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Abstract _"‘;T g‘dyrs;@i L

The performance of the actlve a1r solar heatlng systemr‘:

l'~jd1nstalled in Module 6 of the Alberta Home Heatlng Research Lﬁ**‘;

- _ﬂFac111ty was evaluated for the September 1981 to March 1982if*7

‘eatmng season. The operatlng character1st1cs and energy

'VJfflows for the system were examlned and the performance 3
‘;parameters calculated. s | |

The solar contrlbutlon assessed by d1rect and 1ndzrect;ﬁ’

"methods range_j -:m 11 3 to 17. 8 % The 1nd1rect methods
~”xy1elded values that were cdose to the measured solar :

ﬂf‘contr1butlon.l

K]

l”r ;Lcollectors and 1ts performance was calculated on an»w

;l,flnstantaneous, hourly, da1ly and monthly ba51s. For thls
"ﬁsolar collector, the Fr(ra)e ranged from 0. 53 to 0. .56, and,ifh
5‘all values vere: h1ghbr than the performance test value of

4'l 0 5 The collector heat loss coefflcxent FrUL ranged from_'”.

1 43 to 2 61 w/m’—“C _The monthly value FrUL of 2. 61 W/m*-°C

. - > . R
. The solar collector was constructed from 51x commerc1al¢w L

———*“———rs—closer—to—th——m'nuracturer s pertormance test value of ..

2 9 W/m2 °C and 1s probaBly more representat1ve of the
-collector heat losses.g ‘

| Energy flogs for the components of the sysfem were
evaluated The 2 mJ rock bed storage bin was’ fully: chargedﬁ
duﬁ?ng perlods in September 1981 when heatlng requ1rements
were low. About 23.6 % of the 3525. 3 MJ of total energy K

stored was transferred from the b1n.'
'..“ L/iv
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1. Int%oduction - .

The productlon rate of petroleum liguid for the North
Amerlcan contlnent appears to have reached a maximum and may-
now be decrea51ng Forelgn sources of petroleum 11qu1d are_
the major ‘supplementary. sources of engpgy and these also may-
be.exhausted,ln the foreseeable future. In order to ensure a
contihﬂoUs supply of energy; the.adoption of conseruatipn‘&'
measures and,the developlng and deploy1ng other energy )
sources are necessary As a consequence a number of
researchers and pract1c1ng eng1neers changed their focus i
fgdm.non—renewablevf0551l fuel,technologies to renewable
power sources’ or technologies for teducing the consumption

of f05511 fuels. Ma?y people (is field agree that solar ‘

energy 1s one of the most 51gn1f1cant of the renewable o

\‘ .
P

menergy sources. The potent;al of solar energy assessed by °

the @.S. National Sciente Foundation in -the testimony before
the U.S, Senaté;lnterior_Committee in 1972 was that solar:

energy‘is the most promising of the unconventional energy

{50urces potentially capable of meeting a significant portion

of the future energy needs[28].
In recent years, residential energy consumption has
become a very topical subject studfed‘by many researchers.

All of them tried to reduce aux111ary space heatlng

-

requirements by a number of solar heatlng schemes both

active and passive. The' result was many demonsﬁratlon houses

\

that modified the present house design in Canada and the

~

United States.



: The Alberta ‘Home' Heatlng Research rac111ty, wnxcn was

‘-'constructed in- the summer of 1979 is an exper1ment1al

research fac111ty conszstxng of six 6.7 x 7 3 X 5., ij 51ngle

story modules with full basements. These modules are locatedj

~on the Un1vers1ty of Alberta Farm in a s1ngle East—West row
_ and are des1gned to test domestic heat1ng strategles ina
northern cl1mate. The modules are. unoccupled. Two of bhe

modules, module.s nd 6 were constructed f1rstly toi compare

the performance of two 1dent1cal constructlons un&e, 1_'situ'

tnp——

conditions, and secondly to assess the operatlng

characterlstlcs of two act1Ve solar systems wlth dlfferent
working fluids operatlng under the same meteorologlcal
condrtlons. However, because of- budgetary constralnts, only.
thg act1ve air heating system was 1hstalled Deta1ls of thlS

fac1l1ty are presented in Chapter 2.

Since ‘the performance of a solar a1r heatlng system 15/,'

/
a complex functlon of weather, system de51gn, and collector

jarea in relation to the load, a mean1ngf§~\rat1ng system’
also becomes very complex A number of researchers such as -
Lunde[B] [9] Kleln,.Beckman, Duff1e[11] Lof Shay,

LOank[1?]; Hill[23]; Gupta,Garg[14];'Hollands, Chineck,

Chanarashekar[42]; and Close[6] proposed many mgthods of
study1ng the -monthly and annual performance St 'salar air
heating systems. All of them empha51sed the thermal

performance of the'collectorvand some con51dered both the

performance of collector and storage bin.

-



#ALdDO, luLEelaCllive compuler programs LOr Soiar neatlng
and cooling desfgn have been developed by many de51gners.
Two computer programs are- in w1despread use in connect1on'
with modeling or 5121ng of solar air heating system. The
‘programicalled TRNSYS, which is for 51mulat1ng the hour by
hour dfnamic'thermal behavior of active solar heating and
coolinélSystems, was developed by'Klein, et al.[31]. Another

fprogram’called F-chart, which'is for simulating‘the
long-term performance of solar heatlng or coollnggsystem,
was developed by Beckman, Duffie and Klein[3Q].

Although several methodsflor rating of solar heating
systems have been proposed, it seems‘that many of themldo
moahfully meet the requirements of technical and -

. non-technical nsers pf solar heating system. For the
‘ftechnicalAusers, the solar collector performance, the
storage bin’ performance and the solar space heating
contr1butloi¥are the main parameters to assess the
performance’ “of a solar heat1ng_system. The collector
performance represents the heat dellvery capability of the .
solar collector and is usually obta1ned from a graph of
" collector efficiency plotted as a function of the dlfference -
in‘inlet and ambient temperature divided by solar radiation
on‘the collector tilted surface, (Tfi-Ta)/Ht. This collector
efflciency curve}can be applied to computer programsptom
assess‘the.solar contrihution. For the non—technical user,

the solar heating contribution is the main parameter to

assess the thermal performance of a solar heating 'system.
\ A



_ Several nat1ona1 standards for ratzng solar collector"'
:. have been developed 1nclud1ng those of toe Air Condltlpnlngi
‘and Refrlgeratlon Inst1tute[3], (ARI) the Solar Energy : ?i
;Industraes Assoc1at1on[4] (SEIA), and the Solar Energy o
Research and. Educat1on Found1at10n [5],_65EREF) All of
these rat1ng methods are based on the same collector testlngv
\\\\method. This method, whxch was“developed by the Natlonal
‘Bureauiof‘Standards and‘further reflned:by‘the Amerrc#h
‘Society ,of Heating, Refrigerating, amd Air Comoitioning'
Engineers is now known as the ASHRAE 93;771colleotor testing
method[i] HoweVer 'tﬁé testiné‘is dome mnoervcioudless'skyi"
condltlons with uniform solar radlatlon and may not be :: “
repgesentatlve of . the dynamlc behav1our of solar collectors
in the real environment. |
‘The preseni srody is mainly concerned with the
'.performahce of thé active air heating system during the
September 1981 to &arch 1982 heating season. The operatihg' ‘
characteristics and energy flows for theysystem are.examimeo
and the;performance parameters'are calcUlated.‘Methods of
’assessimg the so}ar contribution for‘the techniéal and
non-technical solar heating users are presented in, Chapter
3. The coiLector performance'examined on an instantaneous, 
hourly;ldaily, and monthly basis is presented in Chapter 4:'
The storage bin characteristics are also inbiuded in this |
chapter. |

In addition, the assessment of the system performance

should include the effect of energy losses. Losses from the

[



5storage b1n and ducts 90~1nto the module 1nter10r¢;nd
~>

'usually contr\bute to the heat1ng requ1rement during the

heatlng season. These are called the useful energy losses.

-

HoweVer, the same losses can also cause module overheatlng

3

‘l”dur1ng the summer and, add to the cool1ng load Therefore the

-present work also estlmates the energy 1osses transferred
'from the b1n walls and ducts to the space. These losses ' are o
presented in Chapter 4, . : |

In Chapter 5, the reshlts of solar_heating-contrlbution:
' assessed by different methods, collector and storag; brn'
4performance, dynamlc behav1or of storage b1n and energy
dlosses are- discussed ThlS is followed by the conclu51ons

drawn from .this studyﬂ_ o



% 2. The Solar Module

2y 1 Introductzon ’ | v A _
The thermal performance of the solar air heatlng system |
-_.1s estlmated or. pred1cted from the gathered data for module
l5 and 6 on a contlnuous bas1s The constructlon detalls for
modules-Sland,G the components of the solar alr heating
-system the system operat1on modes, data measurement and the
data acqu1szt1on system are- presented 1n th1s chapter.“:
2.2 Construction Details For Module 5 And Module 6

| Modulesvs‘and 6 of the test facility are identlal ln
contruction_except-for the ceiling inSulation:leYel»ofl-Tl
module 6 whiChJis about 63 perCent'higher~than'thstfofs
moddle §. The maln floor. plan for each module and wall.
section are shown in Flgurew2 1 and F;gure 2. 2 ,» and the
deslgn deta1ls‘are given in Table 2.1 . The constructidn'of
. the modules represented pre 1970 construction standards for
housing in Alberta. By using identlcal modgles; module 5
could he used as a control module to study the:performance

t

of a solar heating system-installed in module 6.

2.3 The Solar.Heating Systemf‘

- A schematic diagram-of the solar air heating system
installed in module 6 for space heating during the summerdof
..1980 is shown in. Figure 2.3 . The principal cémponents of

the solar a1r heatlng system are the. collector, the. heat
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Figure 2.1 Main Floor Plan
N f )



[ o
° . ‘
[P - S R
© A .
| ° _Hs
. ‘. . . .
) - ‘E R *
© 0" .
lt‘- o - . .}
A K | .
L o* Qo v ]
’u’\ [y ’ . .o ’
.- O; .6 : i . e < -
~ T o
[ D
b e®
ol (). ,
oov .
s oI% 2 Deve s .o )
N : ' ’
5‘ ’ .

