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is littlé quantitative difference in the results, partly because of a8

'ABSTRACT

4

. A STUDY OF THE LA MACAZA SOLAR HOUSE

\ . v . :

Andrew J. Yager ' ;
The gesuigs of stidies performed on the solar house at La Macaza s

during the winter of 1978-79 are presented. The augmentation of inci-
L}

dent solar radiatidn on the vertical air collector due to reflection

?rgm.the snow covered ground wags measured to be in the order of 35%

. dbove the theoretical "sky only" radiation for clear days. More inci-

P ' v

dent solar radiation was measured on the vertical cedlector éhaa on a

!
|
;

surface tilted at 60° during a sixty aay period after winter 'solstice.

¥

°,MQ§i£ica\rons were made to the solar system: the air flow direct- )
1

e . :
ién in the collector was reversed, the temperature of‘thé'rock storage

w;x\horizontally stratified, and the dampers were automated. The in- .
’ v * . ’
stantaneous collector efficiency near noon is calculated to be between

i

40 and 502 pver a wide range of operating conditions between January

and May. 2Fe daily collector efficiencies.and a seasonal solar frac-

- tion are calculated.. The rgsuits are compared to those reported in

the studies of two previous winters, beforé the modifi¢ations. There

' 4

different monitoring system and partly because of a change in occu-

pancy, but the effects of the changes are discussed. " 5

Monitoring of the solar radiatiﬁgj temperatures, and the electric

baseboard heaters was done. An energy balance is perioimed on the/en-

tire sysfem (i.e. the house, the coliector, and the stofage) using the

- +
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measured data.

The performance of the syst:em is analyzed on 17 days

to determine the effects of infilcration, storage losses and passive , ,
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sonal heat balance:

v

those of a simulation model presénted in a ~previous ‘study":'

+

The daily heat balanc'es agree to within 9% with the sea-
The results of the energy Bglance are coipared .to

This anal-

.

ysis indicates that ‘wind speed and direction, &nd cold ambient' temp=*
: _ ! g

v
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. eratures have a con?tderably. greater effect Qn the overall heat loss :
"of the house than was predicted by the model. The heat loss due to
wind infiltration can be reduced economically, increasing the solar .
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\\ INTRODUCTION AND BACKGROUND .
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1.1 INTRODUGTION
Construction of the La Macaza solar house was begun in 1975 under

the direction of the Shelter Systems Group of 'che McGill Univaersity

School of Architecture. I}: was one of four protoﬁype houses' conceived

within a project to develop "Appropriate Building and Energy Systenms

for Québec'lndian Communities” [l}. The La Macaza house was the only

3

one of the four to be completed. It was designed for construction
. X . -

with' indi,genous‘lai:our and materials, and at low cost. The reader can
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‘ reﬁe:‘ to the theses of Hamilton [2] and Kerr [3] ‘for decails of the:
. <

poﬂbtruction materials and methods used.

S

Monitoring of the house's thermal performance was begun by Hamil-

~

“ton and further at?died by Kerr. The present rggort docuqeants the

. results of the system's performance during the _'winter of 1978-79.

!

""l"his is the fhii’d and final thesis to be presented. Co

. : . L
Instrumentation of the house and its components and analysis of

. - A

4

v ' .
the results were undertaken in order to contribute to a data base for,

N

."golar heating desigd¥ in Québec. Initial contributions to the effort

and continued interest lby Hydro-Québec's Institut de Recherche d'Ener-
" gie (I«R.E:iQ.) attest to this fact. It*s hoped that the present work
will further contribute to this effort.
. * 9 . i

An experimental study was performed to determine the enhdncement

of incident solar radiation' on the ver;iacal" éoilector’ d,ue to

+
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reflections from the snow covered foreground. Actual total radiation
measurements were' recorded continuously for four months. One so‘lari-

'ﬁeter was mounted. on the vertical face of the collector, and another,

. a

tilted at 60° was placed at tocf level, to avoid reflection from the

glazing. The vertiqal ‘solarimeter was at mid-collector height, and

' . @
/‘the location of the 60° solarimeter is approximately where the center
\\“ \ ’ . N !
of a collector installed on a sloped roof would' be. The total daily

, 4
radiation incident on: each surface was compared .on clear days and

cloudy days.
The advantages of a site-built vertical collector, integral with
a south facing wall, are di.scgssed.

The house was unocoupied during the s‘tt?dy. Because of the re-

moteness of thé site, visits were made only every two or three weeks.

Therefore, the data acquisition™ system and controls were selected for °

-

reliable operation when snattended. Continudus’ readings e taken of

-

‘the two solarimeters, nine temperatures,.‘and the on/off statds of six
baseboard heaters, the colldéctor fan, and power fail{l!.\res. Details of

the instrumenCation and system controls are presented in Chapter 3.
Hiliy‘ca;ions were made to' the system before the present study.
C . $

These were designed to’ improve the overall sygtem performance. The

;0

collector air circulation was /reversed, the storage was snratified,

the dampers were autou}ated, leaks in the air handling system were

| S .
seal'ed, and the floot above the storage was 1naulated. The details of
these changes are described in Section l 3 and the results " are

divscussed in Chapter 4. - C -
i)
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The efficiency of the solar collector was calculated according to
accepted standards [21],' and the results are compared to the two pre-
* )
vious studies by Hamilton and Kerr.

' An energy balance was performed on the entire system (i.e. the

. house, the collector, and the storage) based on the measured data. . E
' The results of the heat balance are compared to the computer model 3
simulation bresented by Kerr. The heat balance analysis indicates 3

certain areas where a degree of refinement in i;\rediétivé models is ’ l é

desirable. ‘ Thp\ largesl;. discrepanci;s appear in t_he treatment’ of ?

infiltration and thermal bridges. ‘ 5‘

Id , |

. . 4 ¥

1.2e*msl‘uousn . A * ©

The house was constgucted with bath s:tandard and unconventional

building materials. For instance, the north, east, and west wall$s

a

/ were mde of stacked l3cm x l3ecm rough cut spruce timbers; treated | .
fay \ N . . .

