1th cal-
'culatedzvalues; After the. analytlcal models have been experlmentally
verlfled;.sen81t1v1ty studles are presented whlch deal w1th changes in
absorber, plate stagnatlon temperature as a reSult of collector thermal
propertles changes and’ changes in env1ronmental condltlons. Follow1ng
‘the sen31t1v1ty studles, 1nstantaneous ‘methods of measurlng stagnatlon
.Vtemperature are analyzed‘and‘associatedvproblemS'areydiscussed;_'Ei¥‘ )
.nally,.a test method which uses all day 1ntegrated values is: 1nvest1-~'

l»gated u51ng experlmental data and analytlcal models.
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to F;gs. 4 1-4 3 and therefore, are not shown The temperature dlstrl-fgt
fbutlon of the absorber plate and cover plate 1s along the lengthw1se

centerllne, startlng at the 1ower end and endlng at the top._

There are two maJor observatlons resultlng from F:.gs. 4 1 4 3 The o

‘flrst observatlon 1s that edge losses cause the absorber plate and covertu"p

vplate temperature dlstrlbutlon to be hlghly nonlsothermal as 1llus-‘h S

- 0° cases o

trated by the B ,cases;, The second observatlon 1s that 1ncrea51ng
' the 1ncllnatlon angle of the collector from the horlzontal to the ver- e
htlcal p031tlon causes the temperature of the absorber and cover plates

to. decrease towards the lower end and 1ncrease towards the upper end

JThls effect 1s caused by 1nternal‘thermal stratlflcatlon‘of the alr Jl‘;
.between the absorber and cover plate.v The effect of both of these
observatlonslls tovmake the absorber and cover temperature a functlon ofil
‘{‘locatlon and‘lncllnatlon angle.;hHoweVer,‘the temperature~at the'center;;;»'
v of the absorber plate varles a maxlmum of only 6 C between the horr-t

‘zontal and vertlcal p051tlons at the hlghest power level., The temper—f

bature dlstrlbutlon along the w1dth dlrectlon centerllne and other 1o—,ﬁnﬁ”-*

'catlons, not shown but measured results 1n s1m11ar observatlons.fwipffV

Floure 4 4 compares steady-state measured and calculated stagnatlong7u_rl

_temperatures for the absorber and cover plates., The solld llne 1n Flg

4, 4 represents the 1ocus of p01nts where the measured and calculated
_ values are equal. Slnce the steady—state model does not take 1nto

'ffaccOunt alr stratlflcatlon between the absorber and cover plates, only

"'the data Wlth the collector orlented horlzontally are shown uLikeW1se S

the measured temperatures are‘from the center of the absorber and cover':
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plates‘because edgeilosses»alsoiare,notftaken“igﬁo'accqunt in;thexmodéli‘f_
These temperatures were used because'the‘center'O,B m diameter‘portionv
of . both the absorber and cover plates is nearly 1sothermal and the.‘
effect of edge heat losses is negligible. The calculated values in- Flg'
4.4:Were-computed uslng the-power lnput, ambient temperature,,and_sky
vtemperature measured durlng each" test.7vTheleollectorvdimensions-and~
”:propertles used in these calculations are those of collector Iin Table -
2.1 with the egception;of'the extinctiOn coefficient, Sincehthe indoor.r'
eollector simulates solar radiation absorbed‘only?ontthebabsorber?plate”
";and'not in'the:eover_plate,fthe‘extinction coeffieientrwas'set'equal'tol
‘zero to.correspond to the experimental apparatus. The,maximum differe
enee between measured and predlcted temperatures in Fig 4,4 1s'8 C for
thetabsorber plate,and74~Crfor theleover.plate; ;Also, there’is a'trend-fu
in the data contained‘in Fié.:4.4 whieh Suggests.thatn$6mé:of‘theleole’
'lector propertles may be temperature dependent.> The trend is‘tofgrad-
' ually over-predict the temperature of the. absorber and‘cover as both
temperatures increase;“.This,trend is probably a result of properties;
~such as the 1nfrared emittance of ‘the absorber plate or thermal conduc-
't1v1ty of the 1nsulation, 1ncrea31ng as the temperature 1ncreases.:

‘ Considering,the asSumptions»Of noﬂedge“losses-andieonstant properties,
the'agreement betmeen:measured'and predictedptemperatures,iniFigrb4t4niSA

: excellent.'

An’important characteriStic of a'solar-collector is how”the‘overall o

‘heat 1oss coeff1c1ent U L’ varies as a function of absorber plate tem-
perature. Slnce all the energy absorbed on the absorber plate of a

stagnated collector is transferred to the env1ronment asheat: loss



'h ValuéS-bf,Uﬁjaeaarfunctlon~cfgtempetéture‘canibefCalculated‘as'fellcws‘. N
TR T o ﬁ R
e AT FEY T (4.1)

’;Flgure 4 5¢ Was‘constructed us1ng Eq 4 1 and the steady-state temper-”.”

3:ature data taken’w1th the collector in a horlzontal pos1tion at 1nputr
V'power levels from 200 to 1200 W The SOlld 11ne in" F1g.,4 5 is a.
llnear least squares flt to’ the data. The relatlon between U and (TVR
T ) ls closely approx1mated by a llnear functlonr The relatlon between
| _ULﬂandf(I - T ) for the 1ndoor 1nstrumented collector 1s | '
7}ﬁL gb[2;§7J+10;0i6bti;;;iié}ihw/mzdc : ‘T sfi?‘i it;-f';'tLﬁélz)'.j-
j'_Equatlen 4, 2‘w1ll be.used.ln later sectlons to- calculate U .as- a funce':'
‘e'tlon of temperaturevln‘the absorber temperature dlstrlbutlon mcdel and .
fjln‘the trans1ent analy51s.d;»' | | L
:L Table 4 l statlstlcallw compares‘the measuredvabsorber plate tem—,h‘
'r:perature dlstrlbution w1th the calculated absorber plate‘temperature
ldlstrlbutlon usrng ‘the twe-dlmen31onal model dlscussed in Sectlon 3 3

; Only the data taken Wlth the collector orlented horlzontally were used

‘1n order to ellmlnate temperature gradlents caused by 1nternal alr strat—--’

‘d:lflcatlon. The parameter estlmatlon algorlthm from Sectlon 3 4 was used{a
. to determlne the parameters, ¢ and wb,vused 1n the‘two—dlmen81onal

- medel. These parameters were analytlcally determlned fromrexperlmental ;
tbdata because of the 1arge uncertalnty in calculatlng U | and U y( L

Measured and calculated temperatures were compared at locatlons l 6 and:?;ﬁ

14~20 in;Fig. 2.1; Valuesﬁfor U inﬂTable é.lawerewca1CulatedruSIng Eq,,.»*ﬁt"

L
L 4.2,
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‘Table 4.1 -Statistical Comparlson of Measured and- Calculated Absorber

Temperature Dlstrlbutlons for Collector I Indoors

A

PINV *(T,-T,) Uy U by Hag @AT' aT
W) © @fmc)y | @ ) )
200 44.2 3.4 13.9  4.04  -0.01  40.31  0.53
400 74.6 3.9 20,7 4.42 =027 .71 -1.68
600 100.3 4.3 26.1  4.84  -0.36  +0.89  -2.05
800 123.0 4.6 25.7  4.87 =032 .11  -3.32
1000 144.6 5.0 26.9  5.07 -0.29  +0.98  -2.04
1200 165.5 5.3 29.6  4.95  0.00 Hsh 3,39

*Temperature difference using the center absorber plate temperature
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There are three main observations resulting from Table 4.1. The
first observation is that the standard deviation of residual errors,

(o

AT’ between measured'andICalculated temperatures is approximately + 1

C. This result indicates that the assumptions used in the two-dimen~-
sional model are probably valid. In addition, the near zero values of

and the low values of A,  indicate good agreemeht between measured

HaT AT

and calculated temperatures.l The second observation deals with the tem-—
pra;ure dependence of wx and wy.- with the exception of the 200 and 400
‘W cases, these parameters are essentially independent of temperature as
diSCussed in Section 3.3. Therefore, once the values for wx andrwy v
have been determined, the mean temperature and temperature distribution
of the absorber can be obtained for any temperature level. The low
values of b, and wy determined from the 200 and»400 W tests would not
pertain to testing at ﬁormal levels of solar radiation. The last
observation is that values of b, are abeut five times as large as the
values for wy. This difference is most likely a result of higher
cenduction heat losses from the inlet and exit piping and the fact that
the length dimension, L, is abOu;.twice as large as ﬁhe width dimension,