A

Figure 2.2 Wall Sect:mn ' o o :
" A, B, C, D, E, F illustrated in Table 24\/\ o



i*T@piéfz;q§bésign/nétéilsfof;The:MQduiéfslAnd‘s'.ojlwo~_f‘ e

.RSI';.(sq-m*K/Watt)]ht '

Floor Area(exter1or) ) 6 7m x 7.3m.
(1nter1or) ;. 6.5m x 7.1m

Main: Floor Wall He1ght 3 2.4m

Basement Hezght { 2 4m, 1'8m5beloﬁ“gfédé o

v Roof T ““,(A) eMHC. approved trusses w1th 0 6m—15cm stub
o + 210# asphalt shingles :
: 1. Ocm‘plywood ‘Ext ,GD sheathlng
Ceiling (B): standlard. "russ with 0.6m bobtall rafters =
' : '0.6m on center hE
: f1berglass 1nsulatlon (RSI 5 46) module 6 o
(RSI . 2.11) module 5 .
100 mlcrometre (4 mil) poly vapour barr1er
3cm drywall palnted

Wall

|
1 Ocm Presta1n Rough Tex Plywood
Constructlon (C)

' 8.9cm flberglass insulation (RSI 1.76)

S5.1cm x 10.2¢cm studs, 40. ‘6cm on center

100 micrometre (¢ mil) ploy vapour barrler
3cm .drywall- palnted : :

'Wall Area / Floor: Area':_1.39

‘gMaln Floor ~(D) gl 6cm f1r plywood :
’ : o : 5 ]cm x 20.3cm studs, '40.6cm on center

Basement‘Wall(E) '1,3cm preservative treated plywood
N : ; - to 0.6m bedow grade
5.1cm rigid insulation (RSI 1.76)
to C.6m below grade )
‘ : 20.3cm concrete wall ' _ -
 Floor(F): 10.2cm concrete slab on 150 micrometre
' (6 mil) poly vapour barrier

Wfﬁdovs North 90cm x 193cm double glazéd sealed

South : None
East : 102cm x 193cm double slider
W West  : 102cm x 193cm double slider
Window Area / Floor Area : 11.9 %
Door o : 91 4om X 203 2cm 1nsulated metal ;:::5»4 - jij.Af
.Electric Duct. : 7.5 kW i . “vgy:f"' cT

"Heater Capacity - | R
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storage fac;llty, the air- handllng system and control
system. , e . e N f A
A 11, 1 om? south fac1ng solar collector t1lted at - 70

degrees to the horlzontal was 1nstalled adjacent to the

a

south wall The collector was assembled u51ng 6 Solaron

[ 4

ser1es 2000 flat plate a1r collectors by connecting two in
serles and mounting three of these units in parallel This
assembly provided a- total air heatlng path length of about

3;5.m,“The collector is.double glazed ahd has an enamelled

steel absorber.

'A‘me’fwaSHed gravel‘heat storage bin is located in the
basement. Thegbin is of wood frame construction with 89Amm
of fiberglass insulation and the interior surface of the bin

has 50.8 mm 6f styrofoam insulation applied to it. The rock

-

'bed rests on the basement floor with 50.8 mm of styrofoam

insulation between the lower"plenﬁm and the basement fibcfr

. Typical parameters of collector and storage bin are shown in

Table 2.2+,

" ‘THe other componénts are ahwalr.handlingfunit;'a
control system with sensors and relays, motorized dampers
for properly diredting ‘the flow, and a two stage electric

furnaCe back up heater An internal by-pass with appropriate

- - e - RS - 1
e 40

dampers in.the handllng unlt permlts a 51ngle blower to,move

aLr 1n all of the necessary system operatlon modes The

Al

by-pass makes 1t.p0551b1e for the blower to supply solar

.~heated a1r to the storage b1n and also to w1thdraw hot a1r

(1n the oppos1te d1rect10n) from the same end of the storage

P



Table 2.2 Solar Air-Heatering System Parameters.

j/Collector Orientatiqn

Collector'Tilted,
From Horizontal

:COliector Gross Area
:Cdllectér ﬁét éféa

Storage Volume And Materials
Specific Heat %é Rock .-

Storage Capacity Per-
Area Of Collector
.Air:Flbw'Rate

Electric Furance Capacity ;

- .

South Facing. -

70 degreés

11.1 m?

. 9.642 m

2.0 m® Washed gravel
0.88 kJ/kg°C .
$45.6 kJ/m*-°C

© 0.122 m*/s
0,011 m*®/s-m?




Ctbed. MLl
2.4 Syétem Operation Mddes_

' The control.syStem is designed‘to operafe_in five
basically distinct modes of operation. A schematic of the

air-flow loop for QQEQ mode is shown in Figure 2.4 ..

(1) Heat From Collectors

I1f space heating is requiréd and the air temperature at
*colle¢£or outlet is 9 °C above the room teﬁperature, then
Cair is.circulated through the_collector; by-passes the |
storage unit and is sent directly to the space. If the
collector ou£let air temperature is less than 18 °C above
room temperature, the first stage electric heater is used to
" keep the room temperature above 18 °C.

' )

(2) Heat Collectién(Storage)

1f no space heating is required and the air temperatufe
at collector outlet is 9 °C ébove the storage temperature,
air is circulated from collectors to the storage unit and

returned to the collector. {

(3) Heat From Stofage

I1f space heating is required'énd no energy is available
from the collector, air is'circulated in the opposite
direction through the storage unit and sent direcrly tg the

room. If the air temperature off the storage unit is less
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than 18 °C above the room temperature, the f1rst stage

medectrlc heaxer 1s used,g3{.i]; P

e @ . e -

i(&)-Stage(Electrxcal) Heatlng )

It space. heatlng is requ1red but no energy is N
ava1lab1e from exther.the collectOrs‘or.the storage unit,”
hthen both the first and second stage . heaters are’in

operat1on wlth a1r c1rcu1at1ng through the storage urfit, -

(5) System'Purge"i
If the collector temperature is above the maxlmum
':fallowable 11m1t, out51de a1r can. be c1rculated through the

collector and exhausted to the ambient in ord-r to prevent

the collector overheating.

e VN

2;5“MeteoroiOQicaifAhatMeasured Data --
2. 5 1 Data Measurement

Figure 2.5 shows the locations of temperature and solar
radiation measurements for module 6. The data measurements,,
can be summarized as: . «

1. Electric usage is measured on an hourly basis by adding
an-optical counter to the disk of a standard po‘er
meter.

2. Temperatures are measured using copper-constantan‘

thermocouples with cold junction compensation provided

by the data logger.
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T1 - Room Temperature .
T2 - Collector Inlet Air Temperature
T3 - Collector Outlet Air Temperature
T4, - Air Temperature At The Top Of The Bin
TS - Air Temperature At The Bottom Of The Bin
R - Total Radiation On Collector Surface

Figure 2.5 Measurement Locations In Module 6
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3. Horizontal surface radiation, diffuse radiation, and the
solar radiateon on the tilted collector Surféce are

‘measured by Eppley pyranometers.

ZLSQZ Data Acquisition System

Control of the data logging operatlon was accompllshed
usingian_Analog Device MACSYM 11 computer controlled data
acquisition eystem. The.modes:of operation for the collectorr
system, the solar radiatiOnf the electric usage, the a1r; |
temperature for the collectors, storage bin and space were
;monitored oy the dat7flogger every two minutese'Atvthe3end
: of‘eacn'hour, the logger provides totals and ayerages, and
-after a 24 hour'period‘nas passedi the‘data‘was transferredr
to magnet1c tape in the Unlver51ty computer system. Then ‘the
memory was cleared and‘the sequence beglns again.

In addltlon, when solar energy collection occurs,-a
prlnted record of the 2 minute 1nterval measurement ‘was made1;'
.to. facilitate detailed analysis of the behavior of system

components.,



3.1 lntroduct1on | | o ot

paer T

»u-

e

3. Methods For Assess(hg SQ;d? Contr;butxon

‘5'

The solar contr1but1on 1s ‘a main parameter for the

"designgand inStallation of a thermal systemr D1rect_methods-

and 1nd1rect methods can be used to assess the solar

'contr1but1on. The dlrect methods compute the 501ar

contr1but1on based on the mea5ured solar records. The two

methods are" ’

1.

2.

Lcomponeqtszut,;vr.-;'-w.cﬁ,r ST

. LA T
P R s - . . o . N . s
. o

'The'solar supply method the‘sOlar:contribution based on

'the energy collected by the collector : :hl g

.” The solat requared method: the solar contribution based:

on the measured engrgy suppl1ed by the system

3

L

For the 1nd1rect methods, 3 approaches have been taken'
The buildlng heat loss method “the’ solar COntrlbut1on
based:on the calculated energy loss and the non-solar
internal energy galns. | a
.The power records method the solar contribution basedl
on the power consumptlon of the test module and a |
control module.

The F-chart method a computer program developed at~the‘
Unnver51ty of wlscon51n “for theoretlcal pred1ct1ons“of

the long- term: Solar contrlbutlon.

All these methods w1ll be dlscussed 1n thlS chapter.

18
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3.2 Drrect ngthods> |
These methods compute the 'solar contr1but1on from
”detalled measurements of-the solar energy ga1ned from the
_.solar system, The data requ1red for asse551ng the solar
contrzbutlon 1nc1udes the’ temperature d1fference across N h;l
'collector and storage b1n durlng each of the operatrng
modes,'and electﬂcal power ‘usage for the module.‘The two
. ;m1nute 1nterval records of the electrlcal power usage and
ltemperature dlfference data were summed at. the end ofleach
'1fhour and hourly values were used in the analys; N

P , ik
The hourly average temperature dlfference across.

collectors or storage bin can be computed by d1v1d1ng the

cummulat1ve hourly temperature difference by the number'of

f,tgmperatyre_readlngs recorded in each hour.. The number boF"

o

: temperature readlngs recorded 1n_eachvhour cag;be determlned"
by dividina the number Of‘minutesﬂin each corresponding mode
'by"fho:‘The hourly sum of the temperature difference can be
computed by mutiplying the hourly average temperature by the
number of minutes recorded in each corresponding mode. The
unit of time in-minutes is then converted to seconds-to give
the hourly temperature'differences in degree celcius second.
. The‘hdurly-sum of~temperature_difference-acroSs’the
COllector in each.operation mode with the unit-in‘degree;

- celcius -second is given by: .



e S
DTCcol = ( £ arc ) x 2 e 60 Lo e (3,1)
i / AR N
e _ L
HFC e R
DTChfc = ( z’ dTC Y x 2 X 60 . o pfwﬁ3,2)5 ;

] i

A?d ‘the hourly sum of temperature dlfference across storage

bin for each: operatlon mode is 'given by: . B S
BH o N
DTSeh = ( Z 4TS’') x- 2 x 60 = - _ (3.3)
i ;. _ R

‘((

T HFS .
" DTShfs.

= (L 4T8.) x 2% 60 e e 3
i | -
. coL ‘
DTScol = ( Z°ATS ) x 2 x 60 (3.5)
; °3
- Where i . ‘ N —'. B S

-

EH = no. of minutes in the electric heating mode
HFS = no. of minutes in the heat-from-storage mode
HFC = no. of minutes in the heat-from-collector mode . .