: i . . ' \ » o

peat moss insulation pariels were used in the north wall, and poly~ %

? s N . ‘ P) ’
- 4 L *
styrene jinsulation in the east and west walls . Frame construction

B
t\ N .

- was used on the south wall, and the sol\ar ¢ollector was built integ-Y

rally with .:_Lt. The house is oriented ‘with Lts‘long axis in‘ the east-
' ‘ . west diregtion.., The location of . the site is at 46° 24" rfortlh l,ati- ]
E "' tude, 250 meters above sea 1ev;l.| . . . »

14
W

e e p—oreon -y

[
3 vt ° : |

1.2.1 'The Building Envelope and Surroundings ) B
. T s — " . %

- v

natural protect—

N -

The house wag built in an open land area with

ion from they elements. However, several energy conserving features

) y o
* . . N
. ¥ .
.
' ' ‘ N4 ]
.
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were Incorporated in the building envelope: design to reduce the wWinter '

heating load. Earth berms were built up on the east,.west and north

walls to reduce the exposed wall surface to 6 feet in height. The .

doors on the east and west Walls; were enclosed with vestiibuies. How-.
ever, the outer dﬂc;or on the west 'vestilb‘ule had be;en removed before
this study. The north wall glazing was limited to one wiédow of less
than 0.5 squate ‘met;ers.u A sgouth facing skylight in the bathroom had ' 1
five glazings. ' The living room ar;d kitchen ;1ad large glazing ;reas' *
.(on the east and west walls respectively)‘to allow passive solar heat
gaing, and natural lighting. 3
The 42 square meter, vertical solar collector covered the entire .
south wall. A cons\idérable saving 1in capital cost was achieved be-
cause the collector acted as part of - the 1nsuiat;;on and the clédding o :
for the south wall. An additional'advantagew of integrating the col-
lector with the south wall is .tha‘t heat _1s transferréd to -the inside,
of the house by conduction when the collector is heated abd\;e room
temperatur;a on sunny days. Thus, cb}lector back losses are recovered
directly in the hpuse-"A reduction of the heatlloss tﬁrough the south.
;I;lll of the house can’ occur on partly cloudy days wh;an “there is insyf- .

*,ficient light to operate ‘the collector, becausfe the tem‘perat‘ure, of the . -

air behind the .glazing can increase well above “the amblent.

. The conductive]thermal resistance of the walls 1is approximately
- 3.55C, m2/w (20°F- hr £t2/BTU), and the resistance to heat flow through
«the roof 1is about 4 3°C m?/w (24°F hr ft.z/BTU). While these values

are on the 'low ‘and of - recommendations for _mew. st:andards, they do

] ' R
. - \ e

Lo L e

mir + umm e m b osaiabn 2abh hn sk e s



*

S

k=

et
L4

ko

provide results on the performance oflthe La Macaza house- which are
L N -
comparable to many homes being built today. Because of the log con-

N struction, infiltration through the east, north and west walls was
i : S ' )

higher than normal. .

- ' There was a large amount of open space around the house. As this

q&gignificant.éugmentation of the enéfgy incident on the collector is

) achieved due to light reflectea and‘scéttered from the §NOW. . Enhance-

ment of the passive solar heat gain ‘also occurs at the east and west

windows due té the snow reflection.

'1.2.2 The Building Interfor - | 1

) The living quarters aré on one level and covéer approximately 90

#

m2 of floor area. The kitchen and liying room are in the south half
of the main floor and the three bedrooms ;nd bathroom are in the north

" half (see Fig. 1). The interior is of standard stud construction with

v
- -
<y o

wooden ?all panelling. The only'enepgy conserving ‘feature is that the

electric baseboard heaters in each room are controlled by individual

+

X N thermostats. This can help prevent overheating at the time of passive
0 ? N N

solar gains. One negative feature -is the sloped ceiling (conforming
" to thg roof line) which rises to 3.5 m above the floor at the south

- B wall. This area acts as a heat trap, resulting in an increased heat
s . 7 . - N . .

. f . ¢

logg through this portion of the roof. No brovision was made to re-
' . -

_ . °  circulate this warmer air to the living space. I

N IS * . N

ground is covefed with sfow during most of a usual six month wintes, .
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The rock bed thermal storz is locat‘ed belo;d the bedrooms and
covers the north half of the 14 ‘eter‘high basement area (see Fig.?.)'.
The storage covers the  entire 45 m? floor area to a depth of 3/4

meters. This -storage configuration provides the house with 3 /well

distributed thermal mass of large surface area". The south half of the

. basement 1s unheated and unfinished. The collector fan and storage to

collector duct are in the center of this space. The return ducts werTe
made by covering some of the floor joists above the unheated basement.
These jdist’. aréas are’/open to the top of the south wall of the stor-

age. This further’ distributes the potential of the storage mass by

‘directly heating the floor below tfhe south half of the living space.

1.3 THE SOLAR HEATING SYSTEM AND MODIFICATIONS -

.

".The solar heat collection system consists of a south facing ver-

e o

tical air collector, a rock thermal storage, and a fan to circulate /
e

67 *
air between the storage and collector. The fan and the storage were/

AN \
oversized, resulting in lower than usual collector operating temp?t-
LAY ' N ‘

atures, and a large volume low temperature thermal energy sto/rége.

t

/ ,
Figure 3 is a section through the midline of the house shoyzlng the
L ! . ,
three mafh components of the solar heater. The arrows igc{:lcace the
! . . y .

’
’

flow directiﬁn when the fan is on. C
The 42 "square meter collector consists of a galvanized sheet

s . . 7

. s /
metal absorber, painted black, an expanded metal mesh with 50% open-

ings, also black, a sealed double glazing and a 2 cm sheet of chip-

" board behind the absorber\t'o provide some thermal inertia in the

k)

. ¥
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1

: !
collector. Ik is built in a wooden frame integral with,jhe south wall
of the house. There are nine vertical flow chaunels add 27 standard

aluminum frame double glazing units.: g : ‘ /;j

a

There are 24,000 kg of rocks in the storage having .2 heat capa-’

city of 9.4 kwh/°C. The rocks are 5 to 10 cm in diameter and- covered

\

the 45 squake meter storage floor area to a depth. of about 75 em,

(L.e. appr6§ tely one half the height of the storage compartment ).