%,

Stagnation Temperature Measurement Techniques

Four measurement techniques and investigated for use in determining
an appropriate stagnation temperature to determine property changes.
The four methods were: measuring the absorber temperature through the

back-side cover with a spring loaded probe; measuring the temperature of
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stagnant air inside the flow tube header; measuring the center cover
temperature; and measuring the temperature of air flowing'through rhe
absorber plate'flow~tﬁbesvwhen the inlet air temperature was maintained
at the'outlet'tempergture.v

Using the stagﬁant air temperature inside the flow tube header was
unsuccessful for several reasons; The stagnant air temperature of the
header containéd'insiae the indoor instrumented.collector was 124 C, as
compared with a center absorber plate temperarure of the same coileCtor
of 185 C. The temperature of the header is probably lower as a result
of the Header being near tbe edge of the collector. .Since a property
change causes»‘(,Tp - Ta) to chanée by a cértain.fraction, sensitivirj to
property_changes wogld:be less using the header temperature as compared
to the center absorber temperature. In addition, since the temperature
‘'sensor is insertéd "blindly" into the header through the inlet or outlet
pipe opening, the repeatability‘of this type of measurement may be poor.

Using the .center cover plate temperature was also ﬁnsuccessful.
The advantage of this method is the ease of measuring the exposed outer
cover temperature witﬂ either a shielded thermocouple or a hand held
infrared pyrometer. One of the problems assoCiated>With this methbd is
the lower sensitivity to collector properfy changes since the cover
temperature is‘much'less thag‘the absorber temperaturer Furthermore,
large errors can be introdﬁced into the measurements as a result of rhe
stroﬁg effect of.Wihd on the outside cover‘temperature.v There are'aiso
" problems in ﬁeaéuring;cover'témperatures éccurately. Errors can be

introduced. into the thermocouple measurement by absorbed solar radiatiom



on the sensor and 1nto the pyrometer meaSurement‘when thencover ls
9vrvh1ghly transparent to 1nfrared radlation.;.

‘y: Weasurlng the temperature of air flow1ng‘through the collector when_:
the.lnlet and ex1t alr temperatures are. equal‘has several advantages.pl"
 The collector would be.ln aistagnatlng mode durlng thlS test because noi

energy is removed from the collector since the 1nlet and exlt air tem= .-

T peratures are equal The flow loop apparatus would con31st only of a

" hot alr gun, a. thermoplle between the 1nlet and ex1t man1folds, and a -
‘athermocouple in the 1nlet»orrex1t manlfold,‘ The temperature of the“
1nlet alr would be adJusted by the hot‘alr gun untll the thermoplle
output- voltage vanlshes.- A temperature measurement of thlS type would
‘ellmlnate temperature sensors mounted 1n the collector and p0331b1y
_average out the effects of edge.losses and 1nternal air stratlflcatlon.
The:air flow:method however, did not prdduCetsatisfactory'reSults;fh
._Flgure 4.6 compares the temperature dlstrlbutlon along the center and
edge flow tubes,vw1th and w1thout a1r flow; for the 1ndoor 1nstrumented
"”collector._‘The inlet and exit alr‘flow temperatures Were 131 Cj‘ ThlS
_ytemperature is- 57 C less than the.center.absorber platevtemperature for
i the no—air-flowﬂcase.“ The low 1nlet and exit air temperatures are most ;
'hllkely a result of the relatlvely low'temperature 1nlet and exlt head-‘h
".ers.‘:Once again, ‘the senslt1v1ty to property changes in u31ng thlsl
method would be less than a method u51ng the center absorber plate
- temperature as‘a reSult of the lower temperature levels. Furthermore,
h the temperature of the flow1ng alr was determlned to be a weak functlon ;'

:;_of the air flow rate through the collector. Flow rates of relatlve



;5}}73e3;;

180k

ok 7

Ful 130 :-T;MP U 5 (SINGLE COVER) v TEMP
T S SR ) -WlTH AIR - FLOW (DASHED) :
o- NO, AlR FLOW (SOUD)
B=0° . .
PIN-IZOOW TQ 25 C

| ]..0,.00’ . o 050 - o015 '-.l.o'd;'_ s
DISTANCE FROM THE 801 IOM OF THE. COLLECTOR
o (X/L) (DIMENSIONLESS)

o F1g46 Comparlson of Absorber Plate Temperature Dlstrlbutlon » A
T ’ w1th and WlthOut Air Flow1ng Through the Flow ’I.‘ubes N
Measured Indoors for Collector I L .




W

'magnituues of‘approXimatelrbonefhalf;gone;iandhtno‘caused'theeairntemé
perature{tQ va£§f6yf7~c, with the airrtemperature‘increasing}as thevflowp
':rate increased{g As airesultvot‘thesetproblems, thé,;ir floW rateﬁmethod”
'mésbabandonedL’}‘ | | | E V .

lMeasurmng thevabsorber plate temperature mmth a sprlngrioaded ther—‘
mocouple probe proved ‘to be the. best of’ the four methods con31dered.
This,probeﬁis described inudetailfin'Section 2.2. The probe is rel— _b
"atlvely easy to mountlon the back-51de of a collector w1thout hav1ng to ;
;dlsassemble thefcollector.. In addltlon, the adjustable length of the |
probevmakes iturersatile-for collectdrs.hav1ng different»lnSulation:v
,thicknesses. Since the absorber plate temperature is. hlgher thanbthe
temperature obtalned us1ng the other three’ methods, the sens1t1v1t§ to
collector propertles changes would be-the hlghest u31ng thlS method | shn
ba result of these reasons,-the technlque of us1ng a sprlng loaded probe -

‘to measure absorber'plate:stagnatlon temperaturevls recommended.

Transient  Results

Transient temperature measurements were made using the indoor and

outdoor teSt apparatus.‘ Measurementsvmade at'test'sitesi4 and 5 are

'VJ.’also con31dered. The 1ndoor transxent measurements con31sted of

bmeasuringptheﬂstagnationwtemperature~response‘of theiindoor"instrumentedk
collector to step changes ln power supplled to the strlp heaters.<fThehp"'
outdoor tran31ent measurements con31sted of measurlng all day stagnatlonm
temperatures;of“two‘collectors at VPI&SU and~four collectors_at test

. sites 4 and’5. 0 . i
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There werehtwo indoor transient tesfs which measured the response
of the indoor instrumented collector to a step increase in input power
from O to 1200 W and a step decrease in input power from 1200 to O W.
Initial conditions for both of these tests were steady-state temper-
atures before the step change in input power. Figure 4.7 is a compar-
ison of the measured and calculated temperatures‘of the absorber and
cover plate to a step change in input power from O to 1200 W. The solid
lines represent the calculated results while the squares and circles
represent the measured absorber and cover temperatures, respectively.
Temperature data was taken at 30-second intervals for both indoor tests.
The temperature was measured at the center of the absorber and cover
plate during the test. The parameter estimation algorithm developed in
Section 3.4 was used in conjunction with the transient model developed
in ‘Section 3.2 to produce the analytical results. The two parameters
optimized in the analysis were the heat capacity of the absorber plate,
(mpCP), and the thermal conductivity of the insulationm, kin' Both of
the values obtained for these parameters are in close agreement with
handbook values. The agreement between measured and calculated values
is within 6 C and the standard deviation of residual errofs is 3.0 C.
Figure 4.8 is a similar comparison except the transient temperature
response is to a step decrease in input power from 1200 to 0 W. The
same values for @nPCp) and kin as used in Fig. 4.7 are used in Fig. 4.8.
The reason these parameters were not changed is that the actual col-
lector properties would not have changed between tests. The maximum

temperature difference between measured and calculated values in Fig.



POWER INPUT (10W/SQM)

'TEMPERATURE ().

200

150 -

190

INDBOR COLLECTOR STHGNHTIBN‘TEMPEHRTUHE
' 1 TP MEASURED
@ TC HERASURED
- & POHER INFUT

VS TIME

/_'_._,..-A

-

/ "“-v

SOLAR TIME (HR)

FIG. 4.7 COMPARISON OF MEASURED AND CALCULATED INDOOR
STAGNATION TEMPERATURES OF COLLECTOR 1. AT VPI&SU
TO A STEP INCREASE IN INPUT POWER

9.



- POWER INPUT. (10W/SQM)

),

(

TEMPERATURE

200

100

FIG. 4.8

INDOOR COLLECT@R STAGNATION TEMPERATURE

3 TP MEASURED
© TC MEASURED
¢ POWER INPUT

VS TIME .

ﬂmmma
@ .
m“%ﬂgﬁ B
e,

|

ot L e L e b g R e R Yl Lt s M L S S S TSV T D PSSPy
b.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

SOLAR TIME (HR)

COMPARISON OF MEASURED AND CALCULATED INDOGA
STAGNATION TEMPERATURES OF COLLECTOR 1T AT VPI1&SU
T8 A STEP DECRERSE IN INPUT POMWER

1.0

LL



'>78:

4. 8 is 4 c and the standard dev1at10n of res1dual errors is 1 6 C  The =

agreement between measured and calculated values in Flg. 4 8 is sllghtly'“

":better than ‘the agreement in Fig 4, 7 ,Thevreasonffor thlS better“

;--agreement may be a: result of controlllng the power 1nput to exactly 0 W

1n Fig 4 8 while the power 1nput in Fig. 4 7 was controlled to w1th1n

7+ 1 per cent of 1200 W Overall the agreement between measured and

‘calculatedvtemperatures31nfFigs.'4.7 and 4;8 is good; 'Table 4.2

summarizes the~statistical ‘comparison between measured and ‘calculated

-temperatures in Flgs. 4 7 and 4 8.

All day outdoor data taken at VPI&SU were recorded at S—mlnute

b'*irntervals. Flgures 4 9-4.11 show measured and calculated stagnatlon o

temperatures for‘collectors D:and I descrlbed-ln Table 2.1. Flgure 4 9

was constructed from data measured using collector I on 12/17/80 at an

’1nc11nat;on angle of 60 degrees. ‘Flgures 4‘l0.and 4.lliwere constructedb :

from data measured using collectors D and I on 2/13/81 at an inclination -

angle of 45 degrees; Since the tests were performed atvinclination

- angles-other than horizontal, the stagnationstemperature of the 1ower,
; mlddle, and upper thlrd portlons of ‘the absorber plate were averaged to

: obtaln the.absorber plate temperature data in Flgs, 4.9—4.ll. Wlth an

‘inclination angle of 45 degrees'0n12/13/81,'theioutdoor'measured tem-

perature'difference'between the upper and lower;thirdﬂsections of col-

lectors D and E at solar noon was 32 C and 24 C respectlvely.' The

. parameters QnPC ) and k were optlmlzed us;ng.all the'outdoor data fromm,

Flgs.,4 9—4 11. The value for (mpC ) obtalned from the 1ndoor meaSuré-l

ments was-not used for the. outdoor data because the outdoor collectors tbl
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 Table 4.2 Stétiética,l Comparison of Measured and Calculated Collector
Stagnation Temperatures for Figs. 4.7-4.15 '

Figure C k
oeure m,Cp2

' ~ “in HaT %t At
 Nember  (Wh/n’-0)  Wao)  © . (© ©
47 167 0.055 1.6 +3.0 6.6
48 1.67 . 0.055 0.9 4.6 4l
4.9 13 o.085 -3.8 . 446 -8.4
4.10 | 1.13 B 0.085 -2.0 . 446 ~9.6
411 1.13  0.085 -3.0 +3.9 -8.2
412 2.90 ©0.070 0.7 +2.6 -7.0
4.13 . 0.29  0.083 0.8 2.9 -8.8
4.14 0.8 | 0.019 0.0 1.1 -1.9
4.15 176 9;033 -0 40.9 ~4.2
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do not have the extra heat capacity associated with the strip heaters.
Also’,kin derived from the indoor data was not used because the outdoor
inéulation may have different amounts of contained moisture. The sta-
tistical values comparing;theﬂmeasured and calculated results in Figs.
4.9—4.11 and the values for CmPCp) and kin arebshown'in Table 4.2, vOn
the éverage, the calculated collector temperatures in Figs. 4.9-4.11 are
higher than measured. This discreﬁancy is most likely a result of the
collector properties being a function of temperature while the analyt-
ical model assumesbthey are constant. Properties such as e and kin
génerally increaseiwith temperature. This increase in ep‘and kiﬁ as the
temperature increaséd.would explain the higher calculated temperatures
in Figs. 4.9-4.11. Tﬁe calculated temperatures do, however, follow the
trends of thermeasured temperatures very well. |

In addition to the data obtained at VPI&SU, Figs. 4.12 and 4.13
contain‘outdoor data taken at fest site 4 for collectorsbA and B.
Figures 4.14 and 4.15 contain indoor solar simulator data taken at test
site 5 for collectors E and H. The measured data in Figs. 4.12 and 4.13
were taken from a continuously recorded strip chart at 1l5-minute interf
vals. The cover plate temperatures were not measured at test site 4.
In addition, the inciination angle for collectors A and B was 40‘degreés
duriﬁg the test. The solar fadiation profiie for the tests using the
solar simulator is an initial step increase from O to 1000 W/mz, a
linear increase from~1000'to 1100 W/m2 over the next 2.5 hours, a linear
decrease froﬁ 1100 to 1000 W/mzpver the‘remaining 2.5 hqurs,‘and finally

a step decrease from 1000 to O W/mz. The temperatufe data in Figs. 4.14
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~and 4.15 were recorded at 5-minute intervals. Collectors E énd H from
Figs. 4.14 and 4.15 were horizontal during‘the tests. ‘The dérivéd
~ parameters (mPCp) and kin along with statistical data used to compare
the measured and calcglated results for Figs‘ 4.12-4.15 are in Table
4'2f Again, the agreement Between measured and caiculated results is
good. » ” |

Figure 4.4, Figs. 4.7-4.15, and Table$‘4.l_and 4.2 experimentallj
validate the steady-state, transient, and‘twadimensionél absorber plate
teﬁperature distributién models. Thé agreement in all cases is at least
acceptable for using the models for sensitivity studies and test method
evaluation. The transient model was expefimentally verified with indoor
and outdoor data at VfI&SU'for collectors D and I, with 6utdoor data at
test site 4 for collecﬁdrs A and B, and with‘solaf simulator data at
test site Sifor colle¢tbrs E énd H. These transient data comparisonms
point out the versatility of the model with respect to different
collector designé and with respect to iﬁdoor, outdoor, and solar
simulator environments. The next section ﬁresents results from the
steady-state model invdetermining the sensitivity of stagnation tem-
perature with respect to coliector préperty'changes and environmental

conditions.



Three 1mportant factors whlch affect the appllcabillty of a testhf’

standard to determlne collector property changes after env1ronmental"2;}f.:”"

. exposure are sen51t1v1ty to property changes, sen31t1v1ty to environ-iy"

mental condltlons, and experlmental uncertainty In thl)uSectloniueach5.

_one of these factors 1s con31dered The steady—state model 1s used for ‘

??determlnlng the sen51t1v1ty to property changes and env1ronmental con-ff:dxf~ '

' 'dltlonS;' An analy81s developed by Kllne and McCllntock [41] is used
7to determlne the experlmental uncertalnty assoc1ated w1th stagnatlon

'temperature.test~methods;-

aExperimental'Uncertaintyyt;

’“_ Before an uncertalnty analys1s can be performed the stagnatlon
_temperature of the absorber plate must be normallzed w1th respect to

~;'amb1ent.temperature andisolar radlatlon._ Changes 1n amblent temperature:"

- or solar radratlon between lnltlal and post—exposure tests would cause ‘jfpy -

3<fthe stagnatlon temperature to change 1ndependent of property changes.,lAl’

rsatlsfactory normallzatlon of the stagnatlon temperature can be obtalnedb‘;f’

by the follow1ng eneroy balance on the absorber plate.v
> (Ia)G;"ULCEP‘z.Ta) aw9;~' U e e

” :Rearranglngryields

- ‘ﬁ?&?fﬁr_f} f~i’»;1<v -',;pi;;j;o“;;;s;;;f' :(§t4)?fgeff.
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Thus, the‘parameter, (Ip - Ta)/G, is only a function Qf the solar
optical properties of the collector in the form of (to) and the thermal

properties in the form of the overall heat loss coefficient, U There-

L'
fore, changes in optical or. thermal properties of the collector result
in a change of (Tp - Ta)/G. However, the parameter, (TP - Ta)/G;‘is not

totally independént of environmental conditions. Parameters such as Ny

v \ A ‘
and 6 can cause small variations in (ta) . and parameters such as Vw’ Ta’

T, T., and B can cause éignificant variations in U The effects

s p’ L*
caused by these‘parameters afe discussed following the experimentai
uncertainty\analeis.

The instruments used to measure (Tpv— Ta)/é are a differential
thermocouple to measure the temperature difference, (Tp - Tg), and . a
nyanometer to measufé the solar radiation, G. The measurement uncer-
tainty associatgd with measuring (Tp_— Ta) using a differential thermo-
couple is approximately + 0.5 C; The measurement uncertainty associated
with measuring G with a WMO class I pyranometer is compoéed‘of several
separate_uncertainties. The temperaturg.compensation,‘linearity, and
cosine response of the pyranometer each introduce a + 1 per cent“uﬁcer—
tainty in thé measurement. These uncertainties statistically combine to

2 412 4 1H2 .

give an overall uncertainty in the pyranometer of (1
i 1.7 per cent. In addition, a + 1 per cent error is assumed in the

recording apparatus for both G and (Tp - Ta)' The uncertainties in G

and (Tp - Ta), including recording. errors, are

wg = [(0.0176)% + (0.016)%1%/2

= + 0.02G - (4.5)
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| “<Tp‘Ta> = 1052+I001 a, - T )] 11/ Ry (4;.6):*5’

The uncertalnty ln (T —'Ti)/G':aeﬁa resnlf.cf botn GVand.(T ’- T: ),‘15 E

fdetermlned by a Kllne and McCllntock [41] analy31s as follows,vaet ) R

=(Tp-Ta)/G R R T »’ (47)

» T‘hen*‘i

o _-.a\;" 2, 'axis'., * 1/2

) (4;8)';en°ﬁ°

‘.substitntibn nfkthe’parcial derivativeefof Eq.’4,7 into,Eq!¢4L8.yields R

w, =4 x[( ), /G) + (w _vft'/(T’ T )) ]1/2 ' i‘a*'fv (4.9)’!‘v.'
, x» (T =T R
‘e‘Finally,,with the;gubsﬁituﬁibn'qfqufs.h4.5 and.a;a_iﬁtodgq. 4.9

*@Xj=;i x[(0.02)% + (0.01)* +’(0;5)2/(Tﬂ T )’ 11/2 4.10)
Thns, wxnfor7a stagnation'cpllecfbfyyith_(Ip —'Ta)]=al50fois

wX-=_i;o.23,x,_ B o _*ffl'<_” ka1

The next_subéSection'ié»cqncerned wifh,evalua;ing the influence of -

environmental conditions on the parameter x.

‘Sensitivity to Environﬁental;anditiens,_-

9, V‘," 'y Ts’ B, and G can cause a Sllght change 1n

Changes in n T

B d’
(Ta) and UL’ whlch in turn, change x. Although G does not effect U

‘ dlrectly, a change in G would cause a change in Tp,,whlch would effect B



iR Flgures 4 l6 and 4 17 show the varlatlon of x as a functlon of
'envlronmental'condltlons for.collectOrs D‘and E., Collectors D and E
- were chosen becausevthese collectors are, respectively, the best and

poorest performlng collectors analyzed » Thefother collectorsuusedaln o

'thls‘analy31s showed~sxmllarfresults; The env1ronmental condltlons V ,Ld;-7‘

IfTa, and G have the largest effect on x in Flgs.v4 16 and 4 17., These f'b

parameters affect U and not (Ta) The parameters nd and 9 whlch effect7h’
(ta), have an 1n51gn1f1cant effect on X The 1nc11nation angle of the
"collector, B, has a notlceable effect on collector D but llttle effect

‘on collector E. Collector D 1s 1nfluenced more by 8 than collector E

;vbecause free convectlon 1s more domlnant in collector D than collectorth”

'ias~a result ofuthe‘Selectlve surface»absorber‘plate;g-Infgeneral the BT

“"env1ronmental condltlons affect the low performance collector E more on
;a,percentage bas1s than-the‘hlgh*performance'colleCtor-D. It should be

‘-p01nted out that the range of env1ronmental condltlons in’ Flgs. 4 16 and.»'b

'~t:{ 4, 17 1s qulte laroe., The env1ronmental condltlons would probably not

jchange by th1sbamount betweenilnltlal and post exposure tests;:prfiié;f-‘
ATIHG B, and V do not change more than 20 C 200 W/m ,.hof;‘and 2 m/s,.:
vfrespectlvely, between 1n1t1al and post exposure tests, then the effect X
f_.vof each env1ronmental.condltlon.on x 1s-w1th1n +t3 per cent._ These
.11m1tatlons on the ranges for T s G and B should be ea31ly met 1n,&j'd"
o vpractlce, but the range on: V mlght be more dlfflcult to achleve. ‘ln“
addltlon, worst case comblnatlons of several of these‘env1ronmental’

,: condltlons could lead to larger changes 1n (T - Ta)/Gg,but the '

v’flfrequency of Such occurrence Would be low.
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Sensitivity to Collector Property Changes .

The collector propertles that are crltlcal to collector thermal

.performanceaare ;;&é;fand eé.' The sen51trvity of‘the absorber plate

temperature to a change in these propertles for collectors D and E “is.

5shown 1n Flg. 4 18 A change in EP for,collector‘E~ls+not'1ncluded in Ef
;:Flg 4, 18 because ep}— 0.87 and increases in. thlS value would cause :t
‘rsmall decreases 1n the absorber plate stagnatlon temperaturet “A
decrease‘ln ;_forrcollector.D causes the'largestxamount,of‘changeVinaI.;a
| The»;AAsqagféruthiéiistthaf'cdiiégtafno has tWo‘covers and'A;'repreSentsh
:thedchangelin»each‘coyer;r Thevsen51t1v1ty to property changes is hlgher'l

for collector D than collector ‘E. Thls h1gher~sens1t1v1ty results from_

collector D hav1ng a hlgher Tp than collector E and the change in Tp isr'}'

o a fractlon of (T _é:Té) Values for G and T used to ‘generate Flg 4. 18*<

P
are 1000 W/m2 and 20 G, respectlvely. The correspondlng absorber plateH"’

stagnatlon temperatures for collectors ‘D and E are 227 < and 134 C

~ N

"respectlvely.v Thus, a property change of 0 l 1n apvand~r for collector_,sf. o

CE would cause -a decrease in x of 6 5 per cent and 4 4 per cent, respec— o
'tlvely A Property change of 0. l 1n ap, Ts and ep for collector D wouldi«
cause a decrease 1n x of o O per cent, 8. 6 per cent and 5. 9 per cent

respectlvely;' U31ng Eq 4 lO, the uncertalnty 1n x for collectors D and'~v

"E 1s + 2 .3 per cent. (Note that the term (0.5)° /(T v-{Ta)z in Eq. 4 lO ,:f>

adds very llttle,to»thevoverall-uncertalnty. The maJorlty of the un-—

.vcertalnty is. contrlbuted by the pyranometer @TIOY. ) stng an»uncer— ‘

o ftalnty of + 2 3 per cent, the uncertalnty bands of the 1n1t1al and post :A

tests would become completely separated w1th changes 1n X of greater
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than 4.6 per cent. Thus, property changes on the order‘of'O.l-in ap,

T, and € would be detectable using this method, with the exception of
T for collector E Which'would be only marginally detectable. ' This
result, however, assumes that the environmental conditions were essen-
tially constant. Large'variances in environmental conditions may pre-
clude determining property changes of the order of 0.1 in ap, T, and
€ .

P’ - .

One additional source of error in these measurements is the effect

of transients on the measurement of ¥. This source of error is con-

sidered in the;next,sectibn.
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4.3 Instantaneous Method

The measurement uncertainty, sensitivity to property éhanges, and
sensitivity to enﬁironmental.conditions for the.pafametér X were de-
veloped in the'last section. In addition to fhese factors, a test
method'incorporating the instantaneous meaéurement of x must take into
account t;ansiénts in Tp caused by changes in G. Eveh on clear days,
the heat capacity of the collector cén iead to errors in measurements
of thé steady—sﬁate Tp.in the morning and afternoon hours. " Figure 4.19'
uses the data from Fig. 4.9 with the parameter X plotted as a fuﬁction
of sol;r-time. Thé sudden change arbund.9:30 solar tiﬁe‘in Fig. 4.19
is a result of a momentary period of cloud cover. This jump indicateé
how sensitive the measurement of ¥ is to eveﬁ short durations:of cloud
covef. The remaining part of the'dévaas aBout_as clear as is pdséible.
Dufing the quasi-steady portion of the day'from one hour before to 6pe
hour after solar noon, the'paraﬁeter X varied by + 1;5 per cent.

During clear'days, measurements taken during this two hour time period
would probabiy Eé Wifﬁin‘i.l.S per cent for most collectors having heat
capacities similar to collector I.

Since perfectly clear days. are infrequent for many locations, a
'ﬁrﬁcedufe is needéd to determine the amoﬁnt of time after a period of
cloud cover before quasi-steady measurements can be made. The following
'discussién and analysis proviﬁes an estimate for the length of this

waiting period.
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Response to Transients: -

‘” .

The basls for the follow1ng analys1s 1s the aSSumptlon that the :

‘ entlre heat capac1ty of the collector can be represented by an effectlve

"fheat capac1ty "lumped" 1n the absorber plate.j In addltlon, the fOllOWh_j:iff

figlng assumptlons are made"’
flJ:vIA cloud is represented by a step change in solar radlatlon

from the 1n1tlal value to zero.

,,‘_Z,f' The heat losses are. represented by a constant heat loss ;::~;*go1};,g

xgd;ECOefflClent.- The coeff1c1ent however, is” dlfferent for the ’%fﬁ
"°fﬁe?tiﬁéyanﬁf9°°lingiGases,f”% T T

:5;."Aiiléthefvpfoperties are cénstaﬁﬁ;r3fj

The solutlonato thlS flrst-order‘lunped SYStem Wlth tlme.ls

”represented by the follow1ng well known equatlon.?,Llﬂ,uﬂ;ﬁ‘*

';fhe]: exp( -vt/r D rwﬁf*f_*"“~ f*'*:li_ fﬁf*;’f.' w1

'where:' e = T"+ T l”_¢?i~*

i:lnltlal value of (T ‘-T )ﬂi'd‘“(
P2

II

c;, (mC) /UL C ,f

-
i

- UL C average loss coeff1c1ent durlng coollng

' After a: cloud cover duratlon of At, 1t is assumed that the solar radla—?V“““

'tlon‘returns to'lts orlginal*level'by a step.change. Tne absorber plate

ntemperature as a functlon of tlme after At 1s represented by

e e o+ e [exp ( - At/} 5‘— l] exp [ - (t - At)/f ],;rv

‘hWhere?]i[LAtp= cloud durationh




.:rilQLf.;;f” [

S

ﬁi h = average loss coefflclent durlng heatlng ‘

'The 1n1t1al condltlon used for Eq. 4 13 is
9 '=~;.e exp ( = At/'r ) at £ = .':A_t:f‘ - . R (4 14)

',If the recovery tlme,lR; is deflned as- the amount of tlme requlred

‘nfafter the perlod of cloud cover for 6/6 to be equal to v, then solv1ng Sl

;Eq 4 13 for (t = At) when 6/6 = v ylelds i;-f

l - exp ( - At/T )
| 1_f3V. -;J]A

r= ln [ | ”~“(4;15)4j

To valldate Eq 4 15 and to 1llustrate the method data obtalned

‘us1ng the 1ndoor 1nstrumented collector are analyzed Flgure 4 20 showsdf ff

‘the absorber plate stagnatlon temperature response to: step changes in

the 1nput'power.. The coollng response represents 6/6 as a functlon of '

L ttlme after a step change 1n 1nput power from 1200 to 0 W.» The heating'“p'f‘

response represents 6/6 ‘as a functlon of tlme after a step change 1n ft -
1nput ‘power from 0 to 1200 W. The SOlld llnes represent the 31mp11f1ed"
theory and the clrcles represent measured data. A;leastfsquares f;t to;-

“the,experlmental”data‘was used to determlne'1c~and”rh; 'Valuesifotﬁiér':'ﬂ‘

,and'th were determlned to be 32 and 18- mlnutes, respectlvely A,mdre”r -

’fdetalled analy31s showed that the reason Tc and Th are not equal 1s a yf"

’ﬂ'_‘result of the temperaturexdependence~of U (refer to Eq.-4 2) : The

81mp11f1ed theory matches the measured data very well 1n Flg 4 20. P

An addltionalftest‘On“the 1ndoor'1nstrumented collector_was =

performed to determlne the recovery t1me, R after a momentary lO—mlnutes_h.jf

' shut—off of power. Flgure 4 21 shows the results of thlS test. The_b”

..SOlld 11ne in Flg 4. 21 ‘was determlned by u51ng Eqs. 4 12 and 4. 13 w1th

At 10 mlnutes, Tc X 32»m;nutes,_and,r 18 mlnutes.ﬁ From F1g 4 21 3."’

h .
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the'récovery;time, R; required fbr,é/eo =‘vvto become 0.90 is 18;1
minutes. The recovery £ime:calcuia£ed by Eq.v4.15 for this test is 17.8
minutes.

Figure 4.211validates the simplified theory used in'Eé, 4.15 to
céléulate the recovery time. But; inforder to usé Eq. 4.15, chand.

T

p, must be known. These time constants can be obtained outdoors near

solar noon by sgddenly shading and exposing a stagnéting collector.
Practical problems, howéve?, may limit the»usefulneéé of the previously
mentioned instaﬁtaneous method. Firsﬁ, added testing time would be
requiréd to &etermine Te and e Secoﬁdly, 6/60 shopld ﬁe chosen as
0.98 to obtain accurate measurements aftgf.a period of cloud cover.

This véiue of 9/60 would~¢0rrespond to a recovéry time'of 47 minutes
after a 10 minute cldud.covér. Therefore, one 1l0-minute duration of
cloud cover nearvsoiarrnOOn practically precludes obtaining ac@urate
results,fof that day. Although these results were obtained using only
oﬁe collectof, colleC?or I is ;.representativé COlléctor with an average

heat capacity and'these results should be typical.

Outdoor Results

Qutdoor.meaéurements weré made on collectors D and I to validate
the instantaneoué method‘pieviouély_described; Figure 4.22 shows the
results of these measurements. The Qata used to construct Fig. 4.22
were all téken on very clear daYs;betweeﬁ Deéember,,l980 and Februaryi
1981. Only cleér days were chosen to minimize traﬁsients‘and to foéus

mainly on the effects of environmental conditions and experimental
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uncertainty. Befh solid liﬁes in Fig.v4.22 represent the mean values of
(Tp ; Ta)/G:for collectors.D and I. The measurementvsequence‘USed for
the abscissa repfesentsAthe chronologicai seduenceithat the data Wefe
taken, but the number of days between each meeserement‘varies.vat is
~assumed thee performeﬁce'of collectors D and I did not'eﬁange duriﬁg
this three mon;h'beriod. This assumption isereasonable‘because the NBS
Durability and Reliability-Prograﬁ:[Z] and other previous tesﬁeAhave
shown the performance of‘bOth’collectofs do not change after e three
month period. -With the assumption that the performance of both collec-
tors remained constant, the scatteerf data in,Fig,.4.22 is a result of
experimental dneertaintyAand eﬁvironmental conditions. 'The only eevif;‘
onmental eondifion which showed a predictable effect onethe results
Was‘the windvspeed, ‘Mest‘ef thé data taken with wind speedsjlessbthan'
1.5 m/s fell aBQve’;he mean_value.v.The enly deta poiqt';akenvwithvwind
speeds above 3.5:m/e ﬁell:well Be;OWf;he meen value. There is a defi4:
nite seduentielgcer?elaeion Eetweeﬁethe dete taken éﬁ cbllectors_D'Aﬁd: 
I. The high and'ldw.vaiﬁes‘for collectors D and I tend to follow the
same trends withftime;¥ Thie eofrelation bf trends isimOSf"likeiy a
result of enﬁironﬁeﬁtal cenditions. : |

The experimental encertainfyeassociated with tﬁe ﬁeasuremeqts;is.
shown by error bands on the data pointe., The scattef in the-ﬁeaSure-
ments is equel to or better than the-experimental encerteinty when ﬁﬂe
data point taken‘with Vwe= 6;4 m/s is omitted. With limiﬁations en.wihd.
speed and for Very'clear days, it eppears‘that the instenﬁaﬁebes metﬁo&
- can determine proéerty.changes in &p";’ aed sp in the amount‘of O;1.or

less. Data taken on days other than very clear have transients that
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make determining accurate quasi—éteady measurements difficult. The next
section investigates a method which integrates (Tp - Ta) and G over the

period of a day to eliminate the effects of short term transients.
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4.4 All-Day Integration Method

The limitations associéted,withvan“iﬁstahfaneous mefﬁod used:to
measure-(fp - Ta)/G were diécﬁssed in the last section. A.method‘based'vi
:onvintegrating the parametérs (Tp - Ta) and‘G»over'the'peribd'ofiope day
is now coﬁsidefed, ‘The main advantage of an integration methad is the
'elimination ofvtherproblemsbassociated with‘transients in the meésured
parameters. This sectiqn is_diVided into sﬁb-sectibns,dealing wifﬁ the
theory éf the methb@, sénsitivity to environmental cénditions, séﬁsi; -

tivity to property changes, and preliminary measured results.

Theory

The transient stagn&tionvtemperature of the absorber plate'can beK
representéd by_the following eqdation which is dbtaihed from an energy
balance on the absorber plate.

(ta) G - UL (Tp fvTa) = (mC)e’dip/dF : co .'<4.l6)
where.(mC)e is the effectivé heat capaeity of the collector lumped at

the absorber plate. Ihtegrating;Eq. 4.16 over the period of one day -

yields
24n 24h |
f ('ta_)Gdt-f UL(Tp-Ta)dt‘:Sf

"0 0

mC T (24h) - T  (Oh o 17y
(me), [T,(26R) = T, (O] o S e
With the asSumption that the absorber plate temperature at midnight is:

- the same as 24 hours before, Eq. 4.17 can be reduced to



24h

0
Next, the definitions of the mean déiij (ta) aﬁd'the meéﬁ daily UL are
introduced. :
240 - 24h
(ta) = | - (ta) G dt/ | G dt (4.19)
0 0 '
24h 24h |
U, = f UL (Tp Ta) dt/ (TP - Ta) dt (4.20)
0 0
Substitution of Egs. 4.19 and 4.20 into Eq. 4.18 yields
24h 24h
,( (Tp - Ta) dt = [(Ta) /U, ]*[ (4.21)"
0 .
Thus, if changes in (?&) or ﬁi occurjduring ekpoSure, measurements of
. % . .
f(TP - Ta) dt and f G dt could be used to detect the change. The ratio
[(;Eb/ﬁi], however, is not only a function of collector properties. The
value of (?E) would be a function of the average incident angle of beam

radiation and the average diffuse fraction for the day.

L

Thus,vthe all-day integration method, like the instantaneous method,

24h

f’ (ta) G dt =j
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Uy (Tp —‘?a? dt ’(4.;8)

" The value of

U, would be a fﬁﬁction of the average Vw’ T ,.TS, and B for the day.

a

is

a function of the environmental conditions.

Figure 4.23 shows

ent characteristics but equal values for f G dt.

three solar radiation profiles with very differ-

Profiles 1, 2, and 3

In the follow1ng dlscu881on, the symbol f denotes integration over

a 24 hour perlod.
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represent a square step change in solar radlatlon, a clear day w1th
Alntermlttent cloud cover, and a hazy day w1th solar radlatlon equal to:'r_*"T

80 per‘cent ‘of that on a clear day, respectlvely., These three profllesvf :

are used in comblnatlon w1th the trans1ent model to determlne the $~”t.
effect of the solar radlatlon proflle on': f(T - T ) dt for collectors 'iif v

4, B, D, and B The results of this StUdY‘are'shown'ln Table,a 3”".jéf>}};iii

three dlfferent proflles resulted in llttle dlfferences in tne values

of f(T -T ) dt.v The largest dlfferences ‘are between proflles 1 and

'3-: The dlfference in f(T - T 2 dt between proflles l and 3 forz:;r
collector.D 1s:3,9,per cent. However,.the,dlfference betwegn ;he;mbrg.?il
reallstic protiles (profiles 2band 3} lsjabouthl perfcent'bf.iéssél;:n,1§L.E[f;
Thus, the.integratlon'methodVCan be'usedrfor cloudy daysiasrwell7é$:;:f?tl”th‘“
: clearldays; | | | | o '
 The next‘area of concern is how to conpare results for long days lnfii""w
'the summer with short days in the w1nter,. Innaddltlon,.the amountiofrff:ufdl
solarvradlatlon durlng a summerbor w1nterlday -:can be a. varlable.rh |

: F18ure 4.24 shows calculated results for collector B obtalned uslng 20, ],Lam,ff
40, 60 80 and 100 per cent of clear day solar radlatlon for répre_? ;g"*3'
sentatlve days - 1n March June, September, and December. The theoretrcal~1'-{
values, 1nd1cated by the open’ symbols, are the results from these 20

dlfferent days. The solld llne is a best flt curve to these theoretl—a'r“

cal values. -The.. effect of day length and shape of each solar radlatron:ji
prOflle is,lncluded-ln rrg.'4,24. Note that therrelatlon between fr._v
F(Tp--'T;)_dt:andlfiG dt.leﬁOt linear. 'This nonllnearity-ls a:reaulsh:'

- of ﬁi being a funétlon’of'Té. A decrease in:thermal;performancelof
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r‘yTable 4.3 Effect of Solar Radlatlon Proflle on the Results of the ‘
All—Day Integratlon Method

. Environmental Conditions:

= 81, ¢ =40°, B = 40°, n_ = 0.15

. ) 24h S
T,=10C, vV =2.0m/s, | Gdt=20.1 I /m”
Intégrated (T - T >, ‘ ‘ oL
S p.. al S
o - _ — - : - Maximum
Collector - Profile 1 =  Profile 2 Profile 3 . Difference
(C-h) __ (Cc-h) _ ) N ¢4)]
A 894 = 901 905 1.2
B 769 785 790 - 2.6
D 1110 1149 o155 3.9

E S 575 579 589 2.4
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instantaneous results are present for the.integréted results. The
results again show that the wind speed énd ambient temﬁeratufe are thé
dominant effects on both éoilectors D and E and that the inclination
angle has a noticeable effect on collector D. Thg curve representing
the effects‘of TS on‘f(Tb - Ta) dt is dashed when TS >.Ta. This line
is dashed because the qnly way that TS could be greater  than Ta would
be during an indoor test using a solar simulator. Since a solar simu-
lator would use an instantaneous method, the fesulﬁs for Ts > Ta are
unrealistic. As in Figs. 4.16 and 4.17, the environmental conditions
affect collector E more on a percentage baéis than collector D in Figs.
4.26 and 4;27.' The effect of environmental conditionms on f (Tp - Té)
dt can be held within + 3 per cent if VW, Ta, and B do not changg more‘
than 2 m/s, 15 c, énd 60°,irespectively, between initial and post-
exposure tests. As with the instantaneous method, the integration

method is influenced the most by wind speed.

Sensitivity to Collector Property Changes

The sensitivity to property cﬁanges of the all-day integration
method is, in general, equivalent‘to the sensitivity to property changes
of the instaﬁtaneous method. The results, however, are reported ig a |
differenf format. Figure 4.28 shows how a change in &p>from,0.96 to
0.86 affects the results of the all-day integration method. Simila:
results are obtained for equal éhanges in ; and sp for thgr collectors.

The environmental conditions were kept constant in the construction of

Fig. 4.28 so that only the effects of changing ap wouldvshow up. The
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initial or baseline theoretical_values in Fig. 4.28 are the sémé Va;ues
as in Fig. 4.24. The change resulting from &P decreasiﬁg from 0.96 to
0.86 becomes increasingly difficult to detect when be dt becomes less
than 20 MJ/mz. Thus, in/practiée, oniy the cléar and near-clear days
contribute to determining property changes.

The experimental uncertainty in determining a datum point for this
method is about + 6 C-h in the direction of f(Tp - Ta).dt and about + 2
per cent in the‘direction.bf [ G dt. The uncertainty in f(Tp . Té) dt
is essentially negligible and the»uncertainty in f G dt would statisti-.
cally permit determiping property changgg‘in &p’ ;, and‘ép of about O,ld
or less.

A compariédn between the‘insténﬁaneous and all-day integration

‘methodé reveal that both of these methods are similar with resﬁect to
experimental uncertainty, sensitivity to environmental conditioms, and
sensitivity to cqllector property changes. HoweVer, the all-day inte-
gration method is free from transients which iimits the usefuiness of

the instantaneous method. In the author's judgment, the all-day inte-

gration method appears to have the most potential of the two methods.

Outdoor Measurements

Outdoor experimental data taken on collector I for the months of
December, January, and February, 1981 are presented. . The absorber plate

stagnation temperature along with G, Ta’ TS, and VW were measured

nd,
continuously during these months. Some of the data from these three

months were not used because of instrument problems and malfunctioms.
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Figure 4.29-shows.the‘results from these meaéurements p;esented in -
terms of the all¥dayviﬁtegration method. The absbrbef plate stagnation
temperéture:was méaSﬁred a£ the‘center’of the plate for the data in
Fig. 4.29, The solid 1ing in Fig. 4.29 was genergted by a least-
sq;éres.fit»usiﬁg a second-order pélyndmiai‘foréed th?ough the origin.
Data from‘tﬁe NBS Durébility'aﬁd Reliabilityfprogram tZ]Iaﬁd,meaéure-‘
ments from other tests havé shown ﬁhat the‘thermai berformance'of‘
cbllector I is altered:little, if aﬁy,'after:three months of stagnation
exposure. With the regsonable assumption ihatvtherthermal performance
of collector I did not change over this three month test period,vall
the scatter in Fig,‘4.29 can be attributed to experimental érror and
environmental effects.. The only strong trend in the data ié the effect’
of wind speed on therfesults.v Except for one set éf.pdints, all the
data ﬁeasured with daily average wind speeds less than 1.5 m/s are
above the regression line, while ali fhe‘data measured with.daily
average wind speeds greéter than 3.5 m/s are below. This result téndé
to verify the earlierVanalytical:fesﬁlt that tﬁe wind‘speed wbuld |
influencg the'data more than. the other environméntal‘conditions.‘ It is
~evident from Fig. 4.29 that if smail propefty changes are going to bé
determined using-fhis.method,'limits'on‘wind speed variation or correct-u
ions for wind speed effects must be made.

A practicalvdiffiqulty in generating Fig. 4.29 was the large
number of_mén—hours ﬁeeded to reduce the data. Défa for collector D
were not reduced primarily;for this reéson{ Reducingbthé data to»}

evaluate f(Tp - Ta) dt required most of the time. Since the relation '
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between température and'thefmocouple voltage is not linear, a direct
integration of thermocouple Voltagé.and’then.a conversion to temper-
ature would lead to iﬁaccuréciesbid the intégrated temperature. The
problem was resolved, however, by piecewise integrating the thermo-
couple voltage versus time in one millivolt increments. Thé integrated -
values in mV-h for each millivolt section (i.e., 0-1, 1-2, . . . 9-10
mV) was then converted to C-h by the average sensitivity, in C/mV, for
each one millivolt section. The integrated segments were then added to
obtain the total integrated value for the day. A detailed study of the
error introduced by segmenting the integration into one millivolt
segments showed a maximum error of 2 C-h. This amount of error is
acceptable since it is undetectable in a graph such as Fig. 4.29."Ihe
voltage_output from the pyranometer is linear with respect tb'solat
irradiénce. Thus, the time required to reduce f G dt WAs minimal as
compared to the temperature integratiom.

The next séction discusses the important results obféined thus far

in Chapter 4 dealing with stagnation'temperature test methodét
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4.5 Summary of Results

Stagnation temperatufe‘test methods for determining collector
property changes have been investigated and analyzed. The potential
advantages of using stagnétidn temperaturé over the current energy
oufput method are less measurement uﬁcertainty, increased sensitivity
to property changes, and less complicated test procedures and apparatus.
The investigation, however, uncovered severai limitatiqns associated
with using stagnation temperature tobdetefmine collectbr property
changes. These limitations are primarily the strong effect of-enﬁiron—
mental conditions, particularly wind speed, on test results; a highly
nonisothermal absorber plate resulting frdm edge heat losses and in-
ternal air stratificatiqn; and the slow time response of the absorber
temperature tb changes in.solar radiation.

The potential advantages of a stagnation temperature test method
were shown to be only marginally better thén the current energy output
method. The experimental uncertainty associated with the stagnation
temperature method is‘only slighfly 1e§s than that associated With the
current method. The main reason for the small difference in experi-
mental uncertainty between the two methods is thatvbothamethodsvdepend
strongly on measuréments of solar radiatioﬁ; these measu;éments dominate
the experimental uncertainty.. It is the author's opinion thét the most
significant limitation in either method is the feiatively largé‘experi—
mental uncertainty associated with measuring solar radiatiom. Further--
more, the higher sensitivity to property changes of the‘stagnation

temperature method over the energy output method may be overShadowe@ by

/
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the effects of transients,‘changes'in envirpnmental conditions, and
variations in absorber plate temperature.. Cioud cover on the ofder of
10-minutes duration was shown tojaffect'temperature measurements as long»
as 45 minutes after the cloud covervdisapéeared. Wind speed was shown
both'experimenfally and anélyticaliy to have sfrong effects on measured
results. Differences in wind speed greater than 2 m/s between initial
and post—eXposure tests could preclude determining significant,property
changes. The criterién for defining a mean absorbér plate temperatﬁre
from measurements could also influence results. -In&oor tests on col?
lector I showed that edge heat‘lésées produced absorber plate‘temper—
ature variationé as much as 20 C. Also,,oﬁtdoor tests showed that
internal air stratification could result in temperature differencés
‘between the lower énd upper‘thir&—sections of collectoré D and I of 32 C‘
and 24 C, respectively. These temperature variations on the.ébsorber
could adversely influence the iﬁterprétationiof'resulﬁs if temperature
measuremeht locations or the inclination angle of the collector Changedv
between initial and post exposure teéts, | |
Four measurement techniques for determiniﬁg an appropriate stag-
nation temperature to feveal‘property changés were tried and analyzed.
Techniques based on measuring the éxternal co#er tempefature, the air
temperature inéide the flow'ﬁube header, and the temperature of éir
fléwing thréugﬁvthe absbrbér plate fiow tﬁbes‘were”éonsidéred to bé
unsatisfactory. Measﬁring the absorber plate température‘from ﬁhe
backside with a spring. loaded thefmogouple probe was fhe recommendedv

measurement technique.
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The analytical models developed in Chapter 3 were experimentaily
verified and found to be acceptable for sensitivity sfudies and test
method evaluatien. The standard deviation of residual errors between
measured and calculated temperatures was in all cases less than + 5 C
when parameter estimation theory was used to determine the absorber
energy storage capaciey and insulation thermal conductivity. Results
from the analytical model verifications indicate that better agreement
between measured and calculated temperatures ﬁay be possible if temper-
ature dependent heat transfer properties are taken into account.
However, the lack of measured eroperty’data as a function of tempera-
ture may pose practical problems in incorporating this refinement.

An instantaneous method and an all-day integration method of using-
absorber plate stagnation temperature to determine colleetor propefty
changes were analytically and experimentally investigated. ‘AnaIYtical
results showed that both methods have approximately the samevmeasurement’H
uncertainty and sensitivity to property chahges and environmental eon—
ditions. The instantaneous method was determined to be highly sensitive.
to transients caused by changes’in solar radiation. An equation for
determining the‘temperature recovery time after a period of cloud cover
was developed; however, the additional tests required for determining
the heating and cooling time constants may limit the usefulness of this
equation. The‘instantaneous'method,'in the author's opinioh, is limited
to testing on very clear days or with solar simulators. A solar simu—
lator wbuld:resol§e prebie@s dealing with transients and varietions in

test conditions but the high cost and differences in energy spectrums
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‘between natural and.artifical solar radiation must be considered. The
all-day integratién method eliminates the. problems resuiting from out-
door transients. In addition, it was detérmined that the results

- obtained using this method were independent of solar radiation profile.:
The all-day integration method, in the author's opinion, is ﬁﬁé bétter
method for outdoor testing. To iﬁcrease the accuracy of either method,
it is recommended that the absorber plate temperature be measured iﬁ.the
center of the absorber and that variations in wind speed, ambieﬁt tem~
perature, and inclination angle be kept to a'minimum_Eetween initial and
post exposure tests.

The results of this ihvestigation can be extended into an aréa
similar to determining property changes in. actual full-size COllectors;
This area could be experimental parameter studies of different collectof
materials. Several standard_exposufe boxes could house different qol—
lector absbrbér, cover,‘or.insulation materials. Thése boxesAwould then
be exposed to stagnating éonditions.and the ébsorber plate temperatures
monitored. The test boxes should have a large enough area to perimeter
ratio to‘relatively minimize edge heat losses. Relative differences in
initial thermal performance could be detected by differences in absorber
stagnation temperature during the first day of exposure. Long-term
differences in thermal perfbrmance.cbuld be monitored by comparison of
stagnation tempefature as avfunction Qf time. Ihe effects of environ-—
mentél conditions, transients, and experiméntal uncgrtainty would be
minimized in a relative test of this type. Sipce temperétgre coﬁparisons
are relative Fo other_collector materials and ‘designs, measurements Qf»

solar radiation or ambient temperature would not directly affect
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.

results. The only experimental uncertainties in the comparisons would
be that associated with the temperature measurement, which would be
relatively Small._ This type of testing could be beneficial to manu-

facturers evaluating several different variations of a material prOduét.



5. CONCLUSIONS AND RECOMMENDATIONS

‘The following conclusions result'from‘investigating‘stagnation

temperature test methods for determining collector property changes:

1.

Comparison of measured and calculated stagnation temperatures
revealed that the analytical models developed in Chapter 3 predict
measured temperatures to within a standard deviation of + 5 C for

the six typical collectors considered.

Stagnation temperature test méthdds'are'highly sensitive to changes
in environmental conditions between initial and post exposure
tests. Wind speed was shown to have the most influence on test

results.

Transientéfés a result of even momentary periods of‘cloud cover can
cause»large errors in test results usiﬁg methods Based;on insfan— |
taneous meésurements. ‘The‘all—day integration method, howe§e¥,

elimiﬁated the pr&blems associated with tfansients as'abresult of

intermittent cloud cover.

The temperature distribution of an absorber plate during stagnation

is highly nonisothermal. " Edge heat losses and thermal stratifi-

cation of thé air between absorbers and covers can cause the
absorber temperature to vary by as much as 40 C over the surface of

the absorber.
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The experimeﬁtal uncertainty associated with stagnation temperature
test methods is only marginally less than the current energy output
test method. The experimental uncertainty associated with the

pyraﬁometer'repfesents the majority of uncertainty in both methods.

Measuring the absorber plate temperature with a spring-loaded

thermocouple probe proved to be the best method for measuring the

stagnation temperature of a solar collector.

Even with limitations placed on the variation of environmental
conditions, proposed stagnation_temperatufe test methods are,'at

best, marginally superior to current energy output methods.

Further investigations dealing with stagnation temperature test

methods should include the following studies:

1.

bLong—term (greater than one_yeér) investigations of the all-day

' integration method. A solar collector with well-established ma-

terial aging characteristics should be used in this study.

Evaluation of the instantaneous stagnation temperature method in
combination with a solar simulator. Studies evaluating the cost
and the ability of solar simulators to reproduce natural outdoor

results should be included.



10.

11.

REFERENCES

Streed, E. R., and D. Waksman, '"NBS Solar Collector Durability/
Reliability Program," ASTM Special Technical Publication No. 691,
American Society for Testing and Materlals, 1916 Race St., Phila-
delphia, Pa. 19103 198a. :

Waksman, D., E. R. Streed, and T. Seiler, '"NBS Solar Collector
Durablllty/Rellablllty Test Program," NBS Technical Note No. 1136,
Jan. 1981. .

Streed, E. R., and D. Waksman, 'Uncertainty in Determining Thermal
Performance of Liquid-Heating Flat-Plate Solar Collectors," NBS

- Technical Note #1140, Feb. 1981.

"ASHRAE Standard‘93—77, Methods of Testing Solar Collectors Based
on Thermal Performance,' American Society for Heating, Refrig-

eration, and Air Conditioning Engineers, Inc., 345 E. 47th Street,
N. Y. 10017 April 1977

Streed, E. R., W. C. Thomas, A. G. Dawson, B. D. Wood, and J. E.
Hill, "Results and Analy51s of a Round-Robin Test ' Program for
Liquid-Heating Flat-Plate Solar Collectors," Solar Energy, Vol 22,
1979, pp. 235 249, v .

Thomas, W. C.,~"Effects of Test Fluid Composition and Flow Rates on
the Thermal Efficiency of Solar Collectors,'" VPI&SU Report No. 80--
03, Mechanical Englneerlng Department VPI&SU, Blacksburg, Va.,
Appendix C, 1980

Duffie, J A. and W. A. Beckman, Solar Energy Thermal Process,
Wiley, New York 1974.

Thomas, W. C., "Solar Collector Test Procedures: Development of a
Method to Refer Measured Efficiencies to Standardized Test Condi-
tions," VPI&SU Report No. VPI-E-80.23, Mechanical Englneerlng '
Department, VPI&SU, Blacksburg, Va., 1980

' Padlllo, R., "Solar Collection Systems - The Ratlonale," ASHRAE

Journal, Vol. 19, June 1977, pp. 42-46.

Zerlaut, G. A., W. T. Dokos; and R. F. Heiskell, "Stagnation

Testing of Flat=Plate Solar Collectors: Use of the Governing
Equation in Diagnostics,”" Proceedings of the 1977 Flat-Plate Solar
Collector Conference, Feb. 28 - March 2, 1977, Orlando, Florlda

Henderson, B., W. E. Schultz, and R. Barber, '"Results of Long Term
Natural Weathering Effects on Solar Colleotors Under Stagnation
Conditions," Sun II, Proceedings of the International Solar Energy
Society, Silver Jubllee Congress, Atlanta, Georgla, May 1979, Vol.
1, pp. 405 407. :

131



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

132

Yen, H., "Solar Collector Accelerated Stagnation/Exposure Test .
Report," Wyle Laboratories, Solar Energy Systems Division, Wyle
#TR—531-22 April 20, 1978. ’

Waksman, D., E. Streed, and A. Dawson, "The Influence of Eavir-
onmental Exposure on Solar Collectors and Their Materials," Pro-
ceedings of the 1980 Annual Meeting of the American Section,
International Solar Energy Society, Phoenlx, Az., June 1980, pp.
415-419.

"Intermediate Minimum Property Standards for Solar'Heatihg and

Domestic Hot Water Systems,' NBSIR 77-1226, National Bureau of
Standards, Washington, D. C., March 1977.

"Interim Performance Criteria for'Solar Heating énd Cooling Systems
in Commercial Buildings, 'NBSIR 76-1187, National Bureau of Stand-
ards, Washlnoton, D. C., Nov. 1976.

Waksman, D., E. Streed, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>