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. L INTRODUCTION 

This investigation is cortcerned with test methods used to determine 

the degradation of solar collector thermal performance caused by mate-
. . 

ria.l property changes resulting from long tertii environmental exposure. 
' . . ' 

.Material properties which effect thermal performance include absorber 

plate solar absorptance and infrared emittance, solar and infrared 

transmittance of the covers, and insulation thermal conductivity. The 

major environme11tal conditions which may cause changes in these prop-

erties are ultraviolet rad.iation, humidity, and elevated temperatures. 

The suitability of different test methods to identify propertychanges 

are explored, as are the means by which variable artd nonreJ?eatable 

outdoor environments affect these methods.· 

The short:-term9bjective of the research is to develop riew tech-

niques to measure collector property changes after environmental expo-

sure. If these short;-term objectives can be realized, then the long·· 
. . . . . 

terin objective of the. research would be to improve solar collector. 

reliability and long-term perforinanc:,e, determine mechanisms which cause 

property changes, and establish accelerated test procedures. The short-

term objective is the mainemphasis of this investigation. 

1 



2 

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 methods are proposed and evaluated. These new 

methods are based on measuring the "stagnation" temperatu·re of solar 

collectors to determine solar collector thermal performance degradation. 

The stagnation temperature is defined as the equilibrium 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 investigation involves developing steady-state and transient 

stagnation temperature models. The analytical models are experimentally 

validated and used to determine the sensitivity of stagnation temper-

ature to collector property changes and environmental conditions. In 

addition, indoor and outdoor experiments are designed to provide data to 

analyze test methods 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 Background 
·~ .. 

The Nation.;il Bureau bf Standa'):'ds cNl3S). ;i.s currently _sponsoring . 

investigations of test methods for_ predicting the reliability of solar 
\ . . -

col-lee tors. -This st:~dy is' a -part -of their Solar Colle~t-or D\lrability. 
. .' ·. . - . - .' -

- and Reliability Test Pro~:ram !1~3]. -- The research in _the pr~sent inves- · 
· ... _. . - ·. ; - - ·_. 

tigation is P,rimarily an attempt to recon~ile the test: ~esults that wen~ 
- -

- obtained under the NBS teS.t pro~ram;, The test method used to obtain_ -the 

- . -initial :~nd post !?tagnation exposure thermal ;erformance tests wa~ _an 
- ~ .. 

- energy output method [4J. · The ~nergy output thermal efficien~y of a __ 

solar collector is defined· as theamou:nt of thermal energy transf~rred 

to the working fiuid divided by the ;:ilnount of sola:r •. radiation_ incident .. _--. 

on-t]le ~ollector-aperture. Pr~vious ·· investigat:i,ons [3, 5-, 6] have shown -
' ·. •,• - . ' ..... . 

ti.ncertaintie;S in the .measured efficiency Of this energy Output method ··to 
. . 

be+ 3 to 4 percentage uriits. - .The iu~asuredvalueS: w~ich coil.tribute to 

-theuncertain:t:y-of the en:ergy output met~o.d are mainly the mass flow 

·rate, _solar radiation~_ and. the :temperature d:i,fference betwe~n the exit 

- and inlet temperatures of th~ :working :fluid. Figure 1.1 sh()WS da.t_a from 

the -NBS Durability a~d. Reliability -ProgrB:m for th.e initial '''Q_aselit1e" 

thermal pet'for:mance tests of collector B (the p_roperties Of this and 

other collector~ ate de~cribed later). These data were obtained at tes_t 
. . - .. ' . - . 

sites. 1 and 2 (test. $ite numbers ref'er to test sit.es used in .r.eference 

1 arid 2). · The solid l;Lne in Fig. Ll. is a· linear leasi:~squares- f~t -to --

-- _. the data which is plotted _in the manner prescribeq byref ~rence 4 ~ The -

~alculated experimental uncertainty c:lsso,ciated:-with the test riiethod is. -· 
. . . 

sh~wn by the dotted lines-~ As expe1:ted, ;_the i:xperimen:t&l results_ · 

··-·_.: 
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5 

generally lie within· the measurement ~nce.rtainty range. Figure 1. 2 

shows the minimum amount of change in the solarabsorptance of the 
', _. , . . 

absorber plate of collector B whi.ch l;'esults in a distinct seriaratian of 

the uncertainty bands betW'een the initial .and degraded performance 
. - - - -. 

- . . . . - . -

curves. This graph was construct.ed by using calculations from the well 

e:::;tablished Hottel-Whillier-Bli:::;s analysis f]] and .. state-of-the-'art 

extensions f8] . .The theoretical curve:::; in Fig. l. 2 were linearized in 

order to be consistent with the manner in which Fig. 1.1 was con-' 

structed. It appears unlikely that C.hanges in absorber plate absorp-

ta.nee less. t.han about 10 p~r cent can be stat.is tic.ally detected by using 

the energyoutputmethod. 

Representative :results show that the measurement uncertainty 

obscures determiJ:ling possible ch;:i,nges with respect to time in terms of 

the two collector performance parameters. These two parameters are 

the ordinate intercept·cif the linearized efficiency curve (the so-

called optical efficiency) and the slope of the efficiency c.urve which 

i:::; proportional to the average heat loss coefficient for the col-

lector. These two parameters are presented as a function of exposure 

time in Figs. 1.3 and 1.4. Both figures shqw results obtained at test 

site 1 us±ng three collectors from the same manufacturer and production 

lot. Again, the measured results. generally lie within the.measurement 

uncertainty range for both parameters. Therefore, :::;mal1.collector 

property changes as a. function of time would be difficult to differ-

entiate from the experimental uncertainty in determ:i.ningboth.param-

eters. A combination of low sensitivity to changes in collector 
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,, 
roperties and a relatively high measurement uncertainty limits the 

! 
I . . energy output method lfor detecting efficiency changes of less than 

approximately 10 per 1cent. 

While F;i.gs. 1.3 and 1.4 show the limitation of .using the energy 

output efficiency as la means of revealing collector material property 
I 

changes, a proposed tlest method based on measuring only the absorber 
• . I . 

plate temperature of ;a solar collector appears to have greater po-

.tential. The advanta,
1
ges include less measurement uncertainty and a 

relatively high sensitivity to collector property changes as compared 

to the energy output method. Since a working fluid is not used.in the 

test, measuremeri.t uncertaintie.s associated with measuring the flow-
' 

rate and determining jt:he properties of the fluid ar.e eliminated. 

Additionally, a 10 per cent reduction in the solar transmittance of a 
1 

i 
cover or the solar ab$orptance of-the absorber plate causes approxi-

mately a 10 per cent keduction in the difference between the absorber 

and ambient temperatu')'."e. This condition would produce a decrease in the 

absorber plate temperature from 10 C to 20 C which is readily measured 

using thermocouple temperature sensors. Also, changes in the infrared 

emittance from 0.20 tb 0.30 result in approximately the same decrease 

in absorber plate temperature. An additional advantage in using the 
,. 

stagnation temperature to determine collector property changes is that 
. I 

the collector performance can be monitored continuously during the 
! 

! ~ 
stagnation exposure. iQn the other hand, the energy output method 

. I 
1 

requires periodic relocation of the collector from th.e exposure rack 
i . 
I• 

to a test stand and.back. This relocation is inconvenient and as 
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much as a week .or more of exposur.e time can b~ lost. !n addition, 

testing.by the energy output method is considerably more expensive. 

However, a test method using.stagnation temperature is not free 

from potential problem areas. These.problem areas include relatively 

slow time response of collectors to changes in the solar irradiance, 

stronger .effects of environmental conditions. on measured temperatures, 

and the temperature distribution of the absorber plate. A typical 

time constant for the absorber plate temperature of a stagnating. 

collector is one-half hour. This long time response can lead to 

errors in measuring steady-state temperatures long after a period of 

cloud cover. Environmental. conditions, mainly wind speed, so.lar ra-

diation, and ambient temperature, have a strong effect on the stag .... 

nation temperature of collector components as a result of the high 

temperature levels during stagnation. Heat losses around the perim-

eter of the collector combihed with internal air stratification can 

cause the absorber plate temperature to be nonisothermal. This 

absorber plate temperature distribut.ion results in difficulties in 

defining an "effective" absorbe.r plate temperature. The significance 

and the. methods of reconciling these potential problem areas are 

considered in tli~ present investigation. 

/ 
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1~3 Literatu~e R~view 

. The. body o:( lit'erature dealing with stagnation.· temperB:ture iS 

divided.· ;into t~ree. mai~ cate~or;i.es. . The first of . these categories 
. . . . . . . . . . . . . . 

deals with. the. degradation of materials. dur.ing stagnati~n. exposur.e. 

The second· body of literi;i,ture c~nsi,Q:ers 1,lleasuring.the collector 

thermal performance by measuring the stagriation temperature of·· the · 

absorber plate. · FinaJ.ly; thete is the bocly of literature dealing with 
,. . . '. : . . ·. . 

general collector performance models and specific heat transfer 
. . 

results which are of interest in formulating a~ analytical model 

to analy:z;e diff ererit stagnation test· methods. Each orie .of these ' .· 

categories is! considered separateiy in the following sections. 

Material Degradation Literature 

Excessive temperatures within a solar.collector dur:i.ngstagnation 

·.·conditions can <iamage plastic covers,. de~tioy the bond b~twee;n the 
. . . . . . 

absorber piate.and· f::J.ow tube~, -char backside insulation, and cause 
'",· .. 

thermal expans:io'n problems.· . Three:days of st~gnat+on e~:pos·ure{·a~e 
. . .. 

required in the ASHRAE. 93:..,;77 test standard f 4] before obtaining the · 

thermai pt:rformarice of a solar collector to ·detect short~term damage as . 

a ~esult Of these high temperatures •. PadgiJ [9] ~discusses.·problems .... ·· 

dealing with solar.collectors du~irig.stagnation andsugg~sts possible· 

·ways to avoid st:ag~ation. But as a result of installation, p~wer 
. . ' - . . . . 

faiiur~s, and iohg-term residentabsences, the probability is high 

that a solar coilector will stagnate. sometime during its service Iif e ~ .· . 

. . ~. 
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Several authors Il0-13J have discussed exposing solar collectors in 

a stagnating mode as an accelerated exposure test. Although it is 

generally agreedby these authors that- stagnating conditions accelerate 

the aging process :i..n solar. collectors, a time relationship between 

accelerated stagnation exposure and normal operation exposure has not 

·been established. The National Bureau of Standards has developed several 

test standards 114-16] which require stagnation exposure as a means of 
... , 

accelerated testing to determine solar collector durability and reli-

· ability. The National Bureau of Standards Solar Collector Durability 

and Reliability Test Program [1 ... 3] is cJrrently eyaluating different 

test standards used to·determine long-term thermal performance of solar 

collectors and the time relationship between.accelerated stagnation 

exposure an<i normal operation exposure. 

Stagnation Temperature Methods 

Currently, the thermal pe:rformance of solar collectors, before and 

after stagnation exposure, is measured using an energy output method as 

de.scribed in reference 4. Few articles are found in the literature 

which discuss using a change in stagnation temperature of the absorber 

plate as an indicator of a change iri thermal·performance after ·environ-• 

mental exposure. Morehou;;e and Vachon [171 consider the use of stag-

nation temperature as a method for measuring solar collector thermal 

performance. Although Morehouse and Vachon do not directly address 

using stagnation temperature as an indicator of .collector property 
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changes, their work could.be applied to a method of this type. Problems· 
,_ , , '. . . 

dealing with transients, different environmental conditions, edge 

effects, and internal airstratifica.tionare not discussed in.their 
. . . 

paper. In addition; the amount Of experimentaJ. data contained is 

limited. Goodman and Menke 1181 have used the.stagnation temperature of 

the absorber.plate as an iD.dicator of the additional benefits. of using 

different cover plate treatments·over untreated glass. Although the 

discussion of stagnation tempera.ture.is limited,. a simHar procedure 

could be used to detect decl:ea.ses in cover transmittance, after environ-

men.ta.l exposure, A temperature:-deperident loss coefficient, u1 , obtaineci 

by stagnation temperature measurements, was described in an a.rticle by 

Gordon, et al. Il9J • Different temperature levels of the absorber plate 

were obtained by pa.rtiaJ.lyshading the collector with nets of various 

mesh sizes. The measured results showed some scatter which was attrib-

uted to the variability in ·the wind speed during the test. The authors 

concluded that .a test using this method requires a minimal degree of 

sophistication .and eql1ipmetl.t. 

· The methodsusing stagnation temperature in references 17-19 
' . . . 

require steady-state conditions during thetesj: •. Steady-:state con"'"' 
. . . 

.. · ditions are approached only on very clear days near solar noon for a 

solar collector mounted in a fi:x:ed south-facing position. A dual 

axi.S, self tracking mciunt, which. remains normal to direct solar 

radiation, can increase the length of thesteady~state period, but 

only on very clear days. The other technique to obtain steady~state 

conditions is through the use of an indoor solar simulator. A solar 
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simulator generally uses either xenon arc or tungsten-halogen lamps to 

simulate the radiation from the sun. Although a solar simulator could 

solve the problems dealing with transients and non-repeating environ-

mental conditions, the expense and short-term life of the simulator 

lamps remains an issue. Another limitation of solar simulators arises 

from the question of whether or not. solar simulators truly duplicate 

the wavelength distribution of natural solar radiation. 

A proposed method 120] has been discussed at various test standard 

meetings which eliminates the effects of outdoor transients on stag-

nation temperature measurements. This method integrates the solar 

radiation, ambient temperature, and absorber plate temperature over 

the period of one day. The integrated values for the solar radiation 

and the temperature difference between absorber plate and ambient 

temperature are compared before and after environmental exposure to 

determine collector property changes. The primary advantage of this 

all-day integration method is that both clear and partially cloudy 

days provide information on thermal performance degradation. 
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Heat Transfer Topics 

References related to the development of the analytical models 

(Chapter 3) will be discussed in detail as the need arises. .A summary 

of the heat transfer correlations and algorithms used iri the ana-

lytical models are presented in this section. Studies dealing with 

free convection heat transfer inside the solar collector can be found 

in references 21-31. Correlations developed by Hollands, et al. [27, 

28, 29, 31] are. used to calculate the heat transfer by free convection 

in the analytical models. Investigations dealing with forced con-

vection as a result of wind on the outside cover can be found in 

references 32-34. A relation developed by McAdams [32] is used to 

calculate th.e wind heat transfer coefficient. The amount of solar 

radiation absorbed in the covers and ori the absorber plate in the 

analytical models comes from the analysis done by Ramsey, et al. [35]. 

Discussions on parameter estimation techniques used to determine input 

values to analytical models which are unknown or known with little 

certainty can be found in references 36-38. 

Very little information is available .in the literature dealing 

with determining the mechanisms which cause material property changes. 

The main problem holding up studies .to determine these mechanisms is 

that currently recommended test methods, based. on measuring efficiency 

as a function of exposed time, are inherently inaccurate with respect 

to the degree of changes. The proposed method of using the stagnation 

temperature as an indicator of material property changes is potentially 

beneficial in removing some of these inaccuracies. Although test 



. . ·.· ·. 

• methods which ;se stagnation temperature'ltaye 'be-en considered in t.h.e . . 

literature,. ;t,n~d~pth · stud.ies- nave ~ot bee~ e~t~blished ~ .·· .. !ndoor <'!.nd 

outdoor exper~ents are d.ei:;cr;i.ped along with the clev~lo1'ment 9f' 

th~oretical -models ·in .. the :f;ollowing. chapters . to investigate stagnatfon .. · . 

. temperature test methods. · 

( 



4.. :EXPERIMENT .. 4::4 APPARATUS 

The main object:ives .of the exp~rkental apparatus ·used ~n this·. 

investig~tic:m are to .verify analyt~cal modeJ:s, _ investigat.e sl.mpl;i.fying 

assumptions, analyzerlleas~rententt~c~hiques, ~ompare ~ndoor arid. ou'j:dodr 
',, 

' ' 

measurement's, and evaluate.new. test metb,ods .. In ·addition; exp·eri;;:, 
·. - _.· -· - . : _. . • .. ·· ' 

ment.s :wer,e .:needed, to'. d~tel"nline ,the al;>s-0rber and cover plate tem:peratur~ 
- . . . 

distribution- caused by edge. loss·es and internal air. stratification whi~9. 
' ' 

are d ift icui t to model. To ~cd6~plish the above tasks , an indoor test 
'-;· 

facility was constructed'~nd an ~)tisting e>utd0o·r test facilipy was . 

used~ 

The . indoor test ·facility was constructed ina.inly . to determine · 
. ·. _. . . ' , : . ·._ -. . ·.· :_ . : ·. 

· steady and tra~sient teinp~rat~re dis.tributions o~ the ab,sorber. and.·.· 

cover· plate$ for· prec;JeteI'lllined solar radiat:l,on profiles .. : This .. indoor 
. . . -

test faC:ility consists ~f ·a highly inst;ume~ted commercial solar 

collector equipped with' electri~al .· strip 'heaters' on. th~ back,;.side' of ' 

·the . absorber. to· simulate :ahsorbed solar· energy •. 

The.out~oor test iacilitywasusedto obtain actual' outdoor data 

.·with. the. enviroI1lllent as a.variable. and ~o ·.confirm impo~~ant res~l~s. • 
determined·indoo~s. Two commercial. collecto'rs (one i~erttical .to .the 

indoor collecto:r) -were tncn.inted; · outdbbrs ori a duai-mount ,. adjustable ... 

tilt'' test rack.. The riece~sary 'ins~rum~~tation and sensors' required to.'' 
. ' . '· . . ... '. . . 

measure .. environmental cond.itio~~ .•and ·temperatures· of the abs~rber arid 
. . - ~ 

cover plates of bot~<coil~c_tor$ were used) ,·,!·· 
- ·: ..... _. !' 

. ' ' . . ' ~. . : . .·' . . . . . ·: ... 

Additional expe·fimental data were obtained from off-campus test 
" . '. . .. 

facilities at test si_tes · 4 and 5. · Both of these -test facilities . 

' - '.,··i ·-. 
"·. .. 
- .. -··,.· 
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provided .data taken .on.collectors different from the collectors used ori 
. . . 

campus. The test facility at test site 5 also. supplied data. obtained 

using a solar simulator. 

2.1 Indoor. Test Apparatus 

An indoor test :facility was needed to control, environmental con-, 

ditions, mi:l.intain steady-:state conditions, and to avoid deterioration by 

weathering of in·struinentation and sensors. Solar collector. I, which 

is. a single glass cover solar collector with a sele'.ctive surface ab-

·. sorber plate, was. chosen for the indoor tests. The dimensi.ons and heat· 

transfer properties of collector I are shown in Table 2.1. Solar. 

radiation was simulated.indoors by a uniform distribution of strip 

heaters manufactured by Electrofilm which were attached with epoxy 

. underneath the. absorber plate inside the solar collector. The power 

input to the. strip heaters was controlled.by a 110 V AC variable trans-

former. This arrangement eriabled a constant input for steady-,state 

measurements, a step input for trarisient responses, and an arbitrary 

input to sim11late cloud spikes.or other solar radiation profiles~ 

The specific models and identi:ficatj_on of the instruments used in 

this and other experiments are given in: Appendix A. The.re were :fifteen 

51 mm xl.52 m strips, three 51 mm x 0.61 m strips, and three 

51 mm x 0. 23 m strips electrically connected in parallel to the variabl.e 

transforiner. Strip heaters of diffeFent lerigt.J:is were used because. the 

dimensions of the col.lector did not coincide with standard manufactured · 

lengths. Measur.ements were made t:o verify. that a uniform heat flux to 



'fAIU.K 2 .1 

lHmenalonll ilnd Ue~l 'l'ra,nsfel: Pn1pertJet1 for: the Solar Collectors Used in 'l'hJs lnvesUgatfon 

lHmcnsion or .Property 

Absorber 
Flow Conflguratfon 
Effeccive length 
Effective Width 
Elow Tubes; .Number 

Thickness 

O.D. 
Uydr11ulic lHamete.r 
Wetted PeFimeter 

'1'i1cnual Co1idui.;tlvity 
EiuHl:1mce 
Solar Absor['tance 

·cover Asl.le111!u_x_ 
· Number. of covet>! 
A~ i Space; under cover I/under cover 2 
I11f rared Emittance: cover llcover 2 
Infrared 'l'l"ansmittarice; cover l/covi:.r 2 
lildcx of lfofra<:t:iolll cover l/cove1· 2 
lfatinccJon Coefficient: cover I/Cover 2. 
'J'ldckncss; cover I/cover 2 . 

ln•rnl at ton 
TtjJcklicss; llack 

Mge. 
Con•luctivJty: Back 

A~!!.!!~ Ai-ca 

.!.~.!:.~~-~!:_ Ar-~a 

· ledge 

Units 

Ill 
Ill 

TIWI 

UUQ 

UUQ 

Tillll 

W/m-C 

DllD 

-l 
DUB 

llUU 

nun 
111111 · 

W/ru-C 
W/m-cC 

2 .,, 
2 

ID 

A 

parallel 
1.92 
0.95 
8 

22.2 
15.8 
49.6 
2.0 

.45.0 
0.21 

. o. 93 

l 
12.0 

0 .. 88 
o;oo 
1.52 
0,001 
4.80 

76~2 
6~ 
0.035 
0,0)5 

1.81 
2.15 

D 

parallel 
1.91 
0.84 
6 

l(}.4 
9.6 

l0.2 
0.8 

360.0 
0.89 
Q.96 

2. 
25.4/6.4 
0.68/0,88 
0~00/0.00 
1.52/l.52 
0.0110.01 
3.18/l.18 

76.2 
25~4 
0.04 
0.04 

,60 

.74 

Collector 

D 

parallel 
1.72 
-0.81' 

l(} 

8.1 
4~9 

15.4 
0.9 

.45~0 
0~2 
0:94 

2 
17.0/25.0 
0.88/0.88 
O,Q0/0,00 
1.l0/1.)0 

.0,01/0.01 
3.l6/l.l8 

ll9.0 
25 .. 4 
o.o4o 
0.040 
1:19 
L67 

E 

parallel 
2.92 
0,56 
5 

16.1 
12.7 
19.9 
0.4 

160;0 
0.87 
Q.9.5. 

l• 
w~ 

~" 0.07 
1 • .54 
0~0~7 
0~7 

25.4 
25.4 
0.02 
0.02 
1~63 

l.~9 

II 

, 2erpimt:1ne 
2 •. 34 

· 1.n 
8 

15.9 
12.7 
l?.9 
1.8 

200.0 
0.68 
0.96 

2 
25.4/12.7 
0.13/0.80 
0.60/0.10 
l.ll/1.68 

0,066/0.24 
0.025/0.178 

25.4 
25.4 
0.02 
0.02 
2.64 
2 •. 93 

I 

pa{"aUel 
l.72 
0 .. 81 

10 
&.l 
4.9. 

ll.4 
0.9 

45.0 
0.22 
0.94 

l 
65.0 
0.88 
0.00 
l.lO 
0.01 
l.18 

8.9.0 
25.4 
Q.040 
0.040 
l.19 
1.67 

I-' 
\D 
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,. :::.: . 

the absorber was achieved .. W:i.~h the .collector in a horizontal position .. ·. 
. . ·. . . . . . 

and a steady heat flux applied, absorber plate temperatures were 

symmetrical. with: respect·· fo the .center, to <within + 3 C when the cente·r . . . . . .· -
. . 

t:emperattire was 190 c. Vsing the ~bllov.ring relation, a. power< inpu.t of 

1200 w into the >strip heat.ers C.cftr~sponds to a solar irradiance of 
·. 2 · .. 

975 W/m • 

G ;::: ·.· l?IN. 
A (1"i::t.) c .. 

where. .G 

PIN. 

>A 
. c 

;::; solar :i,rra,diance (W/m2) 
: ' : : .• .:._. 

;::: input power . (W) .·. 
. .: ·.. •.· ... 2 . 

= aperture area. (rit ) . 

(1"a) ;::; trat1smittance.;,,absorptiance .• product. 

(2 .1) 

There were 20 locations on. the absorber plate and six locations on the 

glass cover where ~he temperature was measured. The location of· the 

absorber and cover themocoupies along wi.th their identification numbers 

are .shown iI1 Fig. 2.;t.< All te!llp~rature measu~ements iil this investi-. 

gation were taken by copper-constai;ltan (type T) thermocc;mples ~- The 

thermocouples on the ab~orberplate were attached by pl~cing a thenno.;_ 
·, . . . 

couple."bead" inside a smc;ill ·ho1e_drilled into the absorber plate and 

peening the metal. aro,und the hole to secure the thermocouple.· .. The ·glass 

cover th~rmoco~ples ~wei::e att.ac1ted by usin~: a smal~. amoti.nt ot" heat .sink 

compound. and securing them with ~lear plastic.tap~. 
; - ·. ·. . - - _... . 

The colle.ctor wa~ mounted on a test stand which allows ad]ustme!lt 
. .. : '· . ·' . : . 

Of_ the tilt angle from the horizontal. to . the verti~al. positi~n. ·. The 

collecte>r was located ·in· a large room where the ambient temperat~re was 
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held constCJ.l1t<to within±. b •. s Ccduring t:ests. ·.A rectangular sh~¢t:metal 

shield wa.s sup~ort~d ·0~33im abbye .. the gias•s ~ov~r.iri o~de:to 
and a.c:,curately measure tpe. radiative eriv{rotl.m.ent temperature. The 

shield extended Q .50 m over each ettcl Of ,the c6),Jector ?nd extended 

0.3.5m over each side to give a geom7trl.c: configura.t:i.on fact:or between 
- ~ ' . 

the c:,ollector apertu;-e and shield of 0.87. Tlie ef.fectiveradi.ative 

environment temperature was obta:Lned by averaging the temperature 

measured at the lower,·middle, and :upper third sections of the shield.· 

. The shield temperature varied a.long it:s length. when the slope of the· 
._ ,. ·. 

collector was not horizontal. This variation was a result of a c::.hi:rrt:ney 
. . 

·effect caused by low temperat:u'.t"e a:i.r entering the lower space between' 

the glass cover and shield and rising in temperature before it left the 

top exit. The surface of the shield facing the collector was painted 

with a flat black paint with· an infrared emittance of .greater than 0.95. 

The ·ambient .air temperature was measur.ed · with a shield thermocouple. 

The in.door wind speed for a.11 tests was zer() (:i.~e., free convection 

from the glass c::.over) . 

. The power input to the strip heaters was measured both by•a .Weston 

AC pqwer. meter in combination with a .S ... to...,l Weston current transformer 
. . 

anda Weston a.lt~rnating current meter along w:ith aHewlet:t~:Packard 

digital voltmeter. The last power measurement, used as a check, measured 
... "'. 

the correct. power input; since the heaters were a purely resistive load.~ 

Also' the voltage for both power measurements was mea.su.red at the load' 
. . 

·. as a result of a significa.rit voltage drop between the variable trans;;.· 
. . - . ' . . . 

former> and the load~ .Thesteadystate thermocouple temperatures were 

r 
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measured using a thermocouple switch and a Jiewlett-:Packard digital 

mult;.i,_meter with a; least count of one pV. Selected collector temper-

atures during transient tests were recorded at 30;-second intervals on 

a Honeywell 24-channel m~ltipoint recorder~ 

The amount .of time required to reach steady-state conditions 

during steady-state tests was between two and four hours depending on 

the input power level artd.initial temperature. Conditions were consid-

ered to be steady-state when the center absorber plate temperature 

changed less than a rate of 2 C perhour. Power adjustment difficulties 
. -

precluded using nominal values for power input. Thes.e difficulties were 

a result of the finite number of turns in the transformer coils. A 

repeatability test was performed with steady-state temperatures measur.ed 

initially and a,gain after 45 da,ys using the same power input for ho.th 

tests, The max;i,inum change in (T - t.) between· tests at any location 
. . p a 

was 3 C when th,e center absorber plate temperature was equal to 190 C. · 

2. 2 Outdoor Test Apparatus 

. -

Solar collectors D and I f.rom Table 2 .. 1 were mounted on a dt,ial':-

mount, adjustable.;..tilt, test rack. The test rac~, a:t a latitude of 

37. 2.3" north, faced due sour th. · The_ necessary instrumentation arid data 

recording apparatus were.located in a separate instrumentation room. 

The total solar radiation, beam solar radiation, and infrared sky 
. . - . 

·radiation were measured ·by an Eppley Model PSP pyranometer, an Eppley 

Model NIP pyrohelimeter, and an Eppley modelP'.IR pyrg~ometer, 

respectively.· A three-cup Model W'.l03B Weather Measure anemometer was 
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used to measurewind speed. The ambient temperature thermocouple was 

housed in a small white enclosure with louvers.t() insure adequate 

ventilation. 'Instantaneous values for the total solar radiation, beam 

solar radiatio11, and wind speed can change significantly in a matter of 

seconds. In order to keep the amount of recor<;led data reasonable, 

the instantaneous values for these three.measurements were integrated 

over five-minute periods by electronic integrators, manufactured by AGM, 

Incorporated. The integrator output consists of a ramp voltage signal 

which was continuously recorded on strip chart recorders. The peak 

value of the ramp voltage, just before reset, corresponds to the five-

minute average. The instantaneous output from the pyrgeometer was 

recorded directly on a strip chart recorder. The ambient temperature 

and the cover and absorbe:tplate temperatures of both collectors were 

recorded a.t one-minute intervals on a 24-channel multi-point recorder .• 

The temperature of the collector covers was measured in the.center 

of each glass. Significant errors in measuring cover plate temperatures 

may result from solar radiation being absorbed on the temperature 

sensors. This problem of measuring the temp~rature of a transparent 

medium in the presence of solar radiation was satisfactorily resolved by 

using a thermocouple of 0.0121 nun thick foil with a butt-bonded junc-

tion, 0.25.4 mm wide (Omega, C02-T). The .foil thermo'couple junction was 

attached to the glass.by.a thin film of cle.ar silicone rubber adhesive .. 

The reasoning behind using an unshielded thin foil. thermocouple to 

measure cover temperature was tl1at the small a.mount of solar radiation 

intercepted by the foil.i.s easily dissipated into the glass with a 
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. . . ' ·. 

negl.igible temperature rise •. ·. Tests confirmed that the temperature 

difference between the same foil thermocouple, shaded a.nd unshaded from. 

normal solar radiation,was less than lC. 

Variations inthe absorber plate temperature occur as a result of 

internal air stratification and edge losses. As a result of this, the 

temperature of .the absorqer plate for both collectors was measured in 

··the center of the lower, middle, and upper third sections. Since some 

collectors cannot be disassembled to install thermcouples on the 

backside of the absorber without damaging the collector,· a spring 

loaded thermocouple probe was developed as shown.in Fig. 2.2. The 

design of this probe is su.ch that the same probe can be used for col-

lectors with different thickness.es of back-side insulation. . The thermo-
. . . 

coup.le probe is mountec:Lon the cql:Lector by drilling a. 10 mm hole in the 

back-side cover and using a gasket cutter to remove. a 10 mm di.ameter 
.· . . . 

core of the glass fiber· instil.a.ti.on. The probe, with heat transfer 

compound on the tip, is theri inserted into the hole and fastened to the 

back-side sheet metal cover. The.springtension is adjusted to provide 

.a nominal contact pres13ure of the probe's tip against the absorber. The 
. _. __ . , 

p.robe' s tip is constructed of a 25 mm long dowel of polyletrafluoro-

ethylene to minimize heat conduction thro1:lgh the probe to ambient and 

thus sensing a. lower than actual absorber plate temperature. 

Th.e environmental conditions and collector temper~tures were re-

corded continuously all day, The t.ilt angle of the test .rack was 

periodically acijusted so that the inciden.t angle of beam solar radiation 

at solar noon was always less .tha.n 7.5 degrees. 
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2.3 Off-Campus Testing 

'.[n addition to the data collected at VPI&Su,· stagnation temper-

ature data from an indoor solar simulator test facility at test site 5 

and. all~day outdoor.data 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 that from the VPl&SU facilities, the additional 

data were important for validating the analytical model for other types 

of collectors and for tests conducted with a solar simulator. The 

dimensions and heat transfer properties of the four additional collec-

tors (A, B, E, H) tested at test sites 4 and 5 are in Table 2 .1. Cover 

plate temperatures were not measured at test site 4 or 5 and the 

absorber plate temperature was measured only at the center of the 

absorber plate. In addition, the diffuse fraction of solar irradiance 

and sky temperature were not measured at test site 4. The solar simu-

later used at test site 5 is composed of seven hexagonal modules con-

taining 25 kW Xenon lamps, an aconic reflector, a spectral filter, and 

a collimator f 40]. The irradiance produced by this simulator has a 

uniformity of ± 10 per cent and a beam divergence angle of + 1. 75 

degrees. D.ata obtained from test site 5 were recorded at 5-minute 

intervals and t.he data from test site 4 were recorded continuously on 

strip charts. 

The data from the experimental facilities were used mainly to 

validate analytical models used. to predict stagnation temperatures. 

These models are developed in the next chapter. 



3. ANALXSXS 

This chapter develops analytical models for determining steady-

state and transient stagnation temperatures in solar collectors. In 

addition, an approximate model for determining the two-dimensional 

temperature distribution on. the absorber plate as a result of edge 

losses is developed. Finally, a parameter estimation method is <level.,.. 

oped for determining input parameters to the analytical models when 

these parameters are unknown or subject to much uncertainty. 

This chapter deals specifically with modeling component temper-

atures of solar collectors in a .stagnation mode 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 absorber plate, cover plate(s), back-side insulation, 

and back-side cover is modeled in this chapter. The first section 

deals with modeling steady-state component temperatures in solar. 

collectors. 

3 .1 Solar Colle.ctor Steady-State Model 

A steady-state model is needed to predict stagnation temperatures 

of collector components for sensitivity studies, material selection, 

and long-term durability studies. The following analysis is :for flat-

plat? non-concentrating solar collectors of conventional design (i.e., 

no convection suppressing "honeycomb" grids or ''accordian" folds, 

curved covers, or reflection devices). 
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Assumptions 

The follb"7ing assumptions are used: 

1. One.,..dimensional heat transfer occurs through the covers and 

back";" side . insulat;Lpn; 

2. Steady;....state conditions ex;Lst. 

3. Cover surh,ces obey ideal• optic laws. 

4. Solar radiatfon reflected· off' the absorber plate is diffuse. 

· 5. All surfaces are dif{use--gray for infrared radiation. 

6. Component sµrf.ace and thermal properties are nottemperature 

dependent. 

T. Thermal conductive resistances of the absorber andcovers 

are neglig:ible. 

Balance· 

- •, - - . . 

The stagnationtemperatu:tes of the primary collector 
. ' 

are obtained .by.performing energy l;>alances on each.of the 
. , ... - . ·., 

nents. The result gives a system of N simultaneousnon-linear alge-

brai.c equation~:which mci,Y be solved by an apptopriaiemathematical 

technique:. . The energy terms and the oyerall configuration of a. two~ 

cover collector are shown in Fig. 3 .T. The following analysis is for 

a tWO""".COVer callee tor. The one:-.cOVer collecto:t analysis is similar 

and i.s briefl,y described in Appendix B. Energy balance:::; on the ab..:. 

sorber plate, J.m~ide cov~r'(No.,l);. andcouis;ide covet (No~· 
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(ra.)G + J2 = qpl + ~B + Jl (3 ~1) 

. (C41 )G + J4 + Jl. + qpl ?. . J 3 + 32 + q12 (3 .2} 

(C42)G + 36 + J3 + q12 ,... JS+ 34 + qw (3 .3) 

Introducing a convection hel::l,t transfer coeffi.cient anq a back-sid.e 

loss coefficie11t, Eqs. 3.1-3.3 can be arranged as 

(3 .4) 

Equations 3.4-3.6 are highly non-linear because hpl andh12 , UB' and 

J1 - JS are all functionso:e Tp, Tel' and Tcz· The. expressions for 

hpl, h12 , hw' UB, (ra), (a.1 ) , (C42) , and J1 - J 6 are developed in the 

following sections. 

Free Convection Coefficient:s 

. ' . . 
· 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 res.ults are fo'llnd in references 
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21-31. The investigations by :Hollands, et al. [27, 28, 29 ,. 31] agree 

within 5 per cent of experiment:al data and are the most recently cited 

work in the literature. TherefoI'.e, the following correlation by 

Hollands.is used in this investigation. 

Nu = 1 + 1.44 [l - 1708 J • 
Ra cos s 

.. 1/3 
+ [ cRa cos s) _ lJ 

5.830 

1708(sin 1.8 S)l. 6 ] 
[l - Ra cos s 

(3.7) 

where the dotted square brackets, I ] ·, indicate that if the quantity 

inside the brackets is negative, the quantity is to be taken as zero, 

Le., [X] • = (X + lxl)/2. tbe a.bdve dimensiohless corr~lation equa.-

tion has been experimentallyverified [30] for inclined paretllel 

planes, heated ~from.below, at inclination angles of 0 to 60 degrees 

from horizontal. .Also, the aspect ratio of the.length or width of the 

collector divided by the air space thickness should be gr.eater than 20 
. 5 

and Ra should be less than 10 for :Eq. 3. 7 t.o. be valid. · Equation 3. 7 

is expected to be vaiid for inclination angles up to 75° and Ra> 105 , 

but experimental verification is lacking. In general, Holland's work 

applies directly to usual collector designs in.ter:ms of· aspect ratios, 

Ra ranges, and inclination angles. Finally, the free convection 

coefficient, h, is obtained from the Nusselt number in Eq. 3.7. 

h - Nu k/d (3. 8) 

/ 
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External W;i,nd Coeff;i.c:i.ent 

The external w:ind coefficient, h , accounts fqr both f;r:ee apd . ·.·· ·. . w 
forced· convection mechanisms·. The ;importance. of each... mechanism de..;. 

pends on the wind speed, V . McAdams _I32] suggests a correlation of w 

the form 

h 
w 

· .· n 2 
fa + b (Vw s/m} ] · W/m C (3 ~ 9) 

with a= 5.7, b = 3.8, and n - 1 for flow over smooth surfaces with 

Vw ~ 5 m/s. ·. It has .been pointed out in the recent literature [33, 341 

that Eq. 3. 9. is limited in determining hw because thi.s expression 

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

temperature. In fact, Sparrow [341 recommends the.following relation 

h = 0.86 k Rel/Z "frl/3/L 
w L c (3 .10) 

c . 

A difficulty with Eq. J.10, however,, is that free convection is neg-

lected when the wind speed is zero. Since Eq. 3.9 is used extensively 

·in the literatur~ and accounts for free convection, at least approx-

imately, it.is used in this analysis. 

Back Loss Coefficient 

The·back loss coefficient is obtained by considering one-dimen-

sional heat conduction. through the ba;ck-side insulation to the ambient 

air. The exl?ression for u13 ;i,s 

UB = I 0 . I k. . + 1 / (h + h ) J ""1 
~n ~n w r 

(3 .11) 
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... -.·. " " :. , ' ' ; . 
. ' . . . 

ature, in this CC:lse, :l,s the ambienttemperatt1:re. 

By using UB, the mid....,pointtemperature of the back~side 

lation andthe temperature of the back-side cover are 

T.·. 
;i.n ~ T - 0.5 uB_o_ ·.;n·_(Tp - T }/k. p ~ a ~n 

~ T .... UBoi (T - T)/k. p .. n.·. p a in 

(3.12) 

(3 .13) 

The mid-point temperat.ure of the back-side inst).lation represents the 

average temperature of the insulation and is used as the. temperature of 

the insulation node in the transient analysis. 

Optical Properties and Solar RadiOsity Analysis 

Expressions for the transmittance-absorptat:tce product, (rn), and 

the solar absorptance of the covers, (a1 ) •arid (a2), are essentially fr()m 

Appendix A of Ramsey, et al. f35]. These authors used a. generalized 

radiosityapproach to_det~rmine the short wave properties Of the 

absorb.er and cover system~· The specular. transmittance of a given cover 

is found by averaging th~ two components (pe:rpendicular and parallel) 

of radiation, 

T = (T + X )/2 m n (3 .14) 

. where 

(3 .15) 
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t · ~ 1 (1 - r ) 2( (1 - 1 2 r 2 ) n a n· ·· a m 

r = sin2 (6 2 m 6)/sin2 (62 + 6) 

2 
(62 

2 
(62 r ;: tan - 6)/tan + 6) n 

" 
62 ;: a:rc sin [ (s:in 6)/n] 

Similarly, the specular reflectance of a given cover is 

. " 
p = (p + p ) /2 m n 

where 

The fraction of solar radiation absorbed in a·gtven cover is 

a=l-T-p 

(3.161 

(3 .172 

(3 .18) 

(3 .19.) 

(3 .. 20) 

(3 .21) 

(3. 22) 

(3.23) 

(3.24) . 

The short wave diffuse cover properties, Td,. pd, and .ad are obtained 

by numerically integrating Eqs• 3.14 and 3.21 by the following 

weighted integrals: 

1T 

'd = s2 ~(e) sin (26)d6 
0 

(3 .25) 
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TI' 

pd;::: r2 p(e) sin (2e) de (3. 26) 
0 

and the identity ad= 1 - Td - Pd· 

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

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

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

With the assumption that the absorber is a diffuse reflector, Jbl is 

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

radiosities: 

3bl = 0 (3.27) 

1b2 = T 3b4 + 
p 3bl (3. 28) 1 1 

3b3 = T 3bl + p 3b4 (3.29) 
1 1 

3b4 = T (1 - n ) + p2 1b3 (3 .30) 2 d 

1b5 = T 1b3 + p2 (1 - n ) (3.31) 2 d 

1dl = (1 a ) 1d2 + (l - a )J (3.32) p p b2 

1d2 = T 3d4 + p dl 1dl (3. 33) dl 

3d3 = T 1dl + p 
dl 1d4 (3.34) dl 

1d4 
T n + p 1d3 

(3. 35) 
d2 d d2 

3dS 
;::: T 3d3 + pd2 n (3 .36) d2 d 



37 

BEAM I ·DIFFUSE I RADIATION I RADIATION 
I 

(I -17d) I 
TJd I 

I 
I 
f 
I 
I 
I 

A I A 
Jb5 I Jd5 2 I OUTSIDE 

I COVER 

f\ 
I 

A I 
Jb4 I Jd4 

I A .I. 
I 

,,. Jd3 
I I 

INSIDE 
l COVER 
I 

A I A 
'Jb2. I Jd2 

I .·. A I A· ... · iJbl I lJdl. 
p I 

I ABSORBER· 
PLATE 

Fig. 3.2 Solar Wavelength RadiosityDi~trib1,ltions .in a Two-Cover 
Collecto.r 



38 

. . . 
Equations 3.27.;..3.31 are sQlved sj,multaneously and the value for Jb2 

is imierted into :Eq. 3.32, thus permitting Eqs. 3.32-3;36 to be solved 

simultaneously. The values.for the short-wave radios;it;ies a.re then used 

to calculate (ra.), (a.1 ), and (a.2) as follows: 

(-ra.) ,... Jb2 + 1d2 - 1dl (3.37) 

A 

(C41) = 1b4 -. 1b2 - 3o3 + 3dl + 1d4 - Jd2 - 3d3 (3 .38) 

(a.2) ;:::;. 1 + 1b3 - 1b4 Jb.5 + 3d3 -Jd4 3d5. (3 .39) 

Infrared Radiosity Analysis 

A radiosity method, rather than. the network analogy, must be us·ed. 

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 equationsrelate. the·irtfrared radiosities: 

Jl ;:: E CJ T4 + (1 ,.. Ep) J2 . (3 .40) p p 

J2 = E a T4 +.Pel Jl + tel J (3. 41) cl cl 4 

J3 = Eel a T4 + .. Pel J4+ -rel Jl (3. 42) . cl 

J4 "'= 
4 + J3 + 1"c2 J (3 .43) EC2 a T Pcz . c2 . 6 

JS 
4 

+ Pcz J' + 't"c2 13 (3.44) .. = Ec2 a Tc2 6 

J6 = (J T4 (3.45) s 
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For specif i.ed temperatures 'I . , •{ .. 1 , · T 2 , iand T. Eqs. 3. 40-3. 45 can . .. p c. c . s 
. . ·. . ' 

be solved simultaneoµsly fo determine. the infrared. radiation dist.ri:-

but:i.On. The resulting ~alues ci,re then useci in the preceding ene·rgy 

balances. 

Solution Technique 

. '• '_.': ' 

To solve Eqs. 3.4-3~6 for Tp, Tel.' and1'c2 ' a successive sub"". 

stitution iterative approach is employed because of the nonlinearity in 

these equations. The solar optical properties ('ra) , (a.1), and. (a.2 ) are 

obtained first because th~se values are not functions of temperature 

and will not change during the iterative process. Next, an initial 

estimate for the temperature of each component is assumed. Using the 

initial temperature estimates, the infrared radiosities, free. convec~ 

fion coefficients, and. the back loss coefficient can be calulated. 

Equations 3. 4-3~ 6 can be consider.ed linear using these temperature 

estimates and a standard Gauss elimination technique is then lised to 

solve these equations> for improved estimates of• the .component temper-

atures. 

The cuI"rent component temperatures are then compared with the . 

. previous estimates. · ;J:f the difference is· grea~er than the· specified·· 

accuracy, then a combination of the old estimate and the updated 

temperature ;ts applied in. the following manner .to obtain a new estimate. 

T ;:: (1 - y) T + '(T new . update . old (3 .46) . 
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·.. . .. · .. ~: 

-· . . . 
: . . . . . . ' . . ' 

where y :is $.: dampl:ng factor (Q .,,S.; 'Y < 1}. . ':··: 
·. . - ··. . . 

essa;ry 'to avoid ;potential. stability. problems :resulting froni ina:ppro ... 
. : . ' . ' :::_.. _· _· ·.· : . . ··' ·. '. .. ·_;. . .·· 

:priate initial estimates. The .ca;lculation·p~ocedure is repeated UJ;ltil 
··!. 

changes . in component· :t:emperature ate wi,thiri a·. prescribeci convergence 

requirement (0 .• 0,5 K is ty:pieally ~sed}. These· new est;Lntates are used · ··.·_.·.·. 

to. recalculate ~alties for Jl ... J6 , h~l' hl2 ; and U~ and Eqs• 3.4~'.3.6 
are s~l~ed agai~ •. The process _is repeated. until convergence occurs., 

.. . . . . . . .-. 

The next ~ect.ion. deals· w~th the transient bell,aviot of a solar. 
. . 

collector in a. stagn~ting .m~de._'. Thi trans::Lent;, equationis are .similar to 

..... 

-> .· 
the steady7state,equa;tions except_the heat capacitf~s of the component;· 

. -. : . . . . 

are taken. intq account and' a.. time~~rcll,ing §elution technique is used •. 

·· ... 

·: .. ~ 

. ,.: 

·".· 

·':·:.-·:· 
···; ..... 

". !"' 

.. ~-

·: ·• 

··'' 

'. ,. :~ .. 
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3.2 Solar Collector Tra.nsient Model 

Clea,r-day solar radiation incident on a fix,ed...;mount collector is 

inherently an unstea.dy phenomenon and variations in cloud cover result 

in strong transients •. Theiefore, a. transient model is needed to predict 

all-day collector stagnation temperatures. 

Assumptions 

The same assumptions used in the steady-state collector analysis 

are included in the transient collector analysis. It is also assumed 

in the transient analysis that the component heat capacities do not 

vary with temperature and a.lumped-heat-capacity model for each com-

ponent is valid~ 

Fnergy Balance 

An energy balance, similar to the steady-state energy balance, is 

performed on a two-cover collector with an energy storage term included 

for each component. These energy balances on the absorber plate, two 

covers, back-side insulation, and back-side cover lead to the following 

differential equations: 

('ro.)G + .J2 - J 1 - hpl (Tp - tel 2 - 2k;i:,n (TP - Tin21o;tn · 

?i mp C dT /dt p p· (3.47} 
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(3.48) 

;::::; m 2 C 2 dT 2/dt (3.49). ' c c c 

2kin (Tin - TBC)/oin - (hw +hr) (TBC - Ta) = mBCCBC dTBC/dt (3.51) 
' . 

Equations 3.47-3.51 are solved by a well-known time marching technique. 

The numerical integration technique used is a second.:..order Runge-Kutta 

method called Heun Is method (39 ]. The simultaneous first~order. non,-

linear ordinary differential equations to be solved are of the general 

form 

+ + + dT/dt = F(T,t) (3.52) 

+ where Tisa vector of collector component temperatures. In the Huen 
' ' . 

method, the temperatures are computed at t + At ip. the following 

manner. 

+ : ++ ++ ++ 
= T. + 0.5 AtIF(T.,t) + F(T. + AtF(T.,t), t +At)] 

i i i i 
(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 
I 

errors arid solution instability. The determination of a time step, At, 
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can b.e obtained ;Ln practice by choosing a reasonable time step for a 

given application and reducing the time step by increments of one-'half 

until the temperature solution changes less than a specified amount. 

Difficulties. arise when modeling a solar collector having components 

with relatively small heat capacities. Examples of these problems 

include thin plastic films for covers and thin metal foil for the back .... 

side cover. These problems can be solved, at the expense of excessive 

computer time, by making the time step very small or by neglecting the 

thermal capacity of that component and solving directly for the tem .... 

perature of the component a.t each time step. 

The required component material properties and dimensions along 

with the environmental conditions during the simulation are needed as 

inputs to the model. A linear interpolation routine is used to estimate 

environmental conditions when the integration time step does not 

coincide with the environmental data input· in.terval. . A. typical input 

interval for environmental data: is five or more minutes while the 

integration time step in the model is typically one minute or less. 



3 .J Absorber )?late Temperaturi Distribution 

' . 
One of the asi:;umption,s used in.the steady-state and transient 

stagnation temperature tnod<7ls is that the edge losses can be uniformly 

distributed over the absorber p1a1:.e. Il1 practice, one effect of edge 

. losses i,s to s:i,grlificantly lowe.r .t.he temperatures in the perinieter area 

of the absorber.• This te~per:tJre variation can lead to dif f~c41ties in 
' - - • ' ' l•',., '• • - ' ··-':· <' : : ·,· . .; ~ '..c.. ·>_ ·;· • 

experimentally deternrin:iJ1g the mean absor)Jer plate teniperature by using 

only a few temperature sern~ors. The following analysis takes into 

account edge losses in determinirigthe stt=adJ ... state absorber plate 

temperature distributfon }or a stagnating collector.. With this temper-

ature.di,stri,bution known, a valµe. fotthe mean absorber plate temper-
r • • • • ,' 

' . ,' 

ature can be calculated. Figure J.4 defines the coordinate system, 

cliff erential element,' and nomenclature for the following analysis. 

Assumptions 

i.· Edge losses are concentrated along the edge of th,ea.bsorber plate. 

• 2. Temperature variation in. the z dfrection is neglected. 
. . 

3. Symmetry exists about.both centerlines of the absorber plate. 

·4. Heat losses.from the.top and back~side of the collector can be 
. . 

combined into .an overa,11 loss coefficient, UL' which is temperature. 

independent. . (The value of UL _would be based· on the center. ab-

sorber plate teinpera.tute.2 
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Energy Balance 

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

in the following partial differential equation 

where 

2 
m = u1 / (k o ) . p p 

The associated boundary conditions for Eq. 3.54 are· 

3T (O,y) 0 dX -
3T (x, 0) 0 = ay 

3T (L,y) + (U /k ) T (L,y) (Uex/kp)Ta = ax . ex p 

~.YT (x, ,Q,) + (U /k ) T (x, ,Q,) = (U /k ) T 
o ey p · ey p a 

To make Eq. 3.54 homogeneous, the following substitution is made 

8 = T - T - S/U a L 

Equations 3.54-3.58 then become 

~co )=o ax ,y 

(3 .54) 

(3.55) 

(3 .56) 

(3.57) 

(3.58) 

(3.59) 

(3.60) 

(3.61) 

r 
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.~~ (x,O) ::: 0 (3. 62} 

ae ':ix (L,y) +(U /k ) e (L,y) ::; - u S/ (ULkp) 
q ex · p ex (3.63) 

(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 

G(x,y) = e1 (x,y) + e2 (x,y) (_3. 65) 

The boundary conditions on e1 and e2 can be selected so that the 

resulting two problems in el and 82 have a single non-homogeneous 

boundary condition each. The governing equations and boundary con-

ditions for e1 and e2 are 

(3. 66) 

ae 1 
ax (O,y) = 0 (3.67) 

ae1 
(x,O) 0 -- = 

2ly 
(3. 68) 

ae1 
(L,y) + (U /k ) e1 (L,y) 0 ::; ax . ex' p· 

(3.69) 

(3.70) 

1~ 
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and 

(_3. 71) 

aez . o . ::; o ox ( ,y) (3. 72) 

ae 2 . 
z-- (x,O) ;:::; 0 1:1y . (3.73) 

(3.74) 

(J. 75) 

where 

tjJ = U L/k x ex p (3. 76) 

tjJ = u :l/k y ey p (3. 77) 

Omitting the details ib. the sepiiration-of".'"variables procedure, the 

following solutions are obtained: 

00 

el(x,y) = -4 l: 

n=l 

00 

e2 (x ,y) :::; -4 l: 
n=l 

CA L) [ (S :l)sinh(S :l)+ijJ cosh(S .t) ][2+sin' 2 (;\ t) l n n · .. n .y n. ·. . .. n · 

ijix(S/UL} sin 

(snP,)l (rnL) si!lh 

(;\ L) 
n . 

(3. 78) 

(y nL)+iµx cosh(ynL) J I2+sin2 (~n:;,)J 
Cs n n 

(3. 79) 
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where /..n and sn are the solutions to the following equa,t;ions 

( ;>.. L) tan (/., L) = ,i, · n n "'x n = 1, 2, 3, ... (3. 80) 

Csn!l) tan (s !l) = 1/ly n n = 1, 2, 3, •.. (3. 81) 

~2 ;::: m2 + /..2 
n n (3. 82) 

2 2 + s:2 y ;::: m n n (3 .83) 

Finally, the temperature distribution is 

T(x,y) = Ta + S/U1 + e1 (x,y) + e2 (x,y) (3. 84) 

The mean absorber plate temperature is 
L . !l 

T = (£1)-1 f f T(x,y) dydx pm 
0 0 

(3. 85) 

It is interesting to note that the absorber temperature distri-

bution and the mean plate temperature at a given solar radiation and 

overall loss coefficient are only a function of the two parameters 1jJ . x 

and 1/l • A difficulty exists in obtaining values for 1jJ and 1jJ because 
y x y 

effective values of U and U are difficult to determine from col-ex ey 

lector design information. If experimental data are available on the 

temperature distribution of the absorber plate, a parameter estimation 

method can obtain estimates for 1jJ and 1jJ • Only a few temperature x . y 

measurements would be needed to characterize the collector and obtain 

values for these parameters si,nce the parameters do not change with 

temperature. The next section deals with the development of a 

l 
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parameter estimation algorithm to estimate these and other important 

collector parameters. 
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3.4 Parameter Estimation 

. Parameter 7stimatibn theory ,is a, usefu1: m,ethod for determining.·· 

input parameters for analytical models wheri these parameters are 

unknown or subject to much uncertainty. .There. are several methods 

currently employed for parameter estimation inciuding the gradient 
• . • • t 

method, second-order (Gauss-Newton) algorithm, and the Gaussian least-

square.,-differential-correC.tion (LSDC) algorithm. References 36 and 37 
; 

recommend the Gaussian LSDC algorithm over the other methods because it 

converges better. The LSDC algorithm is, therefore., chosen for this 

analysis. 

Gaussian Least-Square..:Differential.;..Correction 

The Gaussian LSDC method was developed by Gauss (38] in 1809 and 

employed to determine planetary orbits. This nonlinear method is a 

generalization of Newton's method for finding toots of equations in the 

form 

-+ -+ -+ -+ 
y - F (x) ;:: 0 (3.86) 

The followiµg formulation of the LSDC method is based on using 

measured stagnation temperature to estimate effective collector pa.-

rametets such as heat capacity, edge loss coefficient, etc. Assume 

that the stagnation temperature can be modeled as 

m > n (3; 87) 



. ' " -
- ,. . . .,•; .. - .. . ', -

where T. are m ca.lcul~ted tempet;;i.ttil;es of coTlettor components a.nd F. · J . ; . ·.. . ·. .• ·.. . ·.·.. .· . .· . . . . J 
. . ' ' 

are m arbitrary indeiiendent fuhctio11s of the unknown parameters,· 'le, . . . . .. . . ·. . . . . . . .·. . . . l. 

and know para.Ilieters, ui. , For example, Fl Yiould be the .a,nalytical 

models of Sections 3~1, 3.2, and 3.3 with x. possibly beirig .ct. aitd. . . ·. . . ·. . ·. . . .·. ··· ... · l. . . p 
. . 

ki11 • ·• :rn .a.d~itioh, Fj and all the partial deri~atives w,iJ:h respect to 
. - . ' ' ,.' 

xi· of FJ must be single-valued and cotJ,tinuous~ Suppose t~a; a>set of 

measured temperatures 

.•. • ' T ) .. m (3.88) 

are available corresponding to calculated teiµperatures T.• Then the 
J 

objective is to find aparticul~rset of x-values 

•. -.. _ .. ' x ) n· .. ·· 

·whichminim,izes the sumof squares of theresidl;lals 

m: 

}=1··· 

where 

[&T ;]2 
. J 

(3~89) 

CITj = Tj - :Fj (x1, x2 , ..• ·' :kn, u3:' u 2 , ., •. , u,Q,J~ j=l,2 ,3, .•. m 

(3.91) 

. . ' . - •' 

Direct minimization Of Eq. 3. 90 .. by means of calculus to. obtain an 
. . ' ' -,-·· 

expl:LC!it closed form. solution is .not poss;ible because of the compli-

cated functions F.. There,fcire, a. lineariZed successive appra1Cimation 
J 

' ' . 

procedure desig~ed to converge to. accur$.te ·lei:yst-sqfiate .estimates; 
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given approximate starting value$, is used. Let the cur;i;-'ent estimates .· 

be 

Let 

Cx1 , x2 ,. . .• , x . ) - c . c . · nc 

xl. .. ·"" x. + Axl. .. l.C 
i ;::; 1, 2, ..• n 

. . 

(3. 92) 

(3.93) 

where Axi is an unknown set of sufficiently s;mall corrections which 

when added.to the current estimates yield estimates which min-

·imize ·the sum of squares of the residuals, <j>. 

The current residuals corresponding to the current estimates, 

xic' are 

j = 1, ·2, ... , m 

The linearly predicted residuals, ilT. , after the JP . 
using a Taylor series expansion of Eq~ 3.94 about 

n oF. 
-· _J 

ilT. ;::; ilT. ~ ( axi ) Ax; .. j = 1, 2, ' JP JC l. 

i=::l c 

(3. 94) 

correction, ilx., · 
l. 

xic'. are 

.. •· ' m (3.95) 

The objective is to now find the D.x1 ;s which mirtimize Eq. 3.90. 

Substitution of Eq. 3. 95 into Eq, 3.90 yields 

" m n cF.·.· 
2 _.l. 

~p ...., Jj [ATjc - ?:: ( ax. 2 (iX.] l. . 1 
(3. 96) 

j;::;l ;i.;:;l c 
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In order that the correc.tions Ax;i. yieid a minimum, the necessary 

conditions are 

m n aF. aF. 
_J_ _J_ 

2 ~ [ATjc· - I: ( ax. 2 A'.X1J I - a~ l ·= O• k=l, 2, ... n (3. 97) 
;I. ' 

j=l i=l c c 

Rearranging 

m 

j=l .. J==1 

m 

t.£ L: k = l; t; .... , n (3. 98) 

. j=l 

The corrections Ax1 , Ax2 , ••. , 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., 

i - 1, 2, ... , n 

where x. is the improved current estimate •. 
;LC 

. (3 .99) 

Tests for. convergence are usually based on achieving a negligible 

change in cjl after updating or a negligibly small set of Axi 's. The · 

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

Px act ical Cons id er at ions 

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

initial parameter estimates may need to be relatively close. to the · 
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INPUT 
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(Tj) 

INPUT 
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(x. ) 

CALCULATE 
. VALUES AT 

MEASURED 
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DERIVATIVFlS 
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56 

' xic =xiC 

NO 

CALCULATE 
SUM .OF 
SQUARES 

(¢) 

CALCULATE. 
CORRECTIONS 

(lix.) 
]. 

UPDATE 
PARAMETER 

VALUES 

CONVERGED 
· VALUES 
x. = x! 

i ic 

STOP 

Fig. 3. 5 Block Diagram for Gaussian LSDC Algorithm 
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final estimates if the functions, F., are highly nonl~near. Damping . J 

of the corrections is usually required for highly nonlinear cases, 

i.e. 

x. = x. + (1 - y) Ax. 
lC ~C l 

i = 1, 2, ... , n (3.100) 

where y is a damping factor ( 0.:_y.s_1). Physical limitations, in 

the form of maximums and minimums, should be placed on the parameters 

to aid in convergence and to avoid physically unrealistic results (i.e., 

0 <a .s_ 1). Three statistical values that aid in interpreting the p 

results are the mean of residual errors, µAT' the standard deviation of 

residual errors, OAT' and the maximum residual error, AAT' These 

statistical values in equation form are 

-1 
= m 

m 

2.: · AT. 
j=l 

m 
2.: 

j=l 

J 

AAT = max(ATj; j = 1, 2, .•. , m) 

In general, good agreement between the analytical model and the 

(3.101) 

(3.102) 

(3 .103) 

experimental measurements will give a near zero µAT and a oAT approx-

imately equal to the uncertainty of the measured values. Outlying and 

questionable data points will be identified by AAT' 
3F. 

The complexity of most analytical models precludes obtaining ~J­ax. 
l 

analytically. Therefore, numerical derivatives are taken in the form 



. . . 
.. . . 

SB .. 

.. <~Fj ·.·. . ·.·.·· , . . .• 
, ~ .... ·;::;. IF .. ex. • . + 0 . 2 QX .. · J . 1 1 . i : ... . .. . 

/'-'" 

. ;; 

(3.1042 
.·:O. · .. '.·/·i·· .. 

.·:·-:;"-
,- " 

Forward 4if fer~ence d~rivative:s are geii.era1ly used. rath~t 'tha:n central .. 
. .· . .· -

difference · del:i,vatives. because of the· s~v:f~gs ·in· computer time by 

already having. F. (~ ·.·J cal:culated iii previous' s,teps. ·· · Values for: ~L . ·. .. .. . . J J; . ' . .·· . . . 1 .. 

dep~nd on the convergence criteti~·\fi. the func.td!on F~ (xt) and tl;le 

degree of nonlines.rity in the function FJ {xi). Since the derivatives· 
oF ·· . · ·•. · . .. 
0 j ·.are . u~~d to. "steer" iD: thi:: coµvergenc~ ·,process , · o .. equal · to . 5 . per . ··. xi.· .1 

.·. .·· ., . ' ., ·. _: 

cent of xi . are. ·).-lSlially sufficient.; ·. · 

In ~he fol:I.owing discussion -o,f results ~hapte.r, the LSPCmethpd, 

in.conjunctio~·'tVith th~ stagnation tenipe:t;'ature i:h~oti.developeci in 

· · ·this chapt~r. ·,;[$,·used to> obtain collector para:111eters from exp•eri~~ntaL 

·temperature mea.surements. 

: : ~ 

:~·-· : ... - . ; .~: . . . . .. ~ . '. 

- -- .... 

·.· 

. -:_.,. __ 

··,·. 



4. RESULTS AND DJSCUSSION 

Test methods are analyzed which use stagnation temperature as a· 

means for determining collector thermal property changes after environ-

mental exposure. The chapter begins with a discussion of steady-,.state 

data. obtained using the indoor instrumented collector. These data are 

analyzed and compared to temperatures predicted by the analytical model. 

Next a discussion of different techniques for measuring the absorber 

plate temperature is presented. Following this section, transient data, 

measured both outdoors and indoors, are analyzed and compared with cal-

culated values. After the analytical models have been experimentally 

verified, sensitivity studies are presented which deal with changes in 

absorber. plate stagnation temperature as a result of collector thermal 

properties changes and changes in environmental conditions. Following 

the sensitivity studies, instantaneous methods of measuring stagnation 

temperature are analyzed and associated problems are discussed. Fi~ 

nally, a test met.hod which uses all-day integ;rated vci.lues is investi-

gated using experimental data and analytical models. 
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data obtained fr'o1ll 

temJ?eratu, te meas .. l.rr. e.ment:s .. al'ld,.· .. com~.dfE!s·········th~s·.e.·.!dkt:~··;L.ith: •. ·.~r~dfc.ted···,• 
. . ' ' ;',' ~ ' - . . '.' . . - : ' -.. ': ' ~ r.:..' -:.: 

J;ri· iddition, four di.££13rent techn:i.qu~s used. i:o measur~ ~11 · 

~ftective absorber stagnation ~~mp~i;~th;e are ~isct1~~ed: 
::·--. _ .. _ ·- .. _,,,_ . ' :·-.· ' " . . '.-, 

the ste.ady-.state indoor results . an4 rneasure!Ilerit technigues · 
' ;·- .·- -;-

from indoor Md:~utdpottests. 

' ' 

. colle~1:or ~ere p~rfonned at. inclination angles hf 0, .45 ,. and 90 degrees~ ·, 
- ' ' • • , • .- '< - - ' ~ 

At, eac~ ()£ thes~ i~clination. angles,. ,the power input to the strip heat.'.: 

the absorber w.3.s nom5.nally set a,t 2o0, 40(), 609, 800,· 

1200 W ~liich correspond ti:) soJ,.ar racl,iatioi:l levels of· 162:, 325~. 

ap:d ~]5 W/rn2 , respecti;.ely .. · Conditions we.re· d.eemed 

st:ea.dy:.:~t~te fol;, all tests when the goinponent temperaturep (lhanged' 

than a rate of 2 C per holl't • 
' ' ' 

During each test the ambient 

remained· cbhstari~ to within + 0~.5 C. In a~dition, t.he sky 
-~ . ' . 

each.te$t td,control' and.me'ast1re .. the e.ffective 

of the surroundings~ 

/. F;i,gures>4.J .... 4.3 show representative result~ 

nominal power .inputs to th~ strip heaters .. of 
. . ,'. . ' ' 

takeri at the otheJi".powe17 levels are similar 
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i I I I I · 1 • 1 ·. 
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COVER .. 
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Fig~ 4.1 · Indoor Measurements of .Absorber and Cover Plate 
T~:inperature I)istribut;:i.on for. Collect:or I with a 
Power.Input of Approximately 40b'w 
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to F;igs; 4.1-4.3 and, therefore, are not shown. The temperature dist:ri,.. 

bution of the absorber. plate and cove]'." plate is aloni?; the lengthwise 

cente~line, starting at the lower end and ending at the top. 

There are two major observations resulting from Figs. 4.1-4.3 •. Tue 

first observation, is that edge losses cause the absorber plate arid cover 

plate temperature distribution to be highly nonisothermal as illus7 

trated by the ~· = 0° cases. The second observation is that increasing 

the inclination angle of the collector from the horizoritalto the ver-' 

tical position· causes the temperature of the absorber and cover pla.t:es 

to decrease towarP,s the lower end. and increase towards the upper en4. 

This.effect is caused by internal thermal stratification of the air 

between the absorber and cover plate.. The effect of both of these 

observations is to make the absorber and cover temperature a function of 

loca.tion and inclinatibn ari.gle •.. However, the temperature. at the center 

of the absorber plate varies a maximum of only 6 C between the hori-. 

zontal and vertical positions at the highest power level. The temper-

ature d.istribution along· the width direction centerline arid other· 10:.:... 

cations, not shown but measured, results in similar observations. 

Figure 4. 4 compares s·b=ady-state ~easured and calculated st~gnation 

temperatures :for the absorber and cover plates. The solid line in Fig~ . 

4.4 represe]J.t~ tqe locus of points where the measurec;l and calculated. 

values are equal. Since the steady-state model does not take into 

account air strati.fication between the absorber· and cover piates, orily 

the data with the colle.ct()r oriented horizontally are shown. Likewise, 

the measured tempt:rat~res are' from the center of the absorber and cover 
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Fig. 4.4 · Comparison of Steady-State Measured and Calculated Collector Stagnation Temperatures 
· for Collector I Indoors 
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plates because edge losses also are not taken into account in the model. 

These temperatures were used because the center 0.3 m diameter portion 

of both the absorber and cover plates is nearly isothermal and the 

effect of edge heat losses is negligible. The calculated values in Fig. 

4.4 were computed using the power input, ambient temperature, and sky 

temperature measured during each test. The collector dimensions and 

properties used in these calculations are those of collector I in 'fable 

2.1 with the exceptioµ of the extinction coefficient. Since the indoor 

collector simulates solar radiation absorbed only on the absorber plate 
' ' 

and not in the cover plate, the extinction coefficient was set equal to 

zero to correspond to the experimental apparatus. The maximum differ-

ence between measured and predicted temperatures in Fig. 4.4 is 8 C for 

the absorber plate and. 4 C for the cover plate. Also, there is a trend 

in the data contained in Fig. 4.4 which suggests that some of the col-

lector properties may be temperature dependent. ,, The tr.end is to grad-

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 infrared emittance of the absorber plate or thermal conduc..:. 

tivity .of the insulation, increasing as the temperature increases. 

Considering the assumptions of no edge losses and constant properties, 

the agreement between measured and predicted temperatures·in Fig. 4.4 is 

excellent. 

An important characteristic of a solar collector is how the overall 

heat loss coefficient, u1 , varies as a, function of absorber plate tem-

perature. Since all the energy absorbed on the absorber plate of a 

stagnated collector is transferred to the environment as heat loss, 



' ,· ·j 

• J., I I 

... ·::· .. -,.·. 

' 6i·: 

. . . . 

val.ues of UL. <\S a: fun.ctioIJ. of tempe~a,tu:re can be calculated· as. fe>llows 

·. uL.~a~J:<T;) . . '• 

(4 .l}' 

· :F~gu:re .4'.5 ·~:if c9n;t.ructe~.l us:i:.1'],g ;Eq~ ,4 ~:L: and tij~. ~teiidy,...state .temper-
·.,·~:{' . ·~· .. . . . ,, .. ·~;·· .: : .' ·.::;-· ;•.. ::: ~·-·· 

' .a~ure: 'data 'ta:k~# with:the',cQ;t:ti:ctoJ:::).n.· ~.:hopi.Z~~tiii. position at· .input 
·.,.·· 

power levels· fro11t- 200 · to 1400 We;. , The sol:id fine :in Fig. 4: 5 · is a 
~-- .... 

linear iea,sf stj'-l~fes ·~it to tb.e.patti.. The r~la:tion b.etwee~ UL and _,(TP .;. .· 

Ta} is 'clos:e],.y approximated by a lin_ear·.· fonct~~n. ·.· 'Ti:ie r~latiOn, bet~een ..• 
. . :: : . ' " ·. 

u . and {t · - T ), for the irtdoor instrumented c6ilector 1$. L. . ·p. ·a, -_: · . · · . -,_ 
' ' 

. ·.UL·= [2.-67 + 0~016.{Tp- T~)J 'w/m2 ,C (4.i} 

Eqtiation 4 .2 will be used in later se~tioris'>_t~ calculate ·u as a. func-:: · ·. .· .. ·.· .... · L 
. . .· ..... ' ·. ·, " · .. 

fion of- temperatur~ .• hl' the absorber temperature dis,trib~tio~: model .and 
_.;::· 

in the traJ:lSient ··~n~lysis:.: .· .. : ·.. . : ., 

··Table 4,.1 statistical,ly compares. the n1east1r~d absorb.er p~at;e t:em'"' . 
. : . 

. . . peratut~ .· <li~tribtit:io11 ·with.·• the: ca).ctilated .abs~tber:.P,iate-·•·.temperatur~· · 

distributi:on·u~:l.~g.'the two~.d:i~erisional I!lodeJ; 'di~_cussed ig· Section': 3 .3 .. 
. , . .. . - "·:· 

Only ·th~ . dat~ ta.kei1 with the collector orient~d' ::horizontally ~~r~· used 

irt ordi;ir to eliminate temperature griadien~s caus~dby internal ai.r,strat~· 

if icatiOn. The:• param~ter estimat:i;oh. algorithill .:ff·om: Se(! t.ion 3. 4 •was used· . 

. . to determine the' paraill.eters' 'ijl 'and ijl ' used ici. the ':two..,.d:i.mensional ·. ,.,. •.· .· . ·· .. · .>· .. .. x .y ·.. .· .. · .. > . . . . . . . . 

model. · These param~ters were analytiCally' de.tet:lllin~,d fl::om experimental .. 

data because.of the large uncertainty in calculating U and U . · . .. ex . ey 
Measur·ed ·~~:id ca.1¢ulated temperatures were. compB.r;ed .9,t .iocatio~s · 1-6, ·and.·.·· 

. . . . . 

14~20 inFig. 2.1. · Value·~ .for u1 in Table 4.I·w,~re'.c~lcuiated using 'Eq~ 

4.2. 
.. ·'•: 
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·Table 4 .1 $tat:isti.cal Comparison of Measured and Calculated Absorber 
Tempera.ture D:istribut;i.ons for Collector :t :tndoors 

:P J:N 

(W) 

200 

400 

600 

800 

1000 

1200 

>'~(T -T ) 
p a 

(C) 

44.2 

74.6 

100.3 

123.0 

144.6 

165.5 

UL 

cw1m2c) 

3.4 

3.9 

4.3 

4.6 

s.o 
5.3 

*Temperature difference using 

13. 9 4.04 

20.7 4.42 

26.1 4.84 

25.7 4.87 

26.9 5.07 

29.6 4.95 

µAT 

(C) 

-0.01 

-0.27 

-0.36 

-0.32 

-0.29 

o.oo 

O'AT 

(C) 

+0.31 

+o. n 
+0.89 

+1.11 

+0.98 

+1.54 

0.53 

-1.68 

-2.05 

-3.32 

-2.04 

3.39 

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, 

crllT; between measured and calculated 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 

µCIT and the low values of ;\.AT indicate good agreement between measured 

and calculated temperatures. The second observation deals with the tem-

prature dependence of 1./J and 1./J • With the exception of the 200 and 400 x y 

W cases, these parameters are essentially independent of temperature as 

discussed in Section 3.3. Therefore, once the values for 1./J and 1./J x y 

have been determined, the mean temperature and temperature distribution 

of the absorber can be obtained for any temperature level. The low 

values of 1./J and 1./J determined from the 200 and 400 W tests would not x . y 

pertain ·to testing at normal levels of solar radiation. The last 

observation is that values of 1./J are about five times as large as the 
x 

values for 1./J • This difference is most likely a result of higher y 

conduction heat losses from the inlet and exit piping and the fact that 

the length dimension, L, is about.twice as large as the 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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stagna:at air inside the flow tube header; measuring the center cover 

temperature; and measuring the temperature of air flowing.through the 

absorber plate flow tubes when the inlet air temperature was maintained 

at the outlet temperature. 

Using the stagna-o.t air temperature inside the flow tube header was 

unsuccessful for several reasons. The stagnant air temperature of the 

header contained inside the indoor instrumented collector was 124 C, as 

compared with a center absorber plate temperature of the same collector 

of 185 C. The temperature of the header is probably lower as a result 

of the header being near the edge of the collector. Since a property 

change causes (T - T ) to change by a certain fraction, sensitivity to p a 

property changes would be less using the header temperature as compared 

to the center absorber temperature. In addition, since the temperature 

sensor is inserted "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 unsuccessful. 

The advantage of this method is the ease of measuring the exposed outer 

cover temperature with either a shielded thermocouple or a hand held 

infrared pyrometer. One of the problems associated with this method is 

the lower sensitivity to collector property changes since the cover 

temperature is much less than the absorber temperature. Furthermore, 

large errors can be introduced into the measurements·as a result of the 

strong effect of wind on the outside cover temperature. There are also 

problems in measuring cover temperatures accurately. Errors can be 

introduced into the thermocouple measurement by absorbed solar radiation 



on the sensor and into the l?}"rometer megsutemet:tt when the CoVer is 

highly transparent to i.nfrared radiation.· 

Measuring the temperature of air flowing throµgh the collector when 

the inlet and exit air t;emperat~res are equal has several advantages. 

·The collector would be in a stagnating mode during this test because no 

energy.is removedfrotn the collectoI:.si.nce the inlet and exit air tem-

peratures are equaL The flow. l6op apparatus would consist only of a 

hot air gun,. a thermopile between the. i.nlet and. exit manifolds, and a 

· thermocouple in the inlet or exit manifold. The temperat4re of the 
. . . . . 

inlet air would be adjusted by ~he hot air gun until .the thermopile 

output voltage vanishes •. A temperature measurement· of this type would 
~ . . 

eliminate temperature sensors mounted in the collector and possibly 

average out the effects of edge losses and internal air stratification. 

The air flow method, however, did not produce satisfactory resl.llts. 

Figure 4.6 compares the temperature distribution alO;ng the center and 

edge flow tubes, with and without air flow, for the indoor instrumented 

collectoI: •. The. inlet and exl.t air flo~ temperatures were L31 C. this 

temperature is 57 C less than the cent~r absorber plate temperature for 

the no-air-flow case. The low inlet and exit air temperatures are most 

likely .a result of the relatively low temperature inlet and exit head-

ers. ·Once again, the. sensitivity to property changes in using this 

method would be. less than a method using the center absorber plate 
. . . 

temperature as a result of J:he lower temperature levels. Furthermore, 

the temperature of the flowi:p.g air wq,s determined to be a weak. function 

of the air flow .rate through the collector. Flow rates of re1ativ.e 
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CENTER FLOW _TUBE 
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{SING.LE COVER) 
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TEMP ..u 
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Fig. 4 ... 6 Comparison of Absor]:)er Plate Tempe:i;ature Distribution 
with and w_ithout Air Flowing Through the Flow Tubes 

. Measured J:ndoors for Collector I 
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·magnitudes of approximately one-half, one, and two caused the air tem--

perature to vary by 7 C, with the air temperature increasing as the fltiw 

rate increased. As a result of these.problems, the air flow rate. method 

was abandoned. 

Measuring the absorber plate temperature with a spring loaded ther-

mocoupie probe proved to be the.best of the four methods considered. 

This probe is described in detail i.n Section 2. 2. The probe is rel-

atively easy to mount on the back-side of a collector without having to 

disassemble the collector. In addition, the adjustable length of the 

probe makes it versat.ile for collectors having different insulation 

thicknesses. Since the absorber plate temperature is higher than the 

temperature obtained using the other three methods, the sensitivity to 

collector properties changes would be the highest using this method. As 

a result of these reasons, the technique of using a spring loaded probe 

to measure absorber plate stagnation temperature is reco11lmended. 

Transient Results 

· Transient temperature measurements. were made using · the indoor and · 

outdoor t~st apparatus. Measurements made at test sites 4 and 5 are 
. ' . 

also considered. The indoor transient measi.n::ements .consisted of 

measuring the stagnation temperature response. of the indo.or instrumented. 

collector to step changes'inpower.supplied to the strip heaters. The 

outdoor transient measurements consisted of measuring all-day stagnation 

temperatures of two collectors at VPI&SU and four collectors at test 

sites 4 and 5. 
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There were two indoor transient tests which measured the response 

of the indoor instrumented collector to a step increase in input power 

from 0 to 1200 Wand a step decrease in input power from. 1200 to 0 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 0 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 tQ produce the analytical results. The two parameters 

optimized in the analysis were the heat capacity of the absorber plate, 

(m C ), and the thermal conductivity of the insulation, k .. Both of PP · m 
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 errors 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 (m C ) and k. as used in Fig. 4.7 are used in Fig. 4.8. p p ;i.n 

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. 
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4.8 is 4 C and the standard deviation of residual errors is 1.6 C. ·The 

agreement between measured and calculated values in Fig. 4.8 is slightly 

better than the agreement in Fig. 4.7. The reason for this better 

agreement may be a·result of controlling the power input to exactly 0 W 

in Fig. 4.8.while the power input in F:ig. 4.7 was controlled to within 

+ 1 per cent of 1200 w. Overall, theagreement between measured and 

calculated temperatures in Figs. 4.7 arid 4.8 is good. Table 4.2 

summarizes the statistical comparison between measured and calculated 

temperatures in Figs. 4.7 and 4.8. 

All-day outdoor data taken at VPI&SU were·· recorded at 5-Il1inute 

intervals. Figures 4.9~4.11 show measured and calculated stagnation 

temperatures for collectors D and I described in Table 2.1. Figure 4.9 

was constructed from data measured usiI).g collector I on 12/17/80 at an 

·inclination'angle of 60 degtees. Figures 4.10 and 4.11 were constructed 

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

angle of 45 degrees. Since the tests were performed at inclination 

angles other than horizontal, the stagnation temperature of the lower, 

middle, and upper third portions of the absorber plate were averaged to 

' obtain the. absorber plate temperature data in Figs. 4. 9-4 .11. With an 

inclination angle of 45 degrees on 2/13/81, the outdoor measured tem-

perature difference between the upper and lower third sections of col-

lectors D and E at solar noon was 32 C and 24 C, respectively. The 

parameters (m C ) and k. were optimized using all the outdoor da:ta from . p p· . . . l.U 

Figs. 4.9-4.11. The value for (m C ) obtained from the indoor measure-p p 
ments was not used for the outdoor data because the outdoor collectors 
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Table 4.2 Statistical Comparison of Measured and Calculated Collector 
Stagnation l'emperatures for Figs. 4. 7-4.15 

Figure (mp Cp) kin 1.lAT cr-AT >.AT 

Number (W•h/m2-c) (Wfm-G) (C) (C) (C) 

4.7 1.67 0.055 1.6 +3.0 6.6 

4.8 1. 67 0.055 0.9 +1.6 4.1 

4.9 1.13 0.085 -3.8 +4.6 -8.4 

4.10 1.13 0.085 -2.0 +4.6 -9.6 

4.11 1.13 0.085 -3.0 +3.9 -8 .2 

4.12 2.90 0.070 0.7 +2.6 -7.0 

4.13 . 0.29 0.083 0.8 +2.9 '-8.8 

4.14 0.84 0.019 o.o +1.1 -1.9 

4.15 .1.76 0.033 -0.1 +o.9 -4.2 



i: Cl 
0 N 
(() 

' 3 
0 ...,. 

;z 
0 .... 
i-a: 
HO 
~ !!!-
a: 
a:. a: 
.cl 
0 
(() 

l•l 
IC • :::i 
l-a: a: 
hJ 
11... x: w 
I-

rnLLECTl'JA STAGNATION TEMPERATURE; 
· Ill TP HEll5UHED 

(!) TC HERSUFIED 
~-SQLllfl HAD 

VS HHE . 

·a+· ---,br--~~---,--.-----.--~-11,-co--.,.111~--,-~--.113---.---,---.15-.--..----"*'-'--,--lr8-. ~--.19---'-i20 

FIG. •L9 
StllAA T lHE IHAl 

COMPARISON OF MERS.URED ANO CRLCU\_ATED 
TEMPERATURES Of C(]l-LECiOR 1 AT VPilSU 

STAGNATION 
ON 1~/17/80 

00 
0 



i: 
0 
(f) ...... 
3 
Cl 

z 
0 ..... 
~-
0: ..... 
D 
0: a: 
0: 
0: 
-I 
0 
(f) 

u 
Iii a: 
::i 
...... 
0: 
a: w 
IL 
:i:: w 
I-

'"-

COLLECTOR STAGNATION TEMPERATURE 

(:) 

N 

0 
Ul 
~ 

0 

~-

l!l Tl' HEASUllEO 
C!l TC I MEASURED 
.a. TC2 HEASUllEO 
(> SOLAR RAO 

VS T!HE 

20 



i: 
0 
(I) 

' 3: 
0 

z 
IO ..... 
I-a: .._, 
0 a: er: 
cc a: 
__J 
IO en 

LI 

U.J cc 
:::i 
~-a: er: 
ILJ 
IL 
:I: w 
I-

C> 
0-
N 

Cl !!!-

0 e-

Cl 
Ul 

COLLECTOR STAGNATION TEMPERATURE 

i' •• ,,• 
•" .. 

l!I Tl' HERSURED 
(!) TC HERSURED 
• SHLRR ftRD 

~S TIHE 

O-l-~~A~~~}~~~b~~~~~~~l~~~~,.,~~~l~~~~l.~3~~J.~q~-~l~5~~1~6--~,~7~~1~8~~1~9~--l20 

Sfjl AR TI HE IHRI 
~ 

FIG. 4.11 COMPARISON OF MEASURED AND CALCULATED STAGNATI-ON 
TEMPERATURES OF COLLECTOR I AT VP HSU ON 2/ 13/81 

00 
N 



83 

do not have the extra heat capacity a_ssociated with the strip heaters. 

Also, k. derived from the indoor data was not used because the outdoor 
. ;i.n 

insulation may have different amounts of contained moisture.· The sta..., 

tistical values comparing the measured and calculated results in F:Lgs. 

4.9-4.il and the values for Cm C ) and k. are shown in Table 4.2. On p p in 

the average, the calculated collector temperatures in Figs. 4.9-4.11 are 

higher than measured. This discrepancy is most likely a result of the 

collector properties being a function of temperature while. the analyt-

;i.cal model assumes they are constant. Properties such as E:p and kin 

generally increase with temperature. This increase in . t: and k. as the p in 
temperature increased would explain the higher calculated temperatures 

in F;i.gs. 4.9-4.11. The calculated temperatures do, however, follow the 

trends of the measured temperatures very well. 

Iri addition to the data obtained at VPI&SU, Figs. 4.12 and 4.13 

contain outdoor data taken at test site 4 for collectors A 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 fl:'om a continuously recorded strip chart at 15-minute inter-

vals. The cover plate temperatures were not measured at test site 4. 

In addition, the inclination angle forcollectors Aand B was 40'degrees 

during the test. The solar radiation profile for the tests using the 
2 solar simulator ;i.s an initial step increase from 0 to 1000 W/rn , a. 

. . 2 
linear increase from· 1000 to 1100 W/m over the next 2.5 hours, a linear 
. . ·. . . . . . ' .• 2 . . . . .. ··. 
decrease from 1100 tp ·· 1000 W/m ·.over the remaining 2. 5 hours, · and finally 

.. I 2 a step decrease from 1000 to 0 W. m . The temperature data in Figs. 4.14 
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and 4.15 were recorded at 5""".minute intervals.· Collectors E and H from 

Figs. 4.14 a!ld 4.15 were horizontal during the tests •. The derived 

parameters (m C ) and k. along with statistical data used to compare · p p in 

the measured and calculated results for Figs. 4.12.,...4.15 are in Table 

4.2. Again, the agreement between measured and calculated results is 

good. 

Figure 4.4, Figs. 4.7-4.15, and Tables 4.1 and 4.2 experimentally 

validate the steady-state, transient, and two-dimensional absorber plate 

temperature distribution models. The agreement in all cases is at least 

acceptable for using the models for sensitivity studies and test method 

evaluation. The transient model was experimentally verified with indoor 

and outdoor data at VPI&SU for collectors D and I, with outdoor data at 

test site 4 for collectors A and B, and with solar simulator data at 

test site 5 for collectors E and H, These transient data comparisons 

point out the versatility of the model with respect to different 

collector designs and with respect to indoor, outdoor, and solar 

simulator environments. The next section presents results from the 

steady-state model in determining the sensitivity of stagnation tem-

perature with respect to collector property changes and environmental 

conditions. 
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4~ 2 : S~ns;i.tivity Sttid:i,es. 

Three iin.portant fa.ctors which a:ffect the applicability of a test 

standard to determine collector property changes aft~r environmental · .· 

exposure are sensitivity to property changes, sens:i.tivity to environ--
·1 

mental conditions, and experimental uncertainty. In thi.s section, each 

one of.these factors is considered. Thesteady.,.-statemodelis used for 

determining the sensitivity to property changes and environmental con:... 

ditions. An analysis developed by Kline and McClintock (41] is ·used 

to determine the experimental uncertainty associated with stagnation 

temperature: test methods. 

Experimental Uncertainty 

Before an uncertainty analysis can be performed, the stagnation 

temperature of the absorber plate must be normalized with· respect to 

ambient tempE~rature and solar radiation~ Changes in ambient temperature 

or solar radiation between initial and post-:-exposure tests would cause 

the stagnation temperature to change independ.ent·of property changes. A 

satisfactory normalization.of the stagnation temperature can be obtained 

by the follot-Ting energy balance on the absorber plate. 

('r a.) G - u1.. . (T - l' ) ;::; 0 p a. (4 .3) 

Rearranging yields 

(4.4) 
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Thus, the parameter, (Tp - Ta) /G, ;i.s only a function of the solar 

optical properties of the .collector in the for:in of ('ra} and the thermal 

properties in the form of the O'V.erali heat loss coefficient, u1 • There-

fore, changes in optical or thermal properties of the collector result 

in a change of (T - T )/G~ However, the parameter, (T - T )/G, is not p a . p a 
totally independent of env;ironmental conditions. Parameters such as n d 

and 8 can cause small variations in (1'et.).and parameters such as V , T , · · , w a 

Ts, TP, and a C:an cause significant variations in UL' The effects 

caused by these parameters are discussed following the experimental 

uncertainty analysis~ 

The instruments used to measure (T .,.. T )/G are a differential ·p a 

thermocouple to measure the temperature difference, (T - T ) , and a P a 
pyranometer to measure the solar radiation, G .. · The measurement uncer-

tainty associated with .measuring· (T - T ) using. a differential thermo-p. a . 

couple ;is approximately + 0.5 C. The measurement uncertainty associated 

with measuring G with a WMO class I pyranometer is composed of several 

separate uncertainties. The temperature compensation,. linearity, and 

cosine response of the pyranometer each introduce a + 1 per· cerit uncer-

tainty in the measurement. These uncertainties statistically combine to 

.. 11 . . h . f c12 .+ t 2 + 12)112 give an overa ·. uncertainty in t e pyranometer o ·. ·· . = 

+ 1. 7 per cent. In addition, a + J,. per cent el;"ror is assumed in the 

recording apparatus for both G and (T - T). The uncertainties in G p a 

and (T - T ) , · including recording errors, are p a· 

~ [(0.017G) 2 + (0.01G) 2J1/ 2 = + 0.02G (4.5J 
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;::: f0.5 2 + f0.01 (T - T n2Jl/Z 
. . ... ··· p a (4 .6) 

The uncertainty fo .(T - T )/G, as a result of both G and (T - T ), is p a . p a 
determined by a Kline and McClintoc~ [41] analysis as follows. Let 

X = (T - T ) /G (4 •. 7) p a· 

Then 

w = + f C .. ~G·.···wG)2 + ( ox w(.T . )2Jl/2 X o o (T - T ) - T ) -p a. p a 
(4 .8) 

Substitution of the partial derivatives of Eq. 4.7 into Eq. 4.8 yields 

w = + xIC-wG/G) 2 + (w.(T /(T. - T )) 2] 112 
X - T ) · p a p a 

(4. 9) 

Finally, with the substitution of Eq's. 4.5 and 4.6 into Eq. 4.9 

w = + x[ (0.02) 2 + (0.01) 2 + (0.5) 2/(T - T ) 2Jl/ 2 
X p a _ (4.10) 

Thus, w for a stagnation collector.with (T. - T) = 150 C is X . . .. p a 

w x = + 0 • 23 x ( 4 .11) 

The next sub~section is cc)J;1cerned with evaluating the influence of 

environmental conditions on the parameter X· 

Sensitivity to Environmental Conditions 

Changes in nd.' e, V , T , T , S, and G can cause a slight change in w a s 

(ra) and UL' which in turn, change')(~ Although G does not effect u1 

directly, a chang~ in G would cause a change in T ,.which would effect p 



, , 

UL. figures 4 .16 and 4 .17 show the variation of x as a function 6f 

environmental conditions for collect6rs D and E. Co:t.lecto,rs D and E 
. ,, ._. '-, :·' ' ' . ",, .-- ·:·· : 

were ch~sen bec~us~ these c911ectors are' respecti'\Tely, the best and , 
, , ' 

poorest performing. collectors analyzed. The 0th.er cql.lectors. used in 
, , 

this_analysis showed similar results. The environmental conditions V , 
' 'w , 

Ta, and G have the largest effect on ,x in .Figs. 4. H( and. 4 .17. These 

parameters affect UL iind t1ot (1'a). ·.The parameters J1d ~nd e which effect 

(1'a), have an insignificant effect on X· Th.e inclination.angle of the 

C::ollector, B, has a noticeable effect on collector D .but little effect 

on collector E. Collector n. is ii:}.flueµced more by 13 than .collector E 
, , 

because free convection is m.oreciominant in c0llector D than collector 
, ' 

. ~-' ' ' . ' . . - ' 

·as a result of the select.ive surface a.bsqrber plate. !n'generaJ,, the 
. -·-.. ··.· ., 

· environmental condit:i,ons· affect·· the .. low performance coll~'ctor E:· more on 
' ,. ' . . 

• - I, • 

a percentage basis t:han, the· high performan~e collector D. It. should be 

pointed out that the range of environmental conditions in Figs. 4.16 and, 
- :·-·· - .. - . ,: 

4 ~.17>is 'quit<= la:i;-ge. ' The environmental, ConditibilS would probably not, 
'·-.' . 

,' ,· ... _. , ' ; 

change by this atnount between initial and· post exposure tests. 
' ..• , .. ·· ,•, , , , ''',,, , , , , , '' ', ',' 2 ' , 

G, 13, and Vwdq not .charigE?.niore'than20 c, 200W/m, 60°, and 2 
' , 

respectively, between.initial and post expos~re tests; thenthe 
, ' , 

of each envirortrnental .condit.ion on x is,withirt.± 3 per· cent. 

limitations on the ranges for T , G, and· 13 9houid be eas.ily met in a·. . 

practice, but the range on V might be more difftcult to achieve. In , , .• w 
addition, wor<?t case combinations of severej:l of these environmental 

conditions cot!ld lead to larger changes in (TP ""'. Ta2/G, but the 

fr~quency of such occurrence would be low~ 
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Sensitivity to Collector Property Changes 

. . . 

The collector properties that ar~ critical to collector thermal 

performance are 1', a , ·.and e: • The sensitivity of the absorber plate· 
p ·• p 

temperature to a change in these properties for collectors Dand Eis 

shown in Fig. 4.18. A, c.han.ge in. E for collector E is not included in .. p 
Fig. 4.18, because E ;::; 0.87 and increases in this value would cause p 

small decreases in the absorber plate stagnation temperature. A 

decrease in 1' for collector D causes the largest amount of change in T . p 

The· reason for this .is .that collector D has two covers and i'.i1' represents 

the change in each cover. The sensitivity to property changes is higher 

for collector D than collector E. This higher sensitivity results from 

collector Dhaving a higher T than collector E and the change in T is p p 
a fraction of (T ... T ) . Values for G and T used togenerate Fig.· 4 .18 p a a 
are 1000 W/m2 and 20 C, respectively. The corresponding absorber plate 

stagnation temperatures for collectors. D and E are 227 C and 134 C, 

respectively. Thus, a prop.erty change of 0.1 iri a and 1' for collector p 

E would cause .a decrease in·x of 6.5 per cent and 4;4 per cent, respec.:.. 

tively. A property change.of 0.1 in a , 1', and e: for collector Dwould p p 
cause a decrease in x of 6~0 per cent, 8.6 per cent, and 5.9per cent, 

respectively. Using Eq. 4.10, the uncerta;Lnty in X for collectors D and 

Eis± 2.J per cent. '(Note that the term (0.5) 2/(T - T ) 2 in Eq. 4.10 . . .. · . p a 

adds very little to .the overall uncertainty. The majority of the un-

certainty is contributed by the pyranometer error.) Using an uncer-
',,· '• . ' . ' 

tainty of.+ 2 • . f .per cent, t.he uncertainty hands of the initial and post 

tests would become completely separated with changes in x of greater 



-60 _ _.___---' ___ ~~~-r-·-. . -

COLLECTOR D . A. ·.·. A·. · · 5 . r0=0.94 .ap=0.94.Ep=0.2 -50 -
COLLECJQR.··E .. . 
A . . ··. · ··A .·· ·.· 
Tc= 0.86, ap = 0;95 

-u -

Fig/ 4. lff 
. . -· . 

Sensitivity of the Absorber Plate ',remperatµre of· .. Collectors D and E 
to •.. Collector Property··Changes 



than 4.6 per cent. 

97 

Thus, property changes on the order of 0.1 in a , p 

T, and s would be detectable using this method, with the exception of p 

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-

elude determining property changes of the order of 0.1 in a , T, and p 

E • p 

One additional source of error in these measurements is· the effect 

o.f transients on the measurement of X· This source of error is con-

sidered in the next section. 
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4.3 Instantaneous Method 

The measurement uncertainty, sensitivity to property changes, and 

sensitivity to environmental conditions for the parameter x were d.e-

veloped in the last section. In addition to these factors~ a test 

method incorporating the instantaneous measurement of x must ta~einto 

account transients in T caused by changes in G. Even on clear days, 
p 

the heat capacity of the collector can lead to errors in measurements 

of the steady-state T in the morning and afternoon hours. Figure 4.19 
. p 

uses the data from Fig. 4.9 with the parameter x plotted as a function 

of solar time. The sudden change around 9 :30 solar time in Fig•. 4.19 

is a result of a momentary period of cloud cover. This Jump indicates 

how sensitive the measurement of x is to even short durations of cloud 

cover. The remaining part of the day was about as clear as is possible. 

During the quasi-steady portion of the day from one hour before to one 

hour after solar noon, the parameter x varied by ± 1.5 per cent. 

During clear days, measurements taken during this two hour time period 

would probably be within± 1.5 per cent for most collectors having heat 

capacities similar to collector I. 

Since perfectly clear days are infrequent for many locations, a 

procedure is needed to determine the amount of time after a period of 

cloud cover before quasi-steady measurements can be made. The following 

discussion and analysis provides an estimate for the length of this 

waiting period. 
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Respo:hse·to Transients 

The basis. for the . following analysis is the assumption that the 
. . . 

entire. heat capacity of the co.llector cari be re.prese11ted by an·· effective 

heat capacity "lumped'' in the absorber plate. In addition, the follow.:.. 

ing assumptibns are made: 

1. · A cloud is reprepented by a step change in sola;r radiatfon 

from the in.itia.J. value to zero. 

2. The heat · 1osses ·are represented by a constant he.at loss 

coefficient. The coefficient; 11,owever, is d.:Lfferent for the· 

heating and cooling cases. 

3~ All other properties are c.onstant. 
\ . ,- ,· .· .. 

The solution to this first"'order lumped system with time .. is 

representetj. by th~ following well known equation. 

e e 

where: 

exp( - t/T. ) 
0 c 

e = T - T p a 

80. _ - initial value of. (T .. ...;· T ) 
P. .a 

Tc - (mG)e/uL,c 

UL ,C = average 10$8 coeffi.cient during c:oqling 

(4.12) 

Aftera cloud tover duration of lit, it is assumed t;hat the solar radia-

tion returns to its original level by a step change. The absorber plate 

.temperature as a .function of time after lit iS repre.$ented ·by 
. - - ,.._,_ ·_ 

e = 8- + e [eip- ( - 4t/T) - 1l exp [..:.. Ct·~. llt)/Th .. ];_·.· 
0 0 . C- _ · 

._ for t .>: lit (4.13) 

where: cloud duration 

T .. · = cmc.·.)" 1.u. _ .• _ 
h. .... e L,h 
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the recovery time, R, required for. 8/8 0 = v to become 0. 90 is 18.1 

minutes. The recovery time calculated by Eq. 4.15 for this test is 17.8 

minutes. 

Figure 4.21 validates the simplified theory used in Eq. 4.15 to 

calculate the recovery time. But, in order to use Eq. 4.15, T and c 

'h must be known. These time constants can be obtained outdoors near 

solar noon by suddenly shading and exposing a stagnating collector. 

Practical problems, however, may limit the usefulness of the previously 

mentioned instantaneous method. 

required to determine 'c and 'h· 

First, added testing time would be 

Secondly, 8/8 should be chosen as 
0 

0.98 to obtain accurate measurements after a period of cloud cover. 

This value of 8/8 would correspond to a recovery time of 47 minutes 
0 . 

after a 10 minute cloud cover. Therefore, one 10-minute duration of 

cloud cover near solar noon practically precludes obtaining acd'urate 

results for that day. Although these results were obtained using only 

one collector, collector I is a representative collector with an average 

heat capacity and these results should be typical. 

Outdoor Results 

Outdoor measurements were made on collectors D and I to validate 

the instantaneous method previously described. Figure 4.22 shows the 

results of these measurements. The data used to construct Fig. 4.22 

were all taken on very clear days between December, 1980 and February, 

1981. Only clear days were chosen to minimize transients and to focus 

mainly on the effects of environmental conditions and experimental 
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uncertainty. Both solid lines in Fig. 4.22 represent the mean values of 

(T - T )/G for collectors D and I. The measurement sequence used for p a 

the abscissa represents the chronological sequence that the data were 

taken, but the number of days between each measurement varies. It is 

assumed that performance of collectors D and I did not change during 

this three month period. This assumption is reasonable because the NBS 

Durability and Reliability Program [2] and other previous tests have 

shown the performance of both collectors do not change after a three 

month period. With the assumption that the performance of both collec-

tors remained constant, the scatter of data in Fig. 4.22 is a result of 

experimental uncertainty and environmental conditions. The only envir-

onmental condition which showed a predictable effect on the results 

was the wind speed. Most of the data taken with wind speeds less than 

1.5 m/s fell above the mean value. The only data point taken with wind 

speeds above 3.5 m/s fell well below the mean value. There is a defi-

nite sequential correlation between the data taken on collectors D and 

I. The high and low values for collectors D and I tend to follow the 

same trends with time. This correlation of trends is most likely a 

result of environmental conditions. 
w 

The experimental uncertainty associated with the measurements is 

shown by error bands on the data points. The scatter in the measure-

ments is equal to or better than the experimental uncertainty when the 

data point taken with V = 6.4 m/s is omitted. With limitations on wind w 

speed and for very clear days, it appears that the instantaneous method 

can determine property changes in a , T, and s in the amount of 0.1 or 
p p 

less. Data taken on days other than very clear have transients that 
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make determining accurate quasi-steady measurements difficult. The next 

section investigates a method which integrates (T - T ) and G over the p a 

period of a day to eliminate the effects of short term transients. 
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4.4. Al1"'7Day Integration Method 

.. 
The limitations associated. with an instantaneous method used to 

measure (T - T ) /G were discussed in the last section. A method bas.ed . P a . 

on integrating the paramete.rs (T - T ) and G over the period of one day ·. p a . 

is now considered. The main advantage of an integration method is. the 

elimination of the problems associated with transients in the measured 

parameters. This section is divided into sub-sections dealing with the 

theory of the method, sensitivity to environmental conditions, sensi-

tivity to property changes, and preliminary measured results. 

Theory 

The transient stagnation temperature .of the· absorber plate· can be 

represented by the followi11g equation which is obtained from an energy 

balance on the absorber plate •. 
" 

('rn) G - UL (T - T ) = (mC) dT /dt · p . a e p ·. (4.16) 

where (mC)e is the effective heat capa,city of the collector lumped at 

the absorber plate. · integrating Eq. 4.16 over the period: of one day 

yields 

14
h(w) G dt 

0 

(4.17) 

With the assumption that. the absorber plate temperature at midnight is· 

the same as 24 hours before, Eq~ 4.17 can be reduced to· 
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24h 24h 

~ (rn) G dt ~ UL (Tp - Ta) dt ( 4 .18) 

Next, the definitions of the mean daily (Ta) and the mean daily UL are 

introduced. 

(Ta) 
24h 

= J · (Ta) G 
0 

24h 

24h 

dt/J G dt 
0 

~ UL (T - T ) p a 

24h 

dt/ J (Tp 
0 

- T ) dt a 

Substitution of Eqs. 4.19 and 4.20 into Eq. 4.18 yields 

24h l (T - T ) dt P a 
0 

24h 

= [(rn)/UL] J G dt 
0 

(4.19) 

(4.20) 

(4.21) 

Thus, if changes in (Ta) or UL occur during exposure, measurements of 
~~ f CT - T ) dt' and J G dt could be used to detect the change. The ratio P a 

[(Ta)/UL], however, is not only a function of collector properties. The 

value of (Ta) would be a function of the average incident angle of beam 

radiation and the average diffuse fraction for the day. The value of 

UL would be a function of the average V , T , T , and (3 for the day. w a s 

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

a function of the environmental conditions. 

Figure 4.23 shows three solar radiation profiles with very differ-

ent characteristics but equal values for J G dt. Profiles 1, 2, and 3 

* f In the following discussion, the symbol denotes integration over 
a 24 hour peri~d. 
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'Table 4• 3 Eff,e~t of Solar RadiatiO'n Profile on the Results of the 
All.-Day IntegratioI1 Method 

Collector 

A 

B 

D 

E 

Environmental Conditions: 
' : : . .... 

n == 81, ·.~ ,,;,>40~·, B = 40°, nd = 0.15 

24h 
T = 10 C, V - 2.0 m/s, a w J. G dt = 20.l MJ/m2. 

0 

Integrated (T -. p . T ) a. 
Profile 1 Profile 2 Profile 3 

(C-h) (C-h) (C-'h) 

894 901 905 

.769 785 790 

1110 1149 1155 

575 579 589 

Maximum 
Difference 

(%) 

1.2 

2.6 

3.9 

2~4 
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instantaneous results are present for the integrated results. The 

results again show that the wind speed and ambient temperature are the 

dominant effects on both collectors D and E and that the inclination 

angle has a noticeable effect on collector D. The curve representing 

the effects of T on j(T - T ) dt is dashed when T > T . This line s p a s a 

is dashed because the only way that T could be greater than T would s a 

be during an indoor test using a solar simulator. Since a solar simu-

lator would use an instantaneous method, the results for T > T are s a 

unrealistic. As in Figs. 4.16 and 4.17, the environmental conditions 

affect collector E more on a percentage basis than collector D in Figs. 

4.26 and 4.27. The effect of environmental conditions on J (T - T ) p a 

dt can be held within .± 3 per cent if V , T , and S do not change more w a 

than 2 m/s, 15 C, and 60°, respectively, 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 changes of the all-day integration 

method is, in general, equivalent to the sensitivity to property changes 

of the instantaneous method. The results, however, are reported in a 

different format. Figure 4.28 shows how a change in a from 0.96 to 
p 

0.86 affects the results of the all-day integration method. Similar 

results are obtained for equal changes in T and s for other collectors. 
p 

The environmental conditions were kept constant in the construction of 

Fig. 4.28 so that only the effects of changing a. would show up. 
p 

The 
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initial or baseline theoretical values in Fig. 4.28 are the same values 

as in Fig. 4.24. The change resulting from a decreasing from 0.96 to p 

0.86 becomes increasingly difficult to detect when J G dt becomes less 

than 20 MJ/m2 . Thus, in practice, only the clear 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(.T - T ) dt and about+ 2 p a . 

per cent in the direction of J G dt. The uncertainty in j(T - T ) dt p a 

is essentially negligible and the uncertainty in J G dt would statisti-

cally permit determining property changes in a , T, and s of about 0.10 
r p p 

or less. 

A comparison between the instantaneous and all-day integration 

methods reveal that both of these methods are similar with respect to 

experimental uncertainty, sensitivity to environmental conditions, and 

sensitivity to collector property changes. However, the all-day inte-

gration method is free from transients which limits the usefulness 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, nd' T , T , and V were measured a s w 

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

months were not used because of instrument problems and malfunctions. 
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Figure 4.29 shows the results from these measurements presented in 

terms of the all-day integration method. The absorber plate stagnation 

temperature was measured at the center of the plate for the data in 

Fig. 4.29. The solid line in Fig. 4.29 was generated by a least-

squares fit using a second-order polynomial forced through the origin. 

Data from the NBS Durability and Reliability program [2] and measure-

ments from other tests have shown that the thermal performance of 

collector I is altered little, if any, after three months of stagnation 

exposure. With the reasonable assumption that the thermal performance 

of collector I did not change over this three month test period, all 

the scatter in Fig. 4.29 can be attributed to experimental error and 

environmental effects. The only strong trend in the data is the effect 

of wind speed on the results. Except for one set of points, all the 

data measured with daily average wind speeds less than 1.5 m/s are 

above the regression line, while all the data measured with daily 

average wind speeds greater than 3.5 m/s are below. This result tends 

to verify the earlier analytical result that the wind speed would 

influence the data more than the other environmental conditions. It is 

evident from Fig~ 4.29 that if small property changes are going to be 

determined using this method, limits on wind speed variation or correct-

ions for wind speed effects must be made. 

A practical difficulty in generating Fig. 4.29 was the large 

number of man-hours needed to reduce the data. Data for collector D 

were not reduced primarily for this reason. Reducing'the data to 

evaluate j(T - T ) dt required most of the time. Since the relation p a 
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between temperature and thermocouple voltage is not linear, a direct 

integration of thermocouple voltage and then a conversion to temper-

ature would lead to inaccuracies in the integrated temperature. The 

problem was resolved, however, by piecewise integrating the thermo-

couple voltage versus time in one millivolt increments. The 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. The 

voltage output from the pyranometer is linear with respect to solar 

irradiance. Thus, the time required to reduce J G dt was minimal as 

compared to the temperature integration. 

The next section discusses the important results obtained thus far 

in Chapter 4 dealing with stagnation temperature test methods. 
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4.5 Summary of Results 

Stagnation temperature test methods for determining collector 

property changes have been investigated and analyzed. The potential 

advantages of using stagnation temperature over the current energy 

output method are less measurement uncertainty, increased sensitivity 

to property changes, and less complicated test procedures and apparatus. 

The investigation, however, uncovered several limitations associated 

with using stagnation temperature to determine collector property 

changes. These limitations are primarily the strong effect of environ-

mental conditions, particularly wind speed, on test results; a highly 

nonisothermal absorber plate resulting from edge heat losses and in-

ternal air stratification; and the slow time response of the absorber 

temperature to changes in solar radiation. 

The potential advantages of a stagnation temperature test method 

were shown to be only marginally better than the current e~ergy output 

method. The experimental uncertainty associated with the stagnation 

temperature method is only slightly less than that associated with the 

current method.· The main reason for the small difference in experi-

mental uncertainty between the two methods is that bothmethods depend 

strongly on measurements of solar radiation; these measurements dominate 

the experimental uncertainty. It is the author's opinion that the most 

significant limitation in either method is the relatively large experi-

mental uncertainty associated with measuring solar radiation. Further-

more, the higher sensitivity to. property changes of the stagnation 

temperature method over the energy output method may be overshadowed by 



125 

the effects of transients, changes in environmental conditions, and 

variations in absorber plate temperature. Cloud cover on the order of 

10-minutes duration was shown to affect· temperature measurements as long 

as 45 minutes after the cloud cover disappeared. Wind speed was shown 

both experimentally and analytically to have strong effects on measured 

results. Differences inwind speed greater than 2 m/s between initial 

and post-exposure tests could preclude determining significant property 

changes. The criterion for defining a mean absorber plate temperature 

from measurements could also influence results. Indoor tests on col-

lector I showed that edge heat losses produced absorber plate temper-

ature variations as much as 20 C. Also, outdoor tests showed that 

internal air stratification could result in temperature differences 

between the lower and upper third-sections of collectors D and I of 32 C 

and 24 C, respectively. These temperature variations on the absorber 

could adversely influence the interpretation of results if temperature 

measurement locations or the inclination angle of the collector changed 

between initial and post exposure tests. 

Four measurement techniques for determining an appropriate stag-

nation temperature to reveal property changes were tried and analyzed. 

Techniques based on measuring the external cover temperature, the air 

temperature inside the flow tube header, and the temperature of air 

flowing through the absorber plate flow tubes were consi.dered to be 

unsatisfactory. Measuring the absorber plate temperature from the 

backside with a spring loaded thermocouple probe was the recommended 

measurement technique. 
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The analytical models developed in Chapter 3 were experimentally 

verified and found to be acceptable for sensitivity studies and test 

method evaluation. 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 capacity and insulation thermal conductivity. Results 

from the analytical model verifications indicate that better agreement 

between measured and calculated temperatures may be possible if temper-

~ture dependent heat transfer properties are taken into account. 

However, the lack of measured property 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 collector property 

changes were analytically and experimentally investigated. Analytical 

results showed that both methods have approximately the same measurement 

uncertainty and sensitivity to property changes and environmental con-

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 opinion, is limited 

to testing on very clear days or with solar simulators. A solar simu-

lator would resolve problems dealing with transients and variations 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 integration method eliminates the.problems resulting from out-

door transients. In addition, it was determined that the results 

· obtained using this method were independent of solar radiation profile. 

The all-day integration method, in the author'.s opinion, is the better 

method for outdoor testing. To increase the accuracy of either method, 

it is recommended that the absorber plate temperature be measured in the 

center of the absorber and that variations in wind speed, ambient tem-

perature., and inclination angle be kept to a minimum. between initial and 

post exposure tests. 

The results of this investigation can be extended into an area 

similar to determining property changes in actual ft.ill-size collectors. 

This area could be experimental parameter studies o:f different collector· 

materials. Several standard exposure boxes could house different col-

lector absorber, cover, or insulation materials. These boxes would then 

be exposed to stagnating conditions and the absorber plate temperatures · 

monitored. The test boxes should have a large enough area to perimeFer . 

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 performance could be monitored by comparison of 

stagnation temperature as a: function.of time. The effects of ·environ-

mental conditions, transients, and experimental uncertainty would be 

minimized in a relative test of this type. Since temperature comparisons 

are relative to pther collector materials and designs, measurements of·· 

solar radiation 'or ambient temperature would. not directly affect 
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results. The only experi,mental 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 product. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

The following conclus;i.ons 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 collector.s considered. 

2. Stagnation temperature test methods 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. 

3. Transients as a result of even momentary periods of cloud cover can 

cause large errors in test results using methods based on instan-

taneous measurements. The all-day integration method, however, 

eliminated the problems associated with transients as a result of 

intermittent cloud cover. 

4. The temperature distribution of an absorber plate during stagnation 

is highly nonisothermal. Edge heat losses and thermal stratifi-

cation of the air between absorbers and covers can cause the 

absorber temperature to vary by as much as 40 C over the surface of 

the absorber. 

129 
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5. The experimental uncerta;i,nty ;;i,ssocia,ted with stagnation tempera,ture 

test methods is only marginally less than the cur"J;"ent energy output 

test method. The experimental uncertainty associated with the 

pyranometer represents the majority of uncertainty in both methods. 

6. Measurirtg 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. 

7. Even with limitations placed on the variation of environmental 

conditions, proposed stagnation temperature 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. Long-term (greater than one year) investigations of the all-day 

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

terial aging characteristics should be used in this study. 

2. 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. 
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. Instr11ment or 
Recording~evice 

Para'nometer 
Pyrohellometer 
Pyrgeo111eter 
Anemometer 
'l11en11ocouples 
Electronic Integrators 

24-'Channel Multi-Point 
Recorder 

2-Channel.Mechanical 
Jntegr,ting ~trip 
Chart ltecorder 

2~channel Stdp Chart 
Recorder 

Digital Multimeter 
Digital Multimeter 
AC Watt Meter 

AC Current i:teter 

211:-Pi;>Sit fon Th~rmocoupl~ 
Switch 

2.0-Poslt.ion Thenuocouple 
Switch 

Current Transformer 

Varlahle Voltage 

Foll Therinocouples 
Electric Strlp.Jleaters 

APPENDIX A 

Listing of Instrument Mantifacturers 

Manufacturer Model Serial Number 
---.----·------------. -·--·------·--------·------------,-·---------..:....-----'---

Eppley LabQratpry, Inc. 
Eppley Laboratory, Inc. 
Ep(>ley l.aboratory, Inc. 
Weather Measure Corp. 
Custom Built . 
AGM .Electronics, Inc. 

Honeywell 

Tractor Westronlcs, Inc. 

Varian Aerograph 

He.,..,lett-'Packanl 
llewlett..,.Packard 
Weston Electric Instrument 

Corp. 
Weston Electric Instrument 

Corp. 
Minneapolis-Uoney.,..,ell 

Oniega Engineering, Inc. 

Weston Electrical Instl'ument 
Corp. 

Standard Electrical Products-
. Corp. . .. 

Omega Englrteer Ing, Inc. 
ElectrofHm, Jnc. 

PSP 
NIP 
PIR 
\-1103-B 
Type T 
fl\ 4013 with ten each 

of EA 4028 and EA 40ll 
Yl5305836-24-01'-0-000-(607)-10 

UHlD 

G-2500 

3466A 
3465A 
905 

904 

Type T 

Type T 

461 

15008 

C02-T 
112000-231, 261, ah~ 291 

l3493FJ 
16453E6 
196.39F3 
1182 

ll8260992002 

1683 

2581 

1716A-07539 
l5.46A-04511. 
457 

7100 

.. 



APPENDIX.B 

One..;Cover Stead:y..;State and Transient Equations 

<This appendix lists the steady-state and~ransient energy balance 

equations for aQne-cover solar collector i11 a stagnating mode. The 

assumptions used are those listed in Sections 3.1 and 3.2. The deveJ.op...:. 
. . 

ment and solution technique for.the following equations is similar to 

those found in Sections 3 •. 1 and 3.2 • 

.. Steady-State Equations 

Energy bala!lces .qn the absorber plate and cover yield •. 
i:- _' -,_ : __ '. -_ -~- _·:- - - '•:':- - ·. ' 

(hpl + UB) <Tp l hplTcl = (-ra)G + J2 - Jl + UB Ta . (B.l) 

"'"hplTp + (hpl + hw) Tel = (al}G + Jl + J4 ..:. 1z l 

(B. 2) 

The solar wavelength radiosities are 

· (B.3). 

(B.4) 

1b3 = tlJbl + pl (l - nd) (B. 5) 

. {B.6) 

(B.7) 

(B. 8) 
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The above equations are solved simultaneously for Jbl - Jb3 and 

Jdl - Jd3 . The values for ('a) and (a1) are 

The following equations relate the infrared radiosities J 1 - J 4 

4 J = aT 4 s 

(B.10) 

(B.11) 

(B .12) 

(B.13) 

(B .14) 

Radiosities J1 - J 4 are obtained by solving Eqs. A.11 - A.14 simultan-

eously. Values for h 1 , h , and UB are calculated as in Section 3.1. p w 

Transient Equations 

Energy balances on each component of the one-cover collector, 

including the energy stored in each component, yield 

(,a)G + J2 - Jl - h.pl(Tp - Tel) - 2k. (T - T. ) /o. 1n · p 1n in 

m C dT /dt p p p 

= 

2k. (T - T. )/o. - 2k. (T. - TBC)/o. = m. C. dT. /dt in p in in in in in in in in 

(A.15) 

(A.16) 

(A.17) 

(A.18) 

/ 
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Values for ('i:a), (a12, hpl' ~' and J1 - J4 are the same as those used 

in the steady-state analys:i:,s of a one cover collector. Equations 

A.15 -". A.18 are solved for T, T .. 1 , T., and TBC by the numerical p c ;i.n 

integration technique in Section 3.2. 
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STAGNATION TEMPERATURE TEST.METHODS FOR DETERMIN1NG 

SOLAR COLLECTOR THERMAL PERFORMANCE DEGRADATION 

by 

Aaron Grayson Dawson, III 

(ABSTRACT) 

An analytical and experimental investigation was undertaken to 

evaluate a proposed method for determining the thermal degradation of 

materials used in flat-plate solar collectors. The proposed method is 

based on measuring stagnation (no...,flow) temperatures of the absorber 

plate. A comparison of the advantages and limitations of the proposed 

method is made with the conventionally used existing method which is 

based on measuring the energy output from the collector. Previous 

investigations have shown that the existing test method may not be 

sufficiently sensitive to detect expected changes in material prop-

erties, is influenced by the test environment, and is relatively ex-

· pensive to perform. The material properties of interest are primarily 

the cover transmittance, the solar absorptance of the absorber, the 

infrared emittance of the absorber, and the thermal conductivity of 

insulation. 

Experimental results were obtained·. from both on and off-campus test 

sites. The data includes those from solar simulator tests and indoor 

tests using a highly instrumented solar collector. This indoor col-

lector was equipped with electrical strip heaters mounted on the back-



·.· side of the absorber plate to simulq.te absorbed solar radiation in a 

controlled envirorunent. The experiments included an investigation of 

four techniques for measuring the absorber stagnation temperature. 

Steady-state and transient analytical models are developed to 

evaluate stagnation temperature test methods. These models are vali-

dated using extensive exper;f.mental data. 

The proposed method is based on measuring stagnatien temperatures 

before and after prolonged exposure to prevailing environmental con-

ditions. While these measurements are simpler than those required in 

the energy output method, other.factors, such as transient effects, are 

important for outdoor tests. Test methods using instantaneous and all-

day integrated stagnation temperatures are considered. Both of these 

test methods were shown to be highly sensitive to environmental con-

ditions. Wind speed was shown to potentially have the most serious 

influence on results. The measured temperature distribution of the 

absorber plate was shown to be highly nonisothermal as a result of 

collector edge heat losses and thermal stratification of the air under-

neath collector covers. Instantaneous measurements were observ.ed to be 

very sensitive to transients as a result of intermittent cloud cover. 

All-day integrated measurements were not affected by such transients. 

The investigation revealed that proposed stagnation temperature test 

methods have potential in determining collector property changes after 

environmental exposure. Results indicate that the proposed method is 

more sensitive to small property changes than the current energy output 

method. However, variations in environmental conditions should be 



limited or taken into account when using stagnation temperature test 

methods. 
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