A thermal blanket consisting of three layers of aluminized building

papef} with the reflecting surface downwards, covers the rocks of the

~

south two-thirds of the storage. \Air is removed from ;torage through
the opeﬂiﬁgs iw bgilding blocks.below :hg south 1/3 of the storage.

Ih} 1 he.p. axial fan is located in an insulated dust in the un-
hea;éﬁ 5asem§nt, midway' between Fhe storage and the base of the col-
lgétor. The fan motor is attached to the outside of the duct'éor easy
éccess. The fan is controlled bf a differential thermosta£. It is
automatically turned on when the collector temperature exceeds that of
the storage by 10°C, and it.is turned off when tbe collector temper-
ature drops to within 2°C of the storage temperature.

When the fan is Jh, alt is drawn from the cold end of storage,
through the fan, and blown into the v—duct to enter the central third
of the collector at thegbase. Tﬁe alr is then distributed horizontal~-,
ly to the nine v;rtical flgw.channels in the collegtor and ?ises bet-
Ween the metaL\absorber;and the mesh, as shswn'in ?}g. 4. The heagéd

air returns behind the absorber to the insulated flow channels be:veen

the floor joists in the two outer thirds of the house. This air

* -
o ' * “ \
,
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1 .
.enters ‘the storage at \the top (Fig.3), and moves across the top of  the
aluminized reflecting paper, entering the récks in the north third,
where it is then drawr/ down through the rocks to the south end of the

storage. Heat is removed from the air as it moves downward and across

the rocks, and the coldest storage 'air 1s then returned to the fan
along a horizontal flow channel on the floor of the storage in the
south third.

Figure 5 shows typical sections at the base of the collector in
‘ ' |
the heat collection mode. When the fdn is turned on,_the dampers are “ . -

automatically raised to allow the cold storage‘air to enter the base

o |
of the collector through the v-duct in the central third, and to allow

. A . . ¢ '
the warm collector air to return to storage between the floor joists

'

in the two outer thirds. The da'mp.er:).are attached to the bas&€~df the -

collector 'with spring loaded hinges and are connected in parallel to a
%

motorized wi:nch at the west end of the collector by flexible steel : \

. ! ’ , - : ’
cables, as shown .in Fig. 6. When the fan is turned off, the winch re- ' o

2 s »

" leases the tension <3n the cables and the dampers close to the position

showm in Fig. 7. In this mode, heat from storage is distributed‘ to

o

the house by natural convection. Warm air from storage moves between

o

the joists, warming the floor, and enters the south zone of the living

épace through air yents in a 30 cm sc'luare bench over the damper; which - :
Tuns the fuil l-engtl; of the south wall. Cold air is returned  to stor- .

age thréugh- vents in the ceﬁfral third of the bench. Sf.’orage heat 1}5

also distributed quectly to the bedrooms ‘through the hbaseboard‘ heat

registers by natural convection, and by conduction through the floor.
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Threéomajor modifications were made to the system since the work

A
o

of Hamilton [2] and Kerr [3] : ‘
1)@7 the fan directi®n was reversed;
2) the scuth two-thirds of the storage rocks was covered with a

thermal blanket;

~ >

3) é}e dampers- at the base of the coOllector were automated to

[ operate in conjunction with the fan.

. The reasons for these changes and their possible effects are described

as follows. In the original installation, s4he collector inlet air was °

taken. from the top of an isothermal storage, blown through the floor

LY .
joists, up behind the absorber and drawn down between the absorber and

the mesh. The hottest solar reated air was close to-the glazing be-

fore \returning to the bottom of the storage through the duct in the

.

" unheated basemept. By reversing the direction'of the fan, colder air
A ,

-

18 now drawn fygom the bottom of the storage, and rises near the glaz-
l\ ll ’ . s N At .
ing. This red tes the duct losses in the unheated basement and sup~

 plies colder inlet air to the collector, reducing the collector losses

by reducing its average operafing temperature and the temperature of
+ ° B K - f)

the air next to the glazing. The use of the thermal blanket over the

N

south tvw-thitds of the rqcks further lowered the collecf:of inlet air.

L3

temperature by producing a stratification of ‘the storage tempeérature.’

Most of the heat is remdved from‘t,he collectdr outlet. air at the north

end of the storage; thereforg, the collector inlet air is held more

constanc as heat is added to the north end. This increased storage
A ? *

'temperature under the bedroous makes more heat available to che by

i
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condudion through . the floor and by the natural convection flow

v

through the reé‘isters. Additidhalrinsulation was added ‘to .the south

3/4 - of the bedroom floor area above the storage. The insulation add-
' T

’eg below the bedr?oms was left off t?xe «north quarter of.':the floor to - )
, increase convective flow ui: th‘el north walls of the bedrc;oms. o
, Before the dampers were automated; .they were operated by a hand
' winch. The gates we;:'e, ope:;e'd when .;:'he 'f;n‘ came on am; closed when the X
- ‘ .’ sun w'gnt down. . They v;er;e usually 1ef’t'op;an dufing int:ern;ittent. cloudy )
' d.ayﬁ.,~ ‘when c.ollectbr losgses during,'cloudy,:jpériods can: exceed collector )

. h)
. .-

. gains .c{driﬁg sunny pe“riods‘.'. For optimum operation of a manual system,
- 4 5 \ t

-

} . .
/ . foo . .
v . the ocekglaﬁts should be present in the house daily. This was not

. ~always possible, and so losses of opllected heatn\o"ccurted. Because

r 3oy

the houg'e) was unoccupied during” the ‘winter of this, investigation, it

“ was necessary to automate the dampers. N
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CHAPTER 2

v ' SNOW REFLECTOR EFFECTS

2.1 INTRODUCTION
N
Theruse of the natural snow foreground of the solar collector at

the house at La Macaza has proven to have a favourable effect °for -

energy collection. During the winter of 1978-79; the augmentation on
the vertical collector, due to the reflections, was found to be in the ,/ ) i

. o . /
order of 35% greater than the theoretical maximum clear day “sky only('-/

radiation. The vertical surface receivéd more incident radiation than

\

the one tilted at 60° above the ho;izont:;l during a 60-day period af-

o e e e

ter winter solstice, when snow was present. The augmentation by

N

T SN et

reflection woul;i be the same for 60 days before 'solstice. & -

A major advantage of a snow reflector is that it is free. The

St e eu

snow reflector can be undependable, as in the unusual wint'ér' of- 1979~
. . 80, where significant snow cover was not obtained until January 220d.