.+ _ COL.=.no.,..of minutes in the heat-co¥Yection(storage)-made -
dTC = instantaneous air temperatire difference measured .
. . across’ collector - Tfe=Pfi,. [°C]. S SRR
dTS = instantaneous air temperature dlfference measured

across storage bin, Tst-Tsb, [°C]



3.2.1 Solar Contrlbdtlon USing Solar Sﬁpplyruethod

The energy collected:by the"solar,collector ié;ihe
maximumvsolar_energy availiable to Module 6. Thevcollector-
operates iﬁtolz modes:. the heat~from—¢ollector mode in yhich
the collected energy is sent: d1rectLy to space heating, and
the heat~ collectlon(storage) mode wath the collected energy
sent directly to the storage unit. The max1mum energy ]
spppl1ed is the sum of the energy dellvered from the solar
collector in each’operation mode and the electrical energy
supplied The hourly collected energy can be estimated by
multlplylng the hourly sum of temperature d1fference across
collectors by the product of the mass flow rate and flu1d

heat capac1ty. The maximum hourly energy supplied to space

heating can‘be'estimated by:

n

Qhsun Qchfc + Qccol ! (3.6)

. Qht

Qhsun + feh » ' (3.7)

Where

Qhsun = hourly solar energy gained from the collector [a]
-Qchfc = hourly energy g&ined from collector - --

for space heating(heat-from-collector mode),

mCp (DTChfc), [J]
Qccol = hourly energy gained from collector for storage

= . (heat-collection mode), m€p(DTCcol), [J]
Qeh = hourly energy supplled from electrlc (stage)
- heating mode, [J] - :
Qht = hourly totél energy supplied for space heating, {.7]

f
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- The cumulaﬁ1ve monthly’ solar energy supplled for space

heatlng (Qmsun) can be determlned from*

\ - ;.k7ff"‘f K ST
~gmsun = L Qchfc + L Qccol — -
ok ” k o

Ty : . : s

The ‘cumulative monthly total electrlc energy USage AT

&(Qmeh) is:

(3;9)77°

Therefore the max imum solar contribution sﬁﬁblied to

space heating can be estima;eoeas:

, . Qmsun e R o
ns. = — — o ©(3.10)
Omsun + Qmeh o ' . ,

3.2. z Solar Contribution Using Solar Regu1red Method

Us1ng this- method the solar contr‘utlon can be
assessed by comput1ng ‘the total eoergy requ1red for space
heatlng by an energy balance for- the module, Total energy
required for space heat1ng can be estlmated by summlng the
collected energy from the collector that is Ammedlately ‘used

-

for space,, heatlng, the energy suppl1ed from storage b1n, the

~energy supplied from storage bin during electrical heat1ng

and the electrical energy usage. Thus, the hourly total

ks



1.. s S .' . ,"v - 1" . C - “" . - " - 4 " K ‘ - ‘ ’ . l"" ‘ ‘ B 2r3 J“’
. \ .»ﬂ‘ ) " C ‘_v ., ,: . : Lo N .' . ) ) - LN
e s 3-"' _ - S PR - W e e > e ey P )
energy reguired for space heating,can be wtitten &s; ', . .. - -
| | i ) Lo B . :”_ - e ' ’ ‘ . T :‘33‘. ‘;14
R G ! o p - | . ‘w .
T T e L B S : "

Qht = Qchfc + Qshfs + Oseh +'Qeh ~ ~ . . ' . (3.11)

. Where

Oht '=‘hoﬁrly total.energy\réduired*fbr space heating,,[J]

© . Qshfs= hourly energy supplied from storage bin for space - -

- . heating (heat-from-storagé mode), mCp(DTShfs), [J]
Qseh = hourly energy supplied from storage 'bin with = . -

: . . Vg
.~ auxiliary heater operating (heat from storage bin:
- during electric heating mode), mCp(DTSeh), [J]
‘Qchfc and th are the same as. declared in Equations 3.6
~and 3.7 . C : ' :
;ThewbﬁmUIatiVe monthiy'potai energy. required for space
heating can be determined bf:.
. N .
- K ) ST B B R
omt = Z Qht .. oo (3.12) -

By combining Equations 3,9 and 3.12 , the monthly solar
‘ contribution required for space heating can be assessed as

followé:

Qmeh -
nr = 1 - — (3.13)
vat .
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3. 3%1 Solar Contrxbutzon USzng Buzldxng Be;t Loss Hethod

tc“‘““"d«-‘ad »

In the process %f "_atherrrng soler energy from~the

)

_solar systems. ‘As an alte natxve to u51ng detalled

fmeasurements to determane the - energy ‘logsses of an- act1yg a1r

msolar system, a method stud1ed by Taylor[16] called the

; bu1ld1qg heat loss method can be mod1f1ed to evaluate the

TRt mm . yras A Ry - ® - . -

.y
r .

,,solar space heat1ng cdontribution of the solar system. ThlS *

f“method which’ deflnes the bulldlng(module) as the analy51s

iy

control volume, can be used to assess the- solar contrlbutlon

with,a-mlnrmum of ‘instrumentation and data acquisition.-

The 0verallsSOlar contribution for space heating can be

computed as follows:.

. contribution’ loss

Overall . Building Nom-solar

solar = heat - internal (3.14)
' energy gains ‘

QQA

The. overall solar contr1but10n 1s the sum of the net
» ’
passive energy gains (Qsp) and the solar energy'suppl1ed to

the bu1ld1ng 1nter10r by the actlve system (Qsa) "Direct-
passive windows gains of small magnltude can be estlmated by

\_

using‘measured radiation data. The estimated pa551ve gain is

substracted from the computed overall solar contrlbutlon to

obta1n the active system contr1but1on.

-

aw
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) Noh solar 1nternal energy ga1n 1s the electrlcal power
supplled to the module which 1nc1udes- ' | |
1. The power for electrlcal heater
-Zu‘-The~power'for llghtlngﬁnand . ..
.3, Thei§0wer for the'heating system fan.

Since these three items contribute to Space heating,
the noh*soler internal ehergy geih wes estimated to be the
total electrical energy recorded bybthe povwer meter.

The building"heat loss can be.estimated from the
;‘b01lﬂ1ng heat loss coefflclent (UA) times the -difference
between the module 1nterlor temperature and the ambient air

' temperature. Therefore, the hourly energy loss for the.

module can be wr1tten as.
Obhl = (UA)(Tr - Ta) | (3.15)

Equation 3.14 can be expressed as:

Qsa + Qsp = Qbhl - Qeh (3.16)

There are no south windows in module.6 and shading of
the other windows by adjacent buiidings reduces the direct
passive solar gain. Also, :aluminum foii wig added to the
windows to further reduCe this solarrpassive gain. Indirect
passivehsolar gains due to solar radiation absorbed gy the

)

walls and roof are difficult to estimate as the thermal
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“‘pérforméncé‘af'ihe'cbmﬁohéﬁis’ié altered. At:any rate,.
passive ga1ns will result in a reduced conductlon energy
transfer to the outdoors, or, for large pass1ve ga1ns, a

: transfer of energy to the module. ‘For . module 6, the attlc .

‘1space is well vent1lated and ‘the solar collector shades mest
of the south wall. In add1t1on, a dlfferent 1nd1rect pass1ve
solar ga1n occurs for each month. Calculat1on of the effect
of the 1nd1rect pa551vevsolar galn\was not poss1hle and.;ts
effect on the heat1ng load was assumed to be zero. Then

o - - a e -

EQUatlon 3. 16 can be rewrltten as"‘“""'“~’~”'='f“ R 1

Osa = Obhl - th" | ' | | (3.17)

To minimize the effect of the indirect passive gains}
the bu1ld1ng heat loss coefficient (UA factor) 1n Equat1on'
3.15 was calculated using data in December and January for’
which little or“no br1ght sunsh1ne hours were recorded. In
these months, solar energy is a minimum and the energy for .
heating the module w1ll come from the heatlng utility . The
UA factor is estimated from Equation 3.17 by neglectlng the

solar term and the UA equatlon can be written as:

v

.
v



K -
Z Qeh
‘ K ) : | . o .
. UA = - (3.18)
‘ s K : '
Z (Tr - Ta)
k

_If the whole month of'beyémbérvbffdaﬁuafy cannot ‘be
‘used as the analysis period, days in each month with little
or no solar energy can be used to estimate the UA factor.

‘Then the UA éqyation'qanfbevwrittén.as:

> ™ . e PRSI YR I A SR IR T d o - @ L R T '-~‘vmy~-'-<. "
.wh-g @ = ov oy .».',‘ t PR TR S S T - R LIPS PR R ¢ et e, m Do e C b
I
L Qeh
M i :
UA = { Z —= 3/ M w3019
m I T
Z (Tr - Ta)
1
Where M is number of days in the analysis month with
. e ot - ! ) ' ’
‘little or no solar energy
The monthly total active solar gains (Qmsa) can be
computed by:
K R
Qmsa = I Qbhl - I Oeh (3.20)
k- k :

And the fraction of total energy for space heating
t

supplied by the arctive air thermal =ystem is given hy:
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_QmSé“—— °Z Qﬁhl = 2 Qéh’““““'@;“53?ﬂv»ﬂ&qs$ﬁﬁés}gf;gl
‘nbhl = - —_— = i — ———— S 63.23) L
K ‘ B K .- S w0 ‘1“.;".{' oo , . o : - )
£ gbhl = I-Qbhl - B R RER TR

:3 3.2 Solar Contrzbutxon Us1ng Power Records Method
Compar1ng ‘the energy usage by two bu1ldlngs,'module 5
-anﬁ module 6, is another method. for express1ng the
cdhtrlbutlon to _space heatbng by the soLar energy system.‘
These two modules have 1dent1cal cohstructlon except féfJéi/l”if
'RSI value of the ceiling insulation level of module 6 which

is 63 % greater than. that of deule 5 Thus, a comparlson of

.

électrical energy requ1rements for eachfmodule should
1nd1cate the solar contr1butlon for’ space heatlng The power

ratlo P7 of modules 5 ‘and’ 6 is glven by.~

a0

.
© 7. Cumulatiye monthly electric , . I Qeh6
_ power usage in module 6 N koo " o
Py = - — _ . = — _ (3.22)
Cumulatiye monthly electric . K
power usage in module 5 Z Qehb5 .
L 3% 4 ) . - - . k
Where i B
Qeh5 = hourly electric power usage in:module 5
Qeh6 ="hourly electric power usage in module 6
K = no. of hours with electric power usage in a.month

-
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HoweVer, although modules 5 and 6 haVe 1dent1cql SRR

h,,,ounv

‘;\contruc%loh the Uk faetors.ﬁor these two, modules may.

v-a-.v-,

dxffer, The power tatao P7 nf.modules 5 and 6-is affected by -

) any dev1at10n of these UA factors and may be compensated for :

by calculatlng ‘the power ‘correction’

modules, Fua,

~From the dlscu551on of UA factor in-

monthly_power correctlon factor can

factor of- these two '~

under cond1t1ons w1th llttle or no. sunshlne. '

sect1on 3.3.1 ,'the

be estimated by using

"Equation .3

.19 for eaghdmodUIe;'

' Monthly UA factor of module 6

Fua = ‘(3;230

Monthly Ua factor of module 5

:

By comb1n1ng Equatlons 3.22 and 3. 23 , 'the monthly

qctual power ratlo can be found as:
~+Pya-= Py / Fua

Therefore the monthly fraction of energy for space

heating supplled by the solar system can be found as:

’

<

neh = 1 - Pvya (3.24)

3.3.3 Solar Contribution UsinglF—chart Method
In the development of the computer program called

F-chart, assumptions were made that the systems are

welL*builf, flow distribution to collectors is uniform, flow



w111 be close to those \or wh1th the correlatlons were

edeyeloped[27] Thls’eomputer program can be used to predlct

| the long—term solar heatlng system performance.;'“o

- Two d1mens1on1ess groups, x and Y, were 1dent1f1ed [27]
. ‘ C

o

Ref.colleetorfloss.- -«AcFrUL(Tref~7-Ta)Ar e e e
Heating Load : - L '

Absorbed solar energy  AcFr(7a)eAt.N

Y = A — = : ~ " (3.26)
Heating Load u L .
Where -
AC = collector area, [m2) ' o
Fr = collector-heat exchanger eff1c1ency Iactor
Ut = collector overall 1loss coefflc1ent
. , [W/m?-°C])
"Ac¢~ = total no. of seconds in the month
Ta = monthly average ambient temperature, [°c]
Tref = an empirically derived ref. temp. [100 °cl
L = monthly total heating load for space heating, [J]
Ht = monthly average daily radiation incident on
the collector surface per unit area, [J/m?]
= days in month
(ra)e = monthly average transmlttance absorptance product

N

A heat exchanger is not required for an air system. The
term Fr is replaced by the solar collector heat removal
factor Fr, and if the duct losses are assumed very small,

Fquations 3.25 and 3.26 can be rewritten as:



| N : ST O
X = Frul (Tref - Ta) x & x'ac /L - (3.27) -
Y = Fr(7a)e x At.N x A¢-/ L = . o (3.28)
. St n}__nw~¥-~ 'b;Ni:ﬁ e

-

A almenslonless factor f caIled the monthly fractlon

“of heatlng loads supplled by the solar system, relates - these

two dlmen51onless groups X and Y is expressed as follows'

f = 1.04Y - 02065X - 0.159Y* + 0.00187X* - 0.0b95YJ (3.29)

The F—éhart prédictions of solar cantributién‘for the
system 1nstalled 1n module 6 were based on the
meteorological data obta1ned from thehiﬁt;rnatlonal Airport
and the long-term solar radiation records obtained from

Stony Plain about 60 km west of Edmonton. .
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4. Rating The Thermal System = °.

oy

Many de81gners ané/potentzal users of solar heatlng

~ systems. developed dlfferent methods of predxctlng and

BN

'measuring the performance of the thermal system. The

collector and heat storagenfacrlrty-are;the:pr;gc1pa1

components in a solar air-heating system, therefore, their

rating'is'important;'Rating can be broadly categorized as:
1. Thermal performance

2. Cost

‘3. Life time, durability, fmaintance and ease of

installation.

'

For rat1ng solar air collectors Kenjna[38] pointed‘out

e “

that ‘the rat1ng should take 1nto account the economlcs and
durablllty factor , together with the  thermal performance.
m%e,thermal performance of a collector is. compared by the
concept of collector thermal eff1c1ency ‘and has been stud1ed
by a number of-investigators, Hottel and Woertz$39],
Bliss[40), Whillier[41] and Duffie and Beckman[26¥27]'. Hill
and Streed[33], Lof, Shaw and.Oank[17]; Siebers ana
Viskanta[42], and Lunde([8] calculated. the performance of
solar collector based on meteorological data. A numbér of
reseachers, Klefn, Cooper, Freeman, Beckmaﬁland Duffie[12),
predicted the‘performance by various theoretlcal models. |
For rating storage oeds, the measured and_predlcted

performance of rock bed storage has been studied by Persons,

32
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-Duffle and Mltchell[18] Hughes, Kleln ‘and Close[19] A

mathemat1cal model was developed for the rock bed and used

to study the performance of ‘solar heatlng systems and-

coollng systems. e,

-.The overall performance ofoa solar.heating system is ’

the result of the thermal performance of th collector, and

. % S
, storage bed in conjuncbaon w1th the control system ed. The

evaluatlon of system and component performance wi be

discussed in th1slchapter.

4.2 Rating The Solar Air Collector By'fhermal Efficiency

The steady state thermal performance of the solar
collectdrs is determined by measuring the energylcollected
for a combination of values of 1nc1dent radiation, ambient
temperature, and iniet-fluid temperatuge. The performancé
can be described by an energy balance that indicates the
dlstrlbutlon of 1nc1dent solar energy into useful energy
gain and various losses. ‘The energy balance on the collector

can be written as:

The rate of The rate of The rate of The rate

useful energy energy loss from of energy
energy = absorbed in - the collector storage
extracted the collector by conduction, in
from the by the convection and the
collector absorber radiation collectnr

The rate of useful energy extracted from the rollector

is equal to the rate of enerqgv rerried away by the trancfey
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fluid. If the collector is at“steady'state:fthe rate of

. chang®$of "energy "storage in.the collector Matefidls- is’

assumed.to be zero, and the energy balance equation becomes:
. - o . . w e . .. ) . - ‘ s

+

Qu

— = Ht(ra)e - UL(Tp - Ta) = —Cp(Tfe - TEi) . =~ (4.1)

Ac . Ac -
- e e v

C e

To preclude the necessity for determininQ”the’éVérégé.

temperature of the absorber, it is convenient to introduce .

4

the parameter Fr, where

®

actual useful Energy collected by
a flat-plate collector

Fr = . — - —
useful energy collected if the entire flat-plate ,
collector surface were at the inlet fluid temperature

s

Introducing Fr, into Equation(4.1) results in

L

= Fr(Ht(ra)e - UL(Tfi - Ta)] = —Cp(Tfe - Tfi) . (4.2)
- Ac T .

Zv'rO-
O C

This eq%ation is called Hotgel—Whil;ier—Bliss equation
(Simth[?b]). It exﬁreéses'heat delivery from a collector in
terms of two operating vériables: | o
1. The total (beam, diffuse and reflected) ra&iétion

incident on the collector cover plate, Ht, and
7. The "temperature between t e enteriﬁg heat removal fluid,

Tfi, and the ambient temperature, Ta.
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',§;3f6099ppjhg Thermal Efficiency Equation
' The;Solar collector efficiency is defined as:
'.,?gAéEual uséfglfénérgy coliected’i " Qu/Ac
Ei"—' - — - = . —
Solar energy incident. upon or Ht
intercepted by the collector
o .

{

!

According to EQuétion(4.2), the collector instantaneous

efficienc& of~the'flat—plate collector;is given by:

) .
(Tfi - Ta) mCp(Tfe - Tfi)
£1i = Pri(ra)e -~ UL ] = -
Ht Ac.Ht

(4.3)

Equation(4.3) indicates that if Fr(ra)e and FrUL are
constant, the plot of fi versus (Tfi-Ta)/Ht is a straight
line with the slope equal to FrUbL and the y-intercept is

Y

equal to Fr(ra)e.

4.4 Cémputation Of Collector Thermal Efficienc?

Tﬁe collector efficienéy discussed in Section 4.2 and
-4.3 is the steady‘state instantaneous efficiency. However |
.instantaneous readings are imbractical because actual
thermal systems operate under variable ronditions. The
éhermal efficiency is very sensitive to a suddeﬁ change of
solar radiation due to cloud, ambient temperature and windg
velocity. This suggests that the time averaged collector
efficiency over selected periods of time be used in

cal~ulatinns to compensate for the varjiation in ~peraring
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conditiornis. The ceollector efficiency is often presented as:

5 -

(A) Collector eff1c1ency on' an hourly-bas15'f'f g
Hourly collector eff1c1ency is selected because 1t is.

the minimum t1me per1od for meteorolog1cal records. The -

efficiency of the collector durlng each hour of operatlon

R
can be»found f:om A |

Qu- _ ~ﬁCp(Tfe - Tfi) ' S
th = = . o 4 - (4.4)

Ht.Ac . Ht.Ac T 8 S

Where Ht is the radiation on the collector titled

surface , and Qu is the rate of useful energy gain for the

hour,

(B) Collector efficiency on a daily basis
The daily efficiency, studied by'Dufﬁié and
Beckman[26], is not the averagi#?ourlj efficiency but must

be ralculated from

8 .
o

I RO I
Z Qu - mCp £ (Tfe - Tfi)
1 , 1 o
£d = —— = ' ' (4.5)
I I :
Ac L Ht Ac I Ht
i ' i
. ,/ -

is the total incident solar radiation on

LH
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(c) Collector'effi¢1eﬁeY3an a'méﬁthy*besiso

Both the hourly and dally eff1c1ency may st111 be too

shert a time per1od to not be affected by the 1nstantaneous

meterolog1ca1 cond1t10ns. Therefore\the monthly collector

eff1c1ency has been suggested as the -best assessment of the

Y &

‘thermal.performance oﬁ-thevcollector ‘for system design. The“‘

monthy efﬁicienek can.Belcgﬁculaied-by, ,

P

o,
N '
K P
.Z* Qu » mCp £ (Tfe - Tfi)
: k - ‘ Ok , '
tm = — = - : ‘ o (4.6)
K - : K T
Ac L Ht Ac ‘L Ht
/k . k
. ‘ 'Kl - L : |
- Where Z Qu is the total useful energy for the
. Kk _ .
month and Z Ht "is. the total incident ‘solar radiation on
k0

the tilteé surfaee.\
4. 5 The Performance Oof The’ S;orage Bin

| Althought heat" fromﬁsolar ait Gollectors can be stored
in tanks of water or other liquids, 1nfphase change
compoun_ds, in ‘numerousénall containers of liquids, and in
bins of loose selids, only a pebble bed is technically and
econemically advantageous[15]. The'Stopage binlis one of the

principal components in’the solar air-heating system and the



performance of the storage bin w1ll d1rectly affect the

performance of the whole thermal system. Therefore, ratlng

«

the performance of the storage bxn is 1mportant.

-

Kii‘f“ The storage unit for thls thermal system 1s a rock bed'
w1th 2m* of washed gravel enclosed 1n an ;nsulated wood
frame box. The energy storage capac1ty of the b1n -per area
of collector is, 545 6 kJ/m’- J‘-vand tﬁerbln can store all |
of the solar heat collectlble on"a. cloudless day. The
torage b1n operates in three modes. ‘
'1. Collected enerqgy goes dlrectly tg the storage bin. Th1s’
B is called ‘heat- collectlon mode whach is symbollzed by

"col'.

2. DStored energy from the bin directly supplies the space_‘
| .heating, this is called heat—from-storage'modegwhich is
symbolized by 'hfs' ‘
3. Stored energy from the biﬁ/and the.electric‘hgater‘
supplies the»spacé heating._This-mode is symbOliaed by
"ehi'. - . ‘ g | ”
Figure 4.1 shows the schematic diagram for thé-charging
and d1scharglng dlrectlon of the storage b1n. Durlng |
charglng, the air flows in the downward dlrectlon w1th the
air temperature at the top of b1n (Tst) h1gher than the a1r
temperature at the bottom of bin (st) Dur1ng dlscharglngh
the air flows in the upward d1rect10n

.From the. theoretlcal conservatlon of energy p01nt of

view,’ the energy balance on the whole rock bed can be

vritten as:



Heat FYtrom
Storage Mode

(Diseharging) -

\ 'Heat. .

‘Collection Mode

. (Charging)

s

Storage Bed

Tst - A1r Temperature At The Top Of The Storage B1n

Heat From Storage

During Electric
Heating Mode
(D1scharg1ng)

39

Tsb - Air Temperature At The Bottom Of The Storage Bin -

Figure 4.1 Direction Of Charging And Discharging Of The

Storage Bin Correspond1ng To Each Operation

Mode
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" The rate of The rate of energy ' - Theyfate of o
energy. _ leaving the bed .. energy storage
entering the - (include airleakage = .'in the. rock

rock bed. . .and conduction_ . .bed
S - through the walls) S ‘

In equation form:

Qscol - (shfs + Qseh + Osloss) = Osto T '}4.7)

-Where
Oscol = rate of solar energy entering the storage. bin
. from collector durlng heat-collection mode'col’,
, mCp(DTScol), [W]
- Qshfs = rate of storage energy from the bin supplied

for space heatlng during heat-from-storage
] . mode'hfs', mCp(DTShfs), [WI" :
Qseg =-rate of storage energy from the bin

for space heating during electrical heatxng
‘mode'eh', mCp(DTSeh), [W] :

Qsto® = rate of: ene;gy accumulated‘in the storage
. bin, [W]
Qsloss = rate of storage energy losses from storage b1n

through conduction or air leakage, [W]
The monthly,amount of energy loss and storage in the

storage bin is?

K . K K K K- :
T Qscol - I Oshfs - I Qseh = I Qsloss + L Qsto (4.8)
. - k k " . . 3 .

¥ k k

According to the. ASHRAE proposed method for the energy ‘

balance of the storage b1n, the net energy accumulated or

[
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“stored inside the rock bin for a monthly period is assumed

A

81

.

to be zero. Therefore, EqUation‘4.8 can be rewritten as:

K Ko K K ' ‘
.*. L Qsloss = I Qscol - £ Qshfs - L Qseh (4.9) .
B ok o .

k -k

Then

Monthly energy‘los%gs from the .bin

‘Ls = -
.- . Monthly sblar energy stored in the bin
K - .
-Z Qsloss
k _ : : : .

K

Z Qscol
k

LY

\;Equaiion 4.10 is‘the fraction of monthly energy lost

from the bin through conduction or air leakage.

* 4.6 EnergygTrénsfer From Ducts And Storage Bin

Energy losses or energy transfers from the ducts and
storage bin should be determined because they will directly
affect the performance of the thermal system. When the
building fequifes heating, losses from the storage bin and
ducts that éo into the heated space are useful energy
losses. Bﬁt,losses from the duct section located outside the

i}ated space are detrimental energy losses. Tn order to

Yt

\
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g/tlmate the energy transferS”from the thermal system to the
modufe,'an energy balance for the module ‘and the thermal |
‘system is needed. .The monthly solar energy galned from
collectors and the monthly total energy requ1red for space
, heat1ng have been dzscussed in Chapter 3. The monthly actual
solar energy suppl1ed from the thermal,system ‘to space
heattng,'bﬁas, can be éet;rmined by substracting'the monthly
'electridal'energy_usage frnm the monthly total energy
required for space heating. - \ : |

Qmas = omt - Qmeh o _ (4.11)

Then the menthly;energy transferslor losses from the
thermal sfstem, Qsysl, canube_determined py subtract{ng the
'monthly actual solar energy (QmaS)'from the monthly totai

solar energy (Qmsun) gained from the collector.

AIstsl = Qmsdn - Qmagf’ _— B , S (4,12)

‘*-zn":..
and

Lsys = Qsysl / Qmsun . - (4.13)

Equation 4.13 is the fraction of energy transfers or

losses from the thermal system in each month.



‘5. Results And Discussion

5.1 Introduction

The characteristics of the solar air heating system
were investigated using the methods developed in Chapter 3
and 4. The solar contribution to the heating load was
assessed by dlrect and indirect methods, thg thermal
efficiency of the collector calculated for dlfferent time
perlods, and the dynamic behavaor and the thermal
'performance of the storage tin examined. System ductwork and
storage bin energy transfers will also discussed.
5.2 Direct Solar Method

The dirétt solar method is based on measured energy
quantities to asseés thgvsolar contribution. Ttérefo;e,‘the
monthly total number of hours in: each system.operation:mode
is presented in Table 5.1 .~T6tal hours of collectpr
‘6pération is the sum of ﬁours in heat-from-collector mode
and hours iniheat—storage mode. The results indicate that
tﬁe bed temperatures are too low for operation®in
heat-from-storage mode. during December 1981 and January
583,

- Thé direct solaf'met%ods can be diVided into 2 parts,

the solar supply method which is based on all 'the collected
energy supplied by the collector and the solar required

vmethod which is based on the energy required by the module.

Therefore , energy losses are considered in the-latter. The

43
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Table 5.1_’Number.0f Hours.In}EaCh System Opération.qode

‘ BT | .

Month' Yr - Heat " Heat Heat Electric = Total
From Storage From Heating Collector.

Collector Mode Storage Mode Operation
Mode . Mode = R
- HFC ~  CoL , HFS., . EH  HFC+COL - -

(Hr)  (Hr) (HE) . (Hr) /Hr') =

Sep 81 29.4 92.2  121.6  27.6 /.121.6

oct 81 60.0 39. 1 132.6  46.5 99.1

Nov 81 48.2 ©57.8 67.2 '256.7° . 106.0

Dec 81 72.6 18.1 0.0 ~ 359.0 ,  90.7

Jan 82 55.0 5.2 - 0.0 548.3 . 60.2

Feb 82 81.8 34,7 11.9 367.7 116.5

Mar 82 60.8 ~ "~ 112.0 ©31.0 238.5 172.8

Season 408.0 359.0 346.0  1844.0  767.0



45

'fractlon of energy supplled by the solar system vas
-calculated on a monthly ba51s ‘and for the heating season.
The results are presented in, Tables 5.2 and 5.3, and
indicate that 11.8 to 15.7 % of total energy was supplied”by
the thermal. solar system for the heating ‘'season from
September 1981 to March 1982 . The energy supplled to the
"module 1s supposedly equal to the energy required by the»

mdggle.fThe unegual result for these two methods may be- due

-
.

ito “the energy losses and energy transfer from ducts and the

storage bln.

Th@ﬁﬁﬁﬂar contrlbutlon 1n‘the ‘month of September 1981

i -

62. 8 %, waswbbt;wﬁed from the supply msth'

obtained from €%e réqu1r§d method, Tﬁete 1s‘-Lv;
difference between these two monthly solar cdnﬁ?_
appears to be due to the fact that September 1981 was a very
warm month. The cdllected energigdfrectli sent td:space¢
heating is oqu‘about 14.0 % of the energy‘sent’to the
storage‘unit. Alsoh the energy required from the storage
unit for space heating\was only about one half of the total
energy stored in the bin. The tedperature inside the bin was
very high and resulted in an increase of energy transﬁer
through the walls of'stdrage bin to the basement. Thush;the
large discrepancy between the solar supply method and the
solar required method is mainly caused by energy loss from

i

the solar system ductwork and lnss from the storaqe'hin,
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Table 5.2 Monthly Solar Contr1Qut1on Assessed By
Solar Supply Method.

Month

Sep
Oct

Nov

- Dec

Jan
Feb

Mar

SeasoA

Yr

BTJ

81
81

81

82

82
82

Monthly
Electric
Energy

Qmeh
(MJ)

1631.

3927.

- 5691.

9533.
13264.
9508.

6418.

3

5

Monthly

Incident

Solar
_Qmsun
(MJ)

1¢73.0

904.4
982.3
871.0
669.3 -
1475.0

2129.2

10983.

Mont%ly‘
Heating

Load
Qomt
(M)

3 1 04.‘.‘3

4831
6673.
10404.

" 13933.

8547,

58478,

.9

ns
(%)

62.8

19.2

14.9
8.4
4.8

13.6

26.8

15.7

N 9
Percent
Solar

-
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Table 5.3. Monthly Solar Contribution Assessed By
Solar Required Method

Month Yr Monthly Monthly ‘Monthly Percent
Electric Incident Heating Solar
Energy - Solar ~Load
vaeh : Qomt . nr
e s (MJ) < (MJ) (MJ) (%)
Sep 81  1631.3 677.3 2308.6 29.3
oct 81  3927.5 777.8 4705.3 16.5
Nov 81  5691.3 904.3 6595.6 13.7
Dec 81  9533.2 - 817.4 10350.6 8.0
Jan 82  13264.5 643.4 13907.9, 4.6
Feb 82  9508.2 1315.0 ~  10823.2 12,1
 Mar 82 6£418.7 1524.6 . 7943.3 19.2

Season 56A34 ., 5% 11.8



48

5.3 Indirect Solar Method

5.3.1 Building;neat Loss Method~

4

The building heat loss method is an alternat1ve method
of assess1ng the sola: contrlbutlon by u;1ng a control
volume analy51s of ‘the module. The @dvantagg of th1s method B
is. that the solag contrxbutlon can be éssessed us1ng a
minimum of instrumentation and meteorological data. The
pérameters used are: the building heat loﬁs'coefficient of
the module, the room and ambient temperatufe, and the' ”
electrical energy usage. The building heat loss coefficient
was calculated to be:about 130 w/°é.in the month of Jandary
1982, which is the month with little solar energy supplied
from'the solar thermal system. The solar.contribution was
assessed by substracting the energy losses from the module
from the electrical emérgy usaae and thé fesults'éfe |
presented in Table 5.4 . During the heating season, 13.8 %
of tmtal energy was supplied by thelsolar‘systgm and the
monthly solatr contribution ranged from 0 to 48.2 %. The zero
contribution occurred in January 1982 and appeafs to be due’
to damper leakage sincé the measured solér contribution for
January was about 4.6 %. The nightltime hourl& tempepatﬁ;e
records show that the air temperature at the collector inTet
is always gfeéter than the air temperature at the collector

. _ .

outlet. This indicate® that leakage is occurring but system

~onfigquratinn did not allow measurement of this leak%gevl-

P



Table

Month

Sep
‘Oct
Nov
Dec
~Jan
Feb

Mar

J

Season

The building

5.4

Yr

81
81
81
81
82
82
82

N,

Monthly Solar Contribution Assessed By

Building Heat

Monthly
Electric

Energy

Qeh
(MJ)

1631,
3927.
5691.

] 9533.

13264 .
9508.

6418,

3
5

Loss Method

Monthly
Heating
Load
Qbhl
(MJ)
3148.6
. 5519.,1
" 6804.0
10332.4
13226.0
10694.5

8239.4

57964.0

heat losg coefficient used

)
/

Percent

Solar

-nbhl
(%)

" 48,2
28.8

16.4

13248

130 w/°C

49
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A low 1eakage damper on tné outlet slde’of the solar
collector 1solates the‘collector when solar equgy is
'unavallable. Fan operation durlng the heat1ng cycle places )
the collectors under.pressure and‘any leakage past the
damper 1ntroduces cold a1r into the module.;Th1s ~
characteristic ‘s 1nherent in the system de51gn and 1t§ ‘
effect must be kept to a minimum by good damper seals ané

ccareful adjustment of the control llnkage.

r—

. e
5.3.2“Power_Records Method’
| The power records'method assesses the solar
contribution by,comparigg the morithly poyer usage for module
‘5 and 6, and then calculating the energyfsuppliedvbyfthe
solar system. The'héathlosses for.module-S and 6 are not
identical, but a correction factor 0.97 (Appendix A 2), was
" added to the power equation to adjust for thelrrdEV;at1on.
The monthly solar‘contribution is presented in'Table 5.5..
The table indicates that 3 % of total energy was |
contrlbuted by the solar system durlng the“heat1ng season,;
and the monthly energy saving ranged from 0O to 43.1A% .‘The:y
" lanuary solar contripution was”zerot“~ |
, N
5.3.3 F-chart Method . . =
F-chart is a versatile, self explanatory 1nteract1ve =
crmputer program developed at the Unlver51ty of Wistonsin.
for the analysis_and deslgn of active solam heat1ng~systemsl

Using the parameters of the thermal systems, the



K ST B
Table .5.5 Monthly Solar Cont?ibutlon Assessed By
: Pgwer Records Method
Month Yr Monthly Monthly . Percent
: ‘Electric ‘Power Solar
Power Ratio o
. - Usage - -
-~ Qehé Py - neh
(KW-H ) (%) (%)
Sep 81 " 4531 55.2 43,1
oct 81 12. 1091.0 67.7 30.2
Nov 81 1939. 4 1580.9 8}.5 16.0
. . . . . [ 4 i . .
Dec 81 2851.6 2648.1 - 92.9 4.2
Jan 82 3577.0 3684.6° . 103.0 0.0
Feb 82,  2887.3  264i.2 . 91.5 ) 5.7
Mar 82 - . 2372.4 1783.0 5.1 22.6
Season 16067,1 - 138$1.9 86.0  11.3
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1

‘:meteorolog1cal data from the Internatlonal A1rport and solar”
'fradaat1on data from Stony Plaln near Edmonton in- tH\\g
'computer program, the long term average system performance -

was calculated and 1s presented 1n Table_s 6 ‘The results

1nd1cate that 17 8 % of total energy e

f‘solar system in the heatlng season, and the monthly solar -

~

'contrzbut1on ranged from 10 to 44 g .

_5 4 Summary Of Solar Contr;butxon Methods

£y
. R

The . monthly solar contrlbutlon assessed by dlfferent
methods for the heating season from Sepember 1981 to March
_1982 is presented 1n Table 5. 7 The results 1nd1cate that
the contrlbutlon varies from 11 3. % assessed‘hxfthe power
records method to the 17.8 % contrlbutlon predlcted by the
‘,F—chart u51ng the meteorologlcal data~from the Intergat1onal
Alrport and Stony Plain. In Table 5. 7 } the solar
"contrlbutlon 15.7 % cdlculated from the solar supply method
rs hlgher than the 11.8 %,obtalned from,the solar requ1reql¢
'method.” That .is an expected result -because the deViationjof
--about‘3.§p% may.be doe’to the energy losses of the,thermalﬁ.
system. As nentioned in section’5;2.,.the'contribution of
JSeptemoer 198T:calculated from the supply method is about
- 62.8 % which is noch hioher than 29.3 % obtained from the
required method; The main‘reason;for the difference appears
to be the energy tranfers‘from'duct ‘work aad-thelstorage
_b1n. The data 1nd1cates that only 14 % of monthly solar

energy collected was used 1mmed1ately for space heatlng,



Table 5.6 Monthly Solar Contr1but1on Assessed By
: F- chart Method

I"swﬁonth Yr . *Monthly Monthly . -Percent

Incident -Heating" © . Solar
Solar . Loada = . £
C(M3) (MJ) (%)
" ‘sep 81 - 4920.0*  2800.0 44,0
"oct . 81 , | 4840.0 . . 4820.0  31.0
Nov 81 . 3880.0 7940.0 | 16.0
Dec 81 3450.0 °  10680.0 10.0
' Jan 82 43100 - 11970.0 12.0
Feb 82 . 4910.4 . 9580.0. . 17.0
Mar 82 6300.0 8870.0 22.0
Season . 56660.0 17.8.
A / ’ . .

The Parameters Used: FrUL = 2.9 W/m*-
> Fr(ra)e = 0.5
UA Factor = 130.0 W/°C

Collector Flow Raéegx;Spec1f1c Heat /'Area = 13.95 W/m?*-

L

: N :
~Storage Capacity Per Area of Collector = 545.6 kJ/m*-



"Table 5.7 Monthly Solar Contribution Assessed By
' Dxfferent Methods

{
S

Monrh‘yr . - Dlrect Methods' N Ind1rect Meéasds
,Percent _ Percent Percent ,Percent : Percent
Solar .  Solar Solar . Solar Solar
ns nr nbhl . neh o
(%) - (%) (%) (%) - (%)
Sep 81  62.8 29.3 C88.2 4301 - 44,0
oct 81 . - 19.2 16.5 28.8°  30.2  31.0
] . g
Nov: - 81 4 14.9 ™ 13 7 16.4 16.0. ~  16.0
Dec 81 8.4 8.0 . . 7.7 ¢ 4.2 10. .0
» RN g
Jan 82 , 4.8 4.6 0.0 0.0 12, 0
Feb 82 13.6 . 12.1 . 1.1 5.7 17,0,
“Mar 82  26.8 19.2 22,1 22.6° 22.0

Season 15.7 - 11.8 13.8 ™M.3 17.8
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while the rest went to-the storage unit. However :he'energy

¢

losses through ducts and wéils of the.storage unit are very

_significant and this will be discussed in section.5.9 . It

shows that the more solar energy collected in the storage

unit, Ehe greater isZthe_deviation between the two methods.

For the indirect methods, the building heat loss method

R}

"and the power reéqrds method are very.similar. Both of these

methqes can be used to estimate the solar contribution
without using collector operation and radiation data. The
difference betweeg these two methods is that the building

heat loss methoq'uses the test module as' the control module

“while the power records method requires a second module

having similar thermal characteristics. The main parameter
of these .two methods is the overall building heat loss
¢oefficient‘whichvis difficult to deterhine but is assumea
to be constant for a specified period. The results obtained
from these two methods for the heating season indicate that
the solar contribution is only 6.6 to 2 percentaéé pointsv
differentvfromithat of solar required method. The solar
energy collected wasﬁcalculated from ;ecords of collector.
operationﬂand should be reliable. The January contribution
of about 5 % is reasonable as 60 hours of collection
occurred duringitgiﬁ moﬁth. It is also acceptable that solar
contribuﬁion caiéblztédlby the building heat loss and the
power records ﬁéthod was-éero during January. Damper leakage

t

during a cloudy cold January would increase.the power

Y
consumption. -

°
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F-chart is’'a’ theoret;cal predlctlon of the long term
. solar contr1butlon. The solar contr1butxon of 17, 8 % 1n the
heat1ng season obta;ned,from thxs method is h1gher than thatv
l obtalned from the other methods. Both of the F—chart ' |
pred1ct1ons‘%nd the solar supply method assumed no energy
losses in the thermal system. =, =
The'monthly'solar contribution for'thE‘heeting season -
‘&;kgicates that: | | | o
1. The indirect methods are acceptable methods tovassess
. the solar contribution. _
2. Long-term monthlyfsole:vassessment by the'ihdirect'.
methods appeafs‘to'be closer to.the actual measured

solar contribution.

N

»
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5. 5 Perfornance of The Solar Collector

The publlshed performance curves for a solar collector
repgggegt its performance under steady state cond1t10ns.‘But
solar,systems operate underedynamic.conditionS”and_the
'equelities defined by Equations'4.11and 4.2 do not govern
'the thermal performance of'the collector since part of the
solar energy absorbed i's used to heat the collector and its
components. Because the actual collector performance is

under dynamic conditions rather than under steady state

%3
&7

conditions, comparison between the actual performance and

the steady state performance is necessary‘f

5.5.1 ASHRAE Standard Test Method

The Solaron 2000-solar collector used onlﬁodule 6 had
been rated using e test‘method similar to the ASHRAE
proposed standard test. But the test data were presented as
a plot of collector efficiency versus (Tfe-Ta)/Ht, where Tfe
- is the air temperature at the collector outlet, Convereions
:were qg?lled to convert the test.result to the standard
parameters referenced by‘Duffle and Beckman[27],.Fr(ra)n and
Frul, this gave:
1. At normal incidence Fr(;?)n = Fr(ra)e = 0.5
/2. The coilector heat IOSs.factor, Frut = 2,9 W/m’—

For an air test flow rate per unit area of collector of
0.0102 m*®/s-m?, the resulting efficiency curve is shown in
Figure 5.1 . With the theoret&cal perforhance of the

collector known, one may ask, what is the actual performance

¥
-’
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- 59 -
of the Module 6 collector constructed u51ng yhese units and
2

operated 1n a nor;hern c11mate? -

5.5.2 Inétantaneoﬁs Efficiency

Thevinstantaﬁeous_efficiehcy of the solar air collecgpr
under a cloudless sky wasvetudied by selecting two days in
March 1982. The collector operated dynamically and the
collector efficiency was calculated for each two minute
_interval record over the operation period for that day. The
resyults are preseﬁted‘in two plots. Figures 5.2 and 5.4
.Ehows collector efficiency versus (Tfi4Ta)/ﬁt Under steady
state cond1t1ons,_a stralght line should result. Figures 5.3

° -

and 5.5 present the solar rad1at1on on the collector tllted )
surface and collector efficiency versus the time of day, and
illust:ate ;he trehds of solar radiation and collector
efficiency during the collection period. The nuﬁber on the
horizoﬁtal axis indicates the beéinning ef the, hour,

The efficiency curve in;Figures 5.2 and 5.4 may be
separated into two curves. The lqwer curve sldbing upwards
to the left represents the forenoon data witH collector
efficienc§ jncreasing due to a confinuous\inc:ease in
radiation during jhe forenoon. The upper curve sloping
. downward to the right represents tbe afternoon data with the
collector efficiency decreaéing aue_to a coetinuous decrease
in radiaeion in the afternoon. The two curves meet at about
solar noon. In theory; Ehese two.cufvesvshould\be the same

for a cloudless day. The reasons for the difference in these
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two curves may be due to:.

1. Energy storage "fﬂrf ".'fi
The absorbed energy durlng the forenoon is partly used
to heat the components of - the collector, so ‘the useful

energy collected is lower and the efficxency is lower

W,

In the afternoon, as the solar radlatxon and\ambzent

temperature decrease,'some of the stored-energy appears

as useful ensrgy "and increases the. collector eff1c1ency

Flgures 5.3 and 5.5 also 1nd1cate the collector -

eff1c1ency cont1nues to,mncrease fé?ﬂz to, 3 hours after
4soIar noom. . - - L " | q

2. Radiation}

The rate of'change-ofxradiation during the forenoon and,

the afternoon may not be the same. Figures 5.3 and 5.5
indicate that the rate of change in solar - rad1atlon
during the forenoon and the afternoon is not the same.'
This should dlrectly affect the eff1c1ency and the

, R . ‘o

(Tfi-Ta)/Ht terms. ‘ L . e

Thus ‘the difference in collector efficiency between .

the forenoon and afternoon depends on: . e

a. the mass and hea;_capacity of the collectoru

*
components

b. the rate of change in solar radiation. . ~
nJ . —
The ‘uneqgual length of the forenoon and afternoon curves

appears to be related to the (Tfe- Tfl)/Ht term. Some.oi_the_a

usefnllenergy‘uséd to heat the cold collectors in the early

A

/\ ; w

3
Q
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mornxng 1s released durzng the aﬁternoon Thls delays the }

plowermg of’ the cqllector ex1t a1r temperature and 1ncre ses i;f

o

the collector operatlng txme. The errat1c behavaor ln

eff131eﬂCY at the end of each curve 1s due to the on- off ﬂﬂgfh
oA e

cycl;ng of the system at start-up‘and shut~dqwn.‘“

' O B e e :‘ !

5, 5 3 Hourly Eff;ciency

o In F1gures 5 2 to 5 5 the plots of collector ' .
‘ye§£1c1ency over a day suggest that collector approachs'
g steady state at abOut solar noon because the rate of change o

qf storage energy 1n bollector approachs zero. In order to

| nvest1gate th1§ p0551b111ty, the records'that 1nd1cated

“'qcont1nuous solar collect1on for, the’ hour that 1ncluded solar
'"‘;inoon were selected for study Ideally, only those days with =
clear skY cond1t$0n£ should be used, but these weére few 1ns-n-t
'number, so-a combanatlon of clear days and - partly cloudy ”
;.:days were used A plot of hourly collector efficlency at p'.
l-solar noon versus (TfI-Ta)/Ht is presented inhFigureys.Gland
‘the method of least squares was applled to 1inearize the

‘data. The best fit stralght 11ne 1nd1cates Fr(ra)e valdevat

Lo

'tabout O 54 and the slope 1nd1cates ‘the collector heat” loss

s

fcoeff1c1ent at about .58 W/m*- °C. The method was repeated
u51ng the hour conta1n1ng solar noon and addlng data for the'

'prev1ous and fOllOWlng hour, ‘This. gave an Fr(ra)e of 0.53

‘ﬁand an FrUL of 1. 43 W/m2 °C in Flgure 5. 7 The data T

(-
exh1b1ts con51derable scatter in these two plots,

partlcularly for the larger valueslof-(Tfl—Ta)/Ht. The major
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cauSe of data scatter is due to clouds that suddenly reduce
solar radlatlon for short perlods of time, The (Tfeva1)/Htf.
:4or (Tfi-Ta) /Ht term w1ll 1ncrease if solar radlat1on Ht |
.xsuddenly reduces. But only a small change 1n (Tfe Tf1) and

'(sz—Ta) may occur due to release of energy stored in the ;'

| a collector. Therefore, the collector eff1c1ency and

(Tf1 Ta)/Ht terms produce erroneous results. On the other
'vhand the same argument app11es for a sudden 1ncrease in :)f
solar rad1atxon as clouds pass. Therefore, an 1ncrease or‘&v
:decrease in rad1at1on shlfts the eff1c1ency plot 1n opp051te
d1rectlons. In add1tlon, the slope represents the heat loss T
coefficient Frutl for the collector and is d1rectly affected

_y data scatter.

5. 5 4 Daily Ef£1c1ency i . 1d I~ Jj .-'l
. :

’bas1s was studied. The sum of the useful energy collected
"the solar radiation and the temperature dlfference between
the collector inlet and the ambient temperature were .
calculated on a dally basis. The resultlng plot 1s presented
1n Figure 5.8 . In this plot the daily data st111 shows K
conslderable scatter. After the data}ls 11nearlzed ﬁ& the
least squares method, the best f1t stra1ght line 1nd1cates

an Ar(ra)e'of 0.55 and FrUL.of.2;56-W/m3~°C.,The scatter,oﬁ

/
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| 70,
- dally data may be caused by two reasons" , -
: 1. There may be cloudy pér1ods durxng the day that reduce .
| ) the solar rad1at10n R ’»'i?' RS
2..fThere may be - a few extremely cold and wlndy days. Thzs
-results in larger collector losses that dowver the
'collector daily eff1c1ency o
’ . 5 ( -
5.5.5 nonthly Effxcxency S _-d e
" The plots of 1nstantaneous, hourly and daily ba31s -
suggest that evaluation over a longer txme-perlod may_be-of 2
assistance in reducin§ the-data scatter. A time period'o{'
. one month was selected for study as this perlod is often
%sed in calculations. The solar radlatlon on. the collector

'€4t11ted surface, the useful energy collected, the temperature

Y /
’ dlfference between collector inlet and amblent temperature

4

vere calculated for each month. The reéultlng plot is

presented in Flgure 5.9 and gives an Fr(ra)e of 0. 56 and

FY,
"y

Frub of 2.61 W/m*-°C. L N

-
H

Table 5.8 presents the monthly metegrologlcal data and

collector thermal eff1c1ency calculaged from solar‘rad1atlon
and collector a1r temperature measurements. The normq} mean.
monthly ambient temperature and the normal hours of brlght e
sunshine are the 1ongrterm ivqrage-monthly values‘obtalned
from the meteorologlcal records. The R factor. is. the rat10r
.of'm\nthly total radlatlon on . a chlector tllted surface to

R -
monthly total rad1at1on,on a horlzontal surﬁace. e

. i - . BN R .
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- 6 Summary For Efi:cxency Hethods : O
The collector used for module 6 was assembled u51ng 6
Solaron .series 2000 flat plate a1r'collectors by.connectxng.
"two in- series. and mountzng three of these units 1n parallel
Th1s arrangement prov1ded an air heat1ng path 1ength of
~about 3. 5 m. The dynam;c behav1or of the collector makes
'compar1son of the actual collector performante to the
published test’ performance Qifficult! Pable 5.9 lists the
collector e:f1c1ency calculated for the d1fferent time
periods.tThebresults indicate that‘all methods produced..
Fr(ra)e values larger than'the performance test valne of
.0.5. Reasons for thisimay be: . v |

)

l1;,,Therperformance test value is-determined under steady
state operatlon w1th 11ttle or no change 1n energy,
'storage in the collector and w1th 11ttle change in solar
radlat1on. Under dynam1c conditions, energy storage in
‘the collector durlng the morning results in a steep
slope for the eff1c1ency curve, During the early,
afternoon, the continuing increase in ambient‘ ’
‘temperature and release of‘ tored energy from the
collector results in an efdfcienCw curve that first
incredses and then has a low‘slope for the rest of the
afternoon. Representing the data by a.best stralght line
:reSUIts'in a larger Qalue for:Fr(ra)ef
2. The‘accuracy of the data may have been a factor;‘The

. N\
error in measuring collector flow rate was about 5 %.

.The error in measuring air temperature difference ac¢ross

)}



“'Tablebs.g -COmpar1son Of Fr(ra)e And FrUL
: . For D1fferent Methods '

- Frira)e ' FfULgf
S o W/mi-fC

Test " o5 . a2

Instantaneous \ =5

LN %se 1.58 =
Hourly ' . S A Co
o . S~ 0.53 ST 1043 s

Daily ' K - 0.5 7 “2.56

Monthly .. . 0.56 | 2.61

1

—

- % Data for the hour 1§tlud1ng solar noon
~*% Data for the hour 1nclud1ng solar noon wzth one hout
before and one hour qhereafter

N L i »
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the.collector‘and air:temperature difference betweend
room and ambient was about 1.5 %. <The solar radiation on
the collector tilted surface had an error of about 3 %.
~051ng these error values, the calculated errors for the
collec;or eff1c1ency and the (Tfi-Ta)/Ht term}were
approxlmately 6 % and 3 % respectlvely. This produced a
7 to 8 % errof in the Frira)e parameter. | Ay
The collector heat loss coefficient Frul of 1.43 to
2.61 W/m*-°C is lower than 2.9 W/m?*-°C obtained from the
rating test. Since insulation had been added to the back of
the»collector, lower vaiues vere expecteq..ln addition, the
Scatte; of the date directl& affects the FrUL'velqe. Far the

. . V Y .
instantaneous method, energy storage increases during the

forenoon arid decreases in the afternoon. For clear sky

conditions, the sdlar rddiation follows the same pattern,
‘ ~

‘but, when clouds are pyesent, large cﬁanges in radiation

occur, and this can p oduce ficticious instantaneous

eff1c1enc1es that offfen.very low or very large. For the

hourly and dail ots, the deta scatter indicates the cloud

effect is present. The monthly FrUL value is probably the

more representative of the collector heat losses.

anN



5.7 Dynamic Bepavior Of The Rock Bed st:;agelnin"

Although a number?of.investfgators andistorage‘bin
designers have tried‘many methq55~ofgstudying'the dynamic'
behaviour of a?storage bin, no uniquevmethod.has been
proposed. A bin'with 2 n’ of washed‘gravel is used.for
ener‘y storage for thlS thermal system Due to a shortage of
data channels,,only the air temperature at_the top and
" bottom of the rock bed were recorded. This select1on allowed.
the calculat1on of energy added or removed from storage bed
In order to study the dynam1c behav1or of the storage bin,
plots of air temperature at the top of the storage’bln ang
air tenperature at the bottom of storage’bfn versus the‘éey
of the week are.presented.

Figures 5.10 through 5.16 show tne variation’in.air
temperature at the top and bottom of the.stora?e bin during
a weekly period for eaeh month. The number on the hori;ontal.’
axis indicates the end of the day. Figure 5.10 illustrates“a
period of‘several days when the bin wasioyeroharged. Figures
5.11 and 5.13 show the: bin behavior during a period of low
energy storage. Flgure 5.14 Qhows a week when no storage
occurnudq Figures d 12, 5. 15 and 5.16 show the behav1or of
the b1n when the rock bed temperature wave ‘reached the
.bottom of the bin during a sunny perlod _

In Figure 5.15, the third week of February 1982, the
results\ggrgfebruary‘15th indicate that there is no'energy
astorage inside the bin, thererore, the temperature gradient -

across the bin is zero. The plot-also indicates that there

' .
! : 3
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zo and 21 of“rebruary of 1982 | 15 pr' Sented in. ‘“9“" 5 ‘7

.HS%F% The SYSt@m °Peratlon modes are also shown on the top of the;f“' '

1:solar collectlon began the next mornlng The a1r temperaturef-

ot 4 T o]

at 'the bottom of the b1n remalns nearly constant at about

venterlng the bnn contlnuouly 1ncreased aﬁd a temperaturz ‘
gradlent wae establlshed throughout the bln.,The top of the f:itd:
rock b1n would be approachlng the a1r temoerature._Shortly
after sd&ar moon,:the alr dellvered to the bln was at a; i

lower temperature than the top of the rock b1n. Thls a1r

. would start to cool ‘the top of tje rock bed and wh11e no
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'hﬁftffThe result shows that no enerQY was avah#able fromthe”;“”

f‘f]ffcoliectors but energy was ava1lab1e 1n the storage bln,ﬁ_"

:'"¥"fstorage mode to the heat from-storage mode with alr flOW 1n

'~f:f£the upward dlrectlon. The a1r Eemperature at the top of the g

fﬂlthencfore the system operatlom mode sw1tched fromdthe heat

"‘;}bln 1ncreased due to the hlgh témperature 1n the centre

o

’:f_portzon of the brn and;decreased as the stored energy was
S ke

ko R '
_gaused Therefore, the f1rst peak that appeared shortly\after

R} @

jsolar noon was*due to solar energy sent d1rectly to stOrage,'
'and the second peak that’appeared 1n the evenlng was. due to
':the storage energy 1n the b1n dur1ng space heatlng
| In Flgure 5 11,‘the flrst week of Septemher 1981 thlS//
7: plot shows that the b1n was very hot durlng days 5 through 8
'of September. Also, the peaks appeanlng ‘in each of these e
days are dlfferent from days 20. and 27 of February 1982
d! Durlng days 5 through 8 of September, the. flrst peak -
happearlng in. the early mornlng was due to the storage‘energy
1n the bin belng used for durlng space heatlng ’ and the’
second peak appearlng at about solar nooOR ' was. due to- solar.

-

energy durlng energy storage.



:.._‘i._.lOSS er the bln, T S

Table 5 10 shows tha‘_’

"'Mar‘:h ‘?82 534 6 MJ °f energy wt’tre lost,f-romvthe”:}storage:'

-Jfbln through wall conduct1on or a1r leakage.lTh1s4was 23 Sg%ﬂixa7?~
}of the total solar energy stored 1n the bin, The lossesbare.
4ifhlgh but Stlll acceptable..It xs 1nterest1ng to note that
.gthere are’ little loss 1n the mdnths of November 1981 throughmlfffb
_ January 1982 Th1s is due to 11tt1e solar energy stored 1n
“_the b1n and the temperature 1ns1de the b1n 1s nearly equal | £
~to the space(room) temperature. There are 34 8 % and 30 7 % ffm;@ﬁ
’-energy losses 1n the months of September 1981 and March 1982;“ -
| respectlvely . e@:j .4.df'h vf‘«"-‘,f? ’ﬁlifr,V*f ;?5: t,ﬂ@z;;t
| Durlng the heatlng season, the energy lost through the

'walls and top of the b1n contrlbuted to heatxng the module. “*75

'\?r-
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Table 5 11 shows that the monthly energy losses from

',l%the storage bxn 1ncluding the IOSses of the duct sect1on

Tiffﬁ?between the collectors and storage bln.iA total of 1805vﬁfHJ§i;

".de11vered to the b1n was lost or transferedito

”fhwh1ch represents about 39 9 % of the totalasolar energy

(

l;ldurlng thlS heatxng season. By compar1ng with‘Table 5 10
‘the results show that the losses or energy transfers 1n
'5September 1981 1ncreased from 34 8 % to 61 7 % It was not

. lposslble to separate the 1ndoor and outdoor duct losses, butéf”

tcompar1son w1th Table 5. 10 Lnd1cates that the mon

e_losses for October to March var1ed from about 8 to 22 % of

'Ha”;the COllected energy that was dellvered t° storage.»The

”jlarger values occurred durlng December and January Dur1ng

' cold months, an 1ncrease 1n loss occurs for the outdoo

“ducts. A large loss fOr SepteTEEr 1981 results due to the

}

?storage bin. belng overcharged ‘and hlgh collector outlet

- temperature occurrlng dur1ng the ‘heat collectlon perlod

; S - o
: G ST . Y A
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‘,V'raféﬁThe 1nd1rect method

. b. Long- term monthly solar assessment by the 1ndlre

Fr(ra)e'values obtalned from the collector efflcfpncy

:;'rgher than the performance test Value of 0 5

the solar requ*red method

U g ‘_.',

15 7 % by the solar,supp'y

: ""method 13 8 % by the'bulldlng heat loss method 11 .3 %‘fff:*"

by the power records method and 17 8 % by the F chart

method By comparlng the values 11 8 % and 15 7 % of thefﬁjfff

df'ect method the most probabIe Value of solaer

;are acceptable methods to

fasseSS the solar contrlbutlon. }f

e

methods should be closer to the actual measured

LIPS

solar contrlbutlonn;-?f;;af,y:{7 ”ff‘~ig,;’f wq} @
. L ' N B 'X " oo e

»

4‘curve were 0 53 and O 54 on-. the hourly bas1s, 0’55 on

the dally ba51s and 0‘56 on the_monthly basls.'Thesefb~ 5y

'”fThe collector hedt loss coeff1c1ent FrUL was found to be

31 43 w/m2—°c and 1 58 W/mz °0 on the hourly basas, 7b;ﬂ3fﬁiﬁl

g*=<q



S

g;;same;asdthe'monthly br1ght sunshlne hours.

'551982 The operatlon hours for each month were about the

Sl

Y. .

f'fOn a cloudless day, the collector thermal eff1c1ency
curve for the morn1ng was found to be dlfferent from
l:_that in the afternoon. The ma;n reasons are:

'a: The collected energy absorbed by the collector

-

components 1n the mornlng and released 1n the "*Mffég

. L . . -, -

:afternoon. K “; N ’ng '

»br'.The rate of change 1n solar radlatlon in the mornlng

is. dlfferent from that.. 1n the afternoon.

On a’ cloudless day,.the a1r temperature and the rock bed

‘dtemperature at the top of the b1n reached a maxlmum

P

shortly after solar noon As the a1r temperature at. the'

collector outlet decreased~1n the afternoon the top-of

the rock bed - cooled and the max1mum rock bed temperature -

‘\,moved to a lower level of the b1n. Temperature

stratlflcatlon 1n the bin decreased and lower

Iy

'temperaturés ﬁere avallable when the system changed to

/ . . . ..~a_v

-the heat from storage mode L

(. ;.

) There are 3525’3 MJ of solar energy stoned in the b1n.un



"__Therefore, 1838 7 M3, whlch 1s.about 21 3, %

Q?These energy losses contrlbuted to the heat;ng load, ;

‘fand dur1ng September 1981 resulted 1n overheatrng the L

‘module.: !

¢6.2‘Recommendatxons ;

1. The dynamzc behavlor of the rock bed storage bzn can be f;ﬁﬁ
studled 1n more detall by anstallmng thermocouples at

,-1yd1fferent levels of the b1n. ) p ylvf._

e used to evaluate the -

"2;:hA cloudless per1od 1n August may

/.
T

) adequacy of the 51ze of storage b’n for the summer :”:""

perlod 'and/to study the 1nsu1at10n requzrements t

\

' prevent overheatlng of the space due to energy transfer'

] ffrom storage bin’ and ducts.,7 | - |
'3,,:The experlmental dark test recommended by Edwards and
;Rhee[43] can be used to correrate the 1nstantaneous'
'ffmornlng and afternoon data for estlmatlng the two

: parameters of Fr(fa)e and FrUL

. -~

4. ?Slmulat1on of solar components by exlstlng computer

O

o programs may: be used to study~the theoret1cal

'hour by hour performance of the thermal a1r system. i

8 .
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. Average

”ND - Number of days selected to be'1nvest1gated ahd
w1th l1ttle solar radlatlon SRR S

From Equatlon 3
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19
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fGSZ;G ‘
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memperature‘i
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a:f?VOI Room and
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wﬁiiAlr Flow Rate

2 CFM/ft’ L
0 0102, m /s-m

a‘ff;The or1,1nal parameters of the test performance

B 5F°UL = 0.67 BTU/ft’—h-’F = 3. 8 W/m=— c

“ga:ﬁF (fu)n_=‘0 65

- mep S, 204(0 &134)1005

"5';;The Standard parameters become :.:‘,4-4’ o
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