" One minor disadvantage is that light reflected by the collector glaz- -~
7

s ing tends to melt the snow in front of the collector; however, in an

S

e 5 T, o e AR

average Québec winter, this will \rarely\cause couplete melting of the
'anoﬁ-ﬁ On several occasions at La Macaza, it was noted that2this
. effect, plus wind scoui'ing, caused a snowdrift about ,a meter from the §

. . ‘ . 3
collector. If the collector extends too close to the ground (lower

»

i :ha\n a meter from the ground), the shadow from ‘this drift can cause

-~

large differential expansions during cold weather, leading to damage

to the collector frame or glazing. o

P

117
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2.2 PREVIOUS REFLEGTOR STUDIES AND RELATED WORKS a .

Two previous studies .have been  conducted "which report .the” per-
4+

formance of the solar collector on the house at La Macaza {2,3].

while both studies refer to the pos:lltive effect of the. snow covered
collector foregrolmd, a detailed analysis was nc;t m‘aqe [4]. Hamilton
and McConnell [5] repor;: an estimated a'nnual total radiation curve for
the vertical col;'ectc;r at La Macaza (Fig. 8). Though thdy 'do not
state the 'basis of their calculations, their es;:imate shows an inci-
dent’ energy increase of ;approximately 60X duripng the winter months

»

with snow covered collector foreground.

Kerr et al. [6] determined that for six sunny days in late Febru~ °

ary and early March, 197l7, 23% of the total radiatiom incident on the

collector was caused by light reflected and scattered from the snéw

foreground. The results of snow reflector experiments conducted at La

Macaza during the 1978-79 winter are analyzed in the present study.

i

Many studies by‘ others report Zhe results of analytical and

experimental work on various ref]7 ctor/collector configurations.

McDaniels et al. [7] conducted a crude exberiment to determine the

optimum collector/reflector oriencat'ion'for/ a site in Oregon (45° + 1°

north latitude) in December 1965. Théy measured the’ time required to

. o 3 . )
.Lvaporate a drop of water on the absorber of a flat plate.collector.

o

lee collector was tilted at 45°, 60°, 90° and 110° above the hori-

°

- Zontal: The shortést evaporation time: was recorded for the collector

vertical and the reflector horizontal. In addition, they developed an

. ~

‘arial‘ytical model which verified that the optimum collector tilt is

- - .

»
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approximately vertiecal for a horizontal réflector of infinite siZe ' -

(1.e. the length and width of the reflector are greater than three

‘times those of the collector). 'A collector was subsequently installed

“

- .on the Mathew house, filted" at 82° above, the horizontal, with a
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4

Grassie and Sheridan [8] have developed a mathematical model to

simulate flat plate éollector/reflector performance. The dbntri-.

butions of boE’? diffuse and gpecular reflectors vz?re considered. The

3

-diffuse reflection is handled as a radiative exchange between two
plates in space - reflector and collector; i.e. they used an isotropic
, ~ A

intensity distribution from the reflector. The specular reflection

component is8 the product of the direct solar beam, the cosine of the

~angle of incidence, and the reflectivity of the reflector surface.

Two water heating collectors were built to ve ify the m¥del.  In each

experiment, the collectors wWere mounted in the same plane, one with a
!’Efle;:tot"md one without. Two reflectors fwere used. The diffuse
. ¢

reflector. was a matt white reflective paint (reflectivity = 0.75) and

“l

the specular reflectori was an aluminum foil (reflectivity = 0.85).

The latitude of the tests was 27.5° 'south, that * of Brisbane,

’

Australia. Collector inclinations. ranged from 25° to. 33° above the

horizontal. The reflectors were mounted above the collector at angles '
of 70’; 80° and 90° above the horizontal\; or beIOW“ the collector at>
" angles of 10°, 20° and 30°‘above the horizontal. The reflector height
‘was equal to the colle;:‘tor‘ﬁen%ght, and the rg'flectgr width was ei;ual

to the collector width plus the reflector height. In all instances, ,

- . f ~
’

“the diffuse reflectog‘/éollector gystem showed an imsignificant in-

~ . »
crease in heat collection over the simple collector. A computer cal-

culation was used to determine annual theoretical performance. -. The

4
4

collector expegiments were- performed at low sun angles (i.e. Jun“e,‘ ‘

+

A
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July).: Figure 9 is their plot of collector-specular reflector per~

formance for a clear day. The integrated dails' increase in energy

production with the reflector is 14%. \

&5 . . \
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In Fig. 11, the curve for the ‘ref'lector vertlcal (90°) shows a

bositive effect throughout Ehe year and has the least annual varia-

tion. This would be best for domestic hot water heating. However,

for space heating, Fig. 10 shows that the reflector at 70° glves a
better match to the higher load during the cold months (i.e. June,

July, August). The 20° reflector below the 35° tilted collector

!

yields a large .enhancement during the {sp %ng and fall, but is defi-

cient during the winter months qhen the load atest (Fig. 12).

Grimmer et al. [9] considered three reflector typeé : specular,

diffuse, and sﬁecular/diffus;, the latter having an asymmetrical dis-
tribution of intensity about the.specular tefle;tioh angle. The ef-
fects of the reflectors were modeled analytically ;nd tested experi-
mentally. The'tests were meant to simulate winter coﬁgitions at 36°

north latitude by tilting both the reflector and collector in August.

This type of simulation can be subjeéi.to errors because the air mass

and diffuse light distribution in winter are different from those in

August. (BSer [10] uses an average winter air mass which is about 50% |

greater than in the fall, near noon, at 40°N latitude). :A theoretical

comparison, with summer sun aggles -through a shorter air path, of the

3

sky only direct solar component for 36°N latitude on a coilector in

' December to one tilted to have the,same solar incident angles, bﬁg
shorter péth léngth in the atmosphere in August, is shown in Table 1;

A maximum reduction of”about 6% in awailable beam fadiatiod for the '

summer experiment 18 calculated. /

¥
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TABLE 1

SKY ONLY DIRECT RADIATION FOR SIMULATION EXAMPLE

; , THEORETICAL SKY
. o . ' | THEORETICAL SKY ONLY DIRECT SOLAR
) ONLY DIRECT SOLAR | COMPONENT ON A )
COMPONENT ON A SURFACE TILTED IN Percent
Month VERTICAL SURFACE* AUGUST TO SIMULATE" Differepce
(Latitude 36°N) A VERTICAL SURFACE
(W/m2) | (Latitude 36°N) . ,
. 'QW/mz) A -
August 359%% , 359" —
- September ~ 542 ' 520 < 4,1
October " 687 : 646 ., 6.0
" November 775 : 737 - 5.1
‘ December - . 803 772 3.9
* ' Clear sky;vho ground reflectance -
L Dlrecé‘holaf radiation valueSfdetérminéd at noon- on a south facing
surface - o T e ’
The beam component determination is based on the ASHRAE" [11]
equdt{ﬁn for direct normal radiation -:
" I s —h : (2.1)
‘DN EXP B "
, -7 \sin(B) - _ . , Y N
where : . ' B
IDN = direct normal blar *radiation (clear sky ; no'ground

reflection) ' N
A = apparent solar radiation at air mass = 0
B = atmospheric extinctioﬁ coeffigient (function of air mass)

8 = solar altitude angle

—

-
i
\
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The solar altitude angle, R, at noon, can be expressed as : 1

o

W,

(8= 3 - latitude + solar declination

3
4 d

Iyert = IDN . cos(l) ) ' (2.2)
where : ° ! »

i 1is the angle of incidence.

Substituting equation (2.1) into equation (2.2) yields :

'

/ -

I - A-cos(i) o -
vert B ! ' . (2.3)
EXP (s'rn ( s)) . S \
The .values' df A, B, and B’ in equation (2.3)/ vary with the month , . o

-

for the actual vertical calculations; but i'emaix; constant for all
.;Jimulat:ions' and .are the values which apl;ly at'tbhe time of the simula-
tions (1.e. August). _The values‘ of the angle of incidence, {1, are
the actual 'angles that the solar beam makes with ‘the nbrmal to the.
collector surface at the time of the simulations. .

The ASHRAE (11] method‘ assumes a uniform éliﬁfuse radiatfi;n dis~

tribution. Dave [12] has shown that the Mie and the Rayleigh diffuse

¢

light distributions increase by a factor of about 10 near the hori-

zon. In the simulation by Crimmer et al.[9], the ‘collector/reflector
. - ,

system'was tilted in a way that obscux;gd the collector’s view of the

hogizon.; However, Ehis loss of scattered light from' the horizon is )
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>

" diffuse Mie model, the scattered light is ten times greater tl}an‘ the
horizon scattering within the region of about 10° of the direét beam.

The results of the simulation by Grimmer et al. [9] agree reason-
ably well with the experimental results at La Macaza. They detetn‘zined
that fc;r the winterlseason a vertical collect'.'tlar with horizontal re’f-

lector gave the best heat collection. They also point out that a con-

siderable reduction in capital expensepcan be achieved by integrating

the gollector with the construction of a south-facing wall; this was. a’

P

ma jor consideration in the La Macaza house design. ,‘ B :

The effect of reflector length to cdlector height waf'\also re=
ported. It was found that reduqing the ;eflector length from three to
two times the coll(ector"heijg—ht decreased the energy collection by only
one percent . As the snow foreground at La Macaza was much larger th‘an
‘the ‘collect:or, fhe ‘reflector wa;z considered to be of infinite dimen-

1
sigons (L.e. the réflected light {ncident on the collector ' was the max-
imum available). \

\ Seitel [13] has reported a computer analysis of flat plate solar

\

cdllector performance enhancement with flat reflectors. He considers

\ . L . -
the effects of redirecting solar radiationm onto a horizontal surface;

.
\ . -

for example, a rooftop water pond or a swimming pool. Although' the -

results of the investigation do not relate quantitatively to the stud-
' 1es at the La Macaza house, several useful conclusions aré noted. The
" enhancement with reflectors is described in two ways : 1) the ‘re_f-

"lector can redirect the Bolar radiation to more nearly normal
. <

+

-

o

s R

)
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_ings“iﬁ capital investment can be ‘realized when reflectors are used to

. Hence, when snow of greater Ehhﬁ one inch thicknesq‘covers-the grounh

(or 70%).

"

26
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)

incidénce oh_sﬁe collector, and '2)- the reflector increases the effect-

[P

ive collectof ‘area. Seitel also points out that reflectors are inher- )
E ¢ . . .

¢ i .-

ently cheaper to construct than collectors per unit area.- Hence, sav-

replace some collectotr area. -

i
N 4
’ “a

It should be noted 9hat when reflectoré aré psed, the inéréased
incident radiation per unit collectof area can increase the collector
operating temperatuie. Unless the mass flow rate of the‘éollector
heat excﬁange fiuid is increased to qompensaté for the increased solar
inﬁqt, collector iosses will increase, reducing the. utility Of, the

radiation enhancement due to. the reflector.

2.3 'SNOW REFLECTANCE VALUES

Liu and Jordan [14] have presenied a formulation for determihihg

' & 7
the monthly average reflectivity (P) of snow covered ground : . )

1

o= (DU ¥ (D@

where :

é 15 the fracgioﬂalwtime during the month when snow of more than

“one inch thickness is present:. o o o /

.t

for the -entire' month (i.e. c=1), the reflectivity of the snow is 0.7

.ot

2 - . 3
. .
"’
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Hunn and Calafell [15] performed a ‘photographic study "of fore- ,

grounds with partial snow cover in various winter landscapes. They
used average reflectivities reported Iby others for 15 characteristic.
ground surfaces, and then determined an integrated reflectivity for

each representative winter landscape. They report the overall ref-

lectanc® of mostly snow covered fields to be in the order of 60 to

70%. They conclude that this “average ground reflectivity...is
accurate for post rural landscapes in winter whefe snow cover is

predominant”. X

Kalitin [16] made almost daily careful’ measurements of the albedo

of an undisturbed snow cover over a three month period, near Lenin=~

* grad, in-1929. He defines the term albedd as "...the amount of radi~

an'¥ energy reflected and expressed in per cents in respect of the
direct‘ energy”. During a period ‘of nit}e\ days at the beginn‘ing‘pfn
April, the albedo decreased almost linearly .fromr79 to SQZ,Qin the ab-~
sence of a fresh 316%,\111. Although the diurnal mean air temperature

during this period was below ‘fregzin.g, the maximum air temperature,

exceeded the freezing point on certain days, so changes in the crystal

‘ ! -t
structure of -the snow particles could have ‘occurred.

Hague “Ea.nd‘ Werren‘[N] have reported the results of an experiment-

‘al study of -incident radiation increase on a south facing wall due to

N ‘.

reflection from a snow covered foreground. They measured the solar

* radiation on various surfaces for a clear day in February near Mont-

H

téél. Tiley calgulated the augmentdtion of radiation on the south wall

" to be between 22 and 39% with an albedo ranging from 84.to 92X for

.

o
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different hours of the day.,

observed at la Macaza (c.f. Table 2).

2.4,  EXPERIMENTAL PROCEDURES AND RESULTS L

¥

2.4.1 Glear Days ' )
4

Two flat glazed solarimeters were mgunted on the south facing

vertical air collector on the house at,La Macaza. A Dodge Products

model SS100 silicon ceil solarimeter was fixed to the vertical surface

"~ at mid collector height and a Hollis Observatory model MR~5 silicon

~ cell was placed at a 60° £ilt from the ﬁorizontal at roof level (Fig.
13); The two soldrimeters were placed side by side in the vgftical s
position at mid collector heigﬁt before and after the data gathering

_ périod for iﬁtercaiibration. ‘The ré%ative agreement bé:ween the two

solarimeters at the end of the test period was within 2% at all inten=-

sities. ,
Ne—>»S. - o
-SOLARIMETER .
| 2.2m S
— D/J:SOLARIMETEFR
. HOUSE
BERM B ‘ : o
' m— " o~ SNOW
n é?' FOREGROUND -
CEEEEEEEEEELEIEDN — 1) c_'____/

FIG. 13 - LOCATION OF SOLARIKETERé : &

]
LS

This agrees well with the augmentations ’ ‘

[

.
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Continuocus total radiation: measurements were recorded for both

gsolarimeters on 6 cm. wide carbon "loaded paper moving at the rate of

B

2.54 cm. per hour. The area under each curve was computed by summing
.simple trapezoids at hourly intervals éor 13 clear days between Novem—
ber 18t .and March 9th, The act:uzalldata cur.ves are given in Api)endix
A (Figs. A,1 - A.13). In each case, the data curves were redrawn as
shown In Figs. A.l4 and A.15. The measured radiation values reported
) 'in Tia’b;eIZ assume the day was comp]zetely clear; hence, cotrectioné

@ ! were made for intermittemt cloudiness. (Note: For this reason, there. o

will be a discrepancy with the values\in Table 7, where actual record—

8 \ ‘.
ed intensities are summed). The radiation curve for a cleat day is
. ‘ i
typically a smooth parabola with its vertex at noon. Due to various

' . . effects at the horizon, the first and last fifteen minutes of each day
. . ' . N ‘
do not fall on the parabolic curve but arp slightly to the outside.

a

The: main reason for this phenomenon is the extra forward scattering of

e

‘diffuse light in the region’ of the direct solar beam. Hence, a cols
$ ' . lector expgsed to light from the horizon will receive a small amount s
\ ! * e

of “"directed diffuse" light for about 15 minutes before sunrise and '

afia;sunset‘ in a cloudless -atmosphere:. On,a clear daz , this light 1s v
’ , \

s e wt g - g
N -

less than 1% of the "total daily raddation "and is neglected here for

™

o
'

' P simpiicity. A smooth radiation‘ curve was assumed from sunrise to
- ] . ' Lo ' - . < ’

sunset. ' . : , ' -

* The integrated values of to.i:al ‘daily radiation for each -¢léar day

-~ 1S

are given in Table 2 and plotted 1in Fig. l4. .Figure 14 ‘shows ﬁhe to~

"tal daily radiation on both the .vertical and the 60° tilted surfaces

s
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giving the

-

éépefiméqtal and ' the computed "sky only” values. The

experimental data on the 60° tilted surface in Table 2 is incomplete

due to .the malfunction of a potentiometer in the recorder.
" The "sky only” values were determined according to the method

described by Farber and Morrison [18]. The total radiation is the sum

’,

of the direct and the diffdsz‘components- The direct component is the

product of the direct qormal radiation and the cosine of the angle of

-

incidence. The direct normal'intensity is giben by ‘equation (2.1):

. . , 4
I, = A, o ‘ :
' “DN B )
1 Exp(‘sin(ﬁ) ( :
3 N N
. C’ . - TABLE 2
~ ‘“ ) ) - ’ .
. * CLEAR DAY SOLAR RADIATION. VALUES
i . | .CLEAR DAY MEA-' | - | | AucMENTA-
pays f . SURED TOTAL RA~ | THEORETICAL SKY | TION OF
FROM DATE | DIATION , - . |ONLY VERTICAL BY
SOLSTICE (MJOULES fm2.DAY,) | (MJOULES/m2.DAY) | REFLECTION
VER- [ 60°) 2 | vERe [60° | % “
TICAL|TILT [DIFF | TICAL|TILT |[DIFF | -  X%.
0" Dee2l | - .| - | - 16 | 16 | ~4 -
8 Dec 29 | 21 | 18 |#15°] 16 | 17| = . 431
25 - | Nov26 | 23 | - ~ 116 [ 17 ] =6} - .43
26 Jan'16 |- 22 | - | - 17 f18f -6 | - 31
304 Nov 21 | 21 | = - 17 | 18| -6 C 27k
33. Jan23 | 23 | 20 | 414 | 18 | 19| -7 31
4%k Nov, 8 | 21 | - - 18 | 19| =9 | . 19%
44 'Feb 3| 26 [ 26 | 48 | 19 [ 20| =9 | 38
47 Feb 6 [ 26 | 24 | +8 | 19+ 21 | -10 35
5Qux Nov 1| 22 |- - 18 | 20 [ =11 7| © 19%*
52 | Feb 11 | 26 |- 25.| +5 | 19 | 22 | -11 35
J 55 . ] Fen 14| 26 |"24 | .47 } 19 | 22| -12 C3%
59 | Feb 18 26 | 24 | +7 | 19 | 22 |'=13"| zu ¥ 34
78% Mar -9} -23 [, -. | - 19 | 26 | ~%0. 0% -
*  Partial Smow ' . ’
** %o Smow - o, 7 :
3 v (““ { — e
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~

and B are taken from referénce’ [11], Table 1,

3

R

v
1
1
1

The values of A

given for the 213t\day of 'each month. Tﬁey are derived from experi-

mental data taken at three locations in the United States in 1964 aﬁd

’

are relative to a defined standard atmosphere‘f19]. Intermediate dai-

vt

ly values are found by linear interpolation.
The diffuse component, I4g, 1is determined py :
Ids = Cc ID'Nths D
where :

c. is the dimensionless constant from reference [11], Table 1,

4

(i.e. uniform blue sky luminogity 1is assumed).

Fgg' 1s the projection factor for the portion of the sky dome ex~

-

o g posed to the collector.

Fgg = [(1 + cos(tilt angle))/2]
“‘\j :
for a vertical collector, Fgy = 0.5

for a 60° tilted coilector, Fgg .- 0.75
The total “sk¥ ohly" values were generated by adapt:lng a computer

program which had previously been developed [20] ‘ -

It should be emphasized that while ,the vertical solarimeter
recordéd"a greater amount Qﬁ wiéter incidént energy than the “rule of
thumb” (latiiude ‘ 15°) 60° so;a;iggte; due to enhancement by reflect-‘

" ion (Figs. l4 & 15), the solarimeter tilted at 60° will aiway; receiég

more clear day sky only" radiation (Fig- i“) This 1s due to the

smallg% cosine factor for the direct solar rays on the 60° tilted sur-

-

face over that of the vertical, at all times of the year, plus expo-

$ure to a la}gef bortién of the diffuse sky dome for the 60° surface..

'
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p
Figure 15 shows that when snow was present, theasvertical surface

received more radiation than the.one tilted at 60°. The curve sug-
~gests that the maximum advantage for the vertical coltector of approx-
imately 16% would occur onm the w;zint‘er~ solstice. .:I’he values plotted
are for the seven .clear ‘days in Table 2 for which complete data vas

available. For these seven days, the total energy incident ,on the

vertical detector was 174 MJ/m2 .day, while that on, the 60° detector‘

was 159 MJ/m2.day, giving a 10% seasonal advantage for the ver.tical

collector.

% | B

15

0~ 20 30 40 50 60
- DAYS/FROM WINTER .SOLSTICE

FIG. 15 - EXCESS OF MEASURED CLEAR DAY TOTAL DAILY RADIATION
ON THE VERTICAL.  [Vertical - 60°] '
L 60° JX 100

.

NOTE ! The vertical bars indicate the range of the percent excess
for a 2% error in the vertical measurepments.

PE)
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2.4.2 Cloudy Days {

In addition to the clear day condition de;scribed above, there are
also certain cioud); days on whfch useful -solar heat enérgy may be col-
lected. Qloudy dgis have been considered as either hazy or scattered
clouc}yq A hazy day is one in which a continuous low level of insofa-

tion is available to the collector (Fig. A.16). A scattered cloudy

day. is characterized by higher radiation peak valuessWhich are inter-—

. . . ' . ‘ 1 -
mittent (Fig. A.17). A collector with low thermal mass 1s desirable.

on a hazy day. Howevgr, a collector'with .greater thermal mass will

pe;.‘mit‘ the ct;llection of low temperature heat throughout’a scattered

cloudy day. The reduced losses un‘dexl: lower temperature operation on
. s .

cloudy days wiil increase collector efficieﬁcy and t:r}e annual solar

fraction, |

A

The meastired tdtal daiiy radiation values on nine overcast days

[y

with enough radiation to cause fan .6perat,ion v;ere determined manually
by tracing ;aach qata curve t:hre'e.times with a; pla,nimeter; 'I:'he esti-
.ma'ted maximum error is 2% with three'repetitton‘p. /This was determined
by comparing the mx;u'mm devliation with the averagé- These vainﬁes for
¥
The pel':cent“ difference varies between -8.5 and +14.2. It is evident
that there is no consistent pattern in the variation within the scope
of “the' data coll;ecte\d- (’I’he'only‘lighc measurements recorded were

total radiation on the two solarimeters and no data 1s availaple which

gives the distribution of the sky brightness for each cioudy day).

Figures 14 .& 15 show that the measured clear day* radiation on the,

»

the vertical and the 60° tilted solarimeters are 'compatedb in Table 3.

-
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vertical is consistently gréater than on the 60° tilted surface for a

120 'day period centered on winter solstice, when snow is present. For
. . *
the nine typical cloudy days in Table 3, the total measured radiation

. N\ .
for the two:solarimeters was about equal. Thus, the seasonal advant-

age remains with the vertical collector, which is superior on clear

\

days.
. TABLE 3
CLOUDY bAY SOLAR RADIATION VALUES
‘ _ . THEORETLCAL
. DAYS MEASURED RADIATION TYPE CLEAR DAY "SKY
FROM | ' -~ (MJOULES /m2-. DAY) OF ONLY"
SOLSTICE| DATE LT OVERCAST | (MJOULES /m2,DAY)
1 2 '
1-2 . -
VERTICAL| 60°TILT -1:11002 VERTICAL| 60°TILT
T N ;
0. |DEC 21 : o 16 | 16
3 .DEC 18| 11(.4)%( '11(.0) 3.7 ’|scattered 16 16
7 | DEC 28 14;:5) 14(.0) 3.4 scattered 16 16
10 DEC 11] 12(.4) 12(.1) 2.2 scattered 16 16
12 DEC¢ 9 12(.6) 12(.0) 4.6 scattered| 16 16
13 JAN 3| 13(.1) { 13(.3)| -1.7. |scattered| 16 17
22 JAN 12 8(.8) 8(.9).| -1.4 scattered 16 17
45 |FEB 4| 8(.1) | 8(.8)] -8.5 hazy 19 .20
46 FEB 5] 12(.4) 11(.4) 8.1 |scattered 19 21
61 .| FEB 20 7£L§) 6(.5) 14.2 hazy 19 - 23
* Parentheses[indicate 3-figure accuracy is questionable.

The last column.of Table-2 gives the percent incident radiation

augmentation due to snow reflection on the vertical solarimeter above
the theoretical "sky only“ value for a clear day. However, on a scat-

tered cloudy day, the maximum instantaneous radiation on the vertical | '

was often observed to be higher than the recorded clear day values
near solar noon. This further radiation increase is believed to be

due to the luminosity of white clouds added to the direct solar beam
’ ’

’
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when no clouds cover the sun. #fe increased iInstantaneous radiation

. ~

due to the presence of clouds over that of a clear day with snow ref- .

* lection was observed on twelve occasions to vary between 12% and 48%,

and averaged 24%. An example of the actual recorded data' is shown in

Fig. A-].Bo ! )

On February 8th, an experiment was' conducted to determine the

fraction of the total energy incident om the vertical solarimeter con—

tributed by the snow foreground. Iéight from 23 metres of snow fore-

ground (ten ‘times the height of the solarimeter) was shaded from the

‘vertical 'solarimeter by means of a 60 ¢m radius semicircular disk.

mounted in front of the solarimeter. The’total measured insolation is

then the sum of the ‘actual direct and diffuse sky components plus a .

small amount feflected by the disk. The disk was of light-weight
Jd .~ )
sheet metal and was coated with a flat black paint of low reflect-

ivity.

. N ©
< )

- The experiment was conducted under a uniform hazy sky with very

°

light snow falling. Five instantaneous readings were made within
three hours on either side of noon. The percent reflected light was

observed to be between 22% and 37 with an average of 30%. This ag-—

4

rees well with the calculated augmentations in Table 2.

°
)

2.5 CONCLUSIONS '
It has been shown }that:' a vertical collector will receive more in-
cident radiation than one tilted at 60° during the coldest winter

months when light reflected from a snow covered collector foreground

LY

s
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18’ considered (c.f. Figs. 14 & 15). This enhancement was observed to

be as much as . 15%Z near winter solstice on a clear day{ (Fig. 15)..

There is no cons‘i‘stentl‘y significant difference on cloudy’day's (Table

3. ' ' . -
Xcollector built i.nteg-ral with a soufh wall is inherently}‘ easler

to cénstr}uct than one orl a roof. As ;tated in Chapt'er 1, a costf ad-

vantage can be realized because the collector replaces the wall clad-

e

ding and some insulatiéon. Together with the incidenmt ener‘gy augmenta-

" tion due to ‘thefree snow reflector, a vertical collector appearss to

o
B o

Re .the most .favourable choice for northern latitudes.

i
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CHAPTER 3
PERFORMANCE ANALYSIS AND RESULTS

3.1 INSTRUMENTATION AND CONTROLS

The data acquisition system consisted of*four strip chart record-

ers using carbon—~treated, pressure sensitive paper. The paper was 6

.;:m- wide and.travelled at the rate of 2.54 cm. per hour. Each roll of

paper lasted one ‘month.
The choice of this system was made for several regasons.: The re—

corders are mechanically and electronically reliable and can operate

' for several months without maintenance. Theilr purchase and operating

costs are low and were within the budget allotted for equipment. They
are lightweight and easily portable. (Since access to the house was
at times difficult, this was an 1mw£::: consideration). Since no
inl.< is used, thgy ;:an neither run dry nor bave information blotted out
when unattended, -~ -

The four recorders were used to. accumulate data as follows : two
for solar radiationlmeasur.ements; one for temperatures; and one fpr
events. One solarimeter was installed at midjcollector height .in the
vertical pt;éition, and the other was at the top of the collector tilt-
ed upwards 60° from horizontal. The \:ex;xpera:ure recorder was modified
to accomodate niné thermistor temperature sensing probes. Each temp-
erature was recorded comtinuously for one minute, every twenty min-
utes. The thermistor locations were as follows : collector outlet

air, collector inlet air, ambient air, bedroom air (2 m above floor),

38
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’ depth of the rocks). Eight events were monitored:. power failures, fan

\

>

“ A ;‘m‘?rﬁm‘;'ﬂg\

4

kitchen air -(3 m

eratures (evenly

operation, and the six electric baseboard heaters. All 'the‘reco'rders, ST
except the one monitoring the vertical solé}- radiation, operated dur-

ing power failt_xres ‘as i:hey were hooked ip to an auxiliary 12-volt

power supply. .

A RHO SIGMA Model 12 differential thermostat was used to control

the fan operation. The fan tumed on aut:omatically when the tempet- . ow

N
a

ature in the col ector was 10°C above the storage temperature, and
turned off when the collector temperature dropped to within 2°C of the
stforage temperature. In this way, the fan d1id not - operate unless the

collector was hotter than storage- 'l'he air flow dampers at the base

o

of the collector were controlled by the same thermostat, in parallel
with the fan 6peration. A 12-volt batt:ery power supply was used. to . . ]
. drive the DC motor for the winch which moved the dampers. In the - \

event of a power fai

"the damperé .

’There are several ga
and control failures. A volt ge dividér in the recorder which moni- °
tored the solar raci,iation on the 60° t:llt'ed solarimeter did not always
" operate satisfactorily. The cause of this malfunction was n'ever'
determined; however, the erroneous data was easily identified and
discardec{. Frequent fan cycliEg occupred for about six weeks during

February and March on clear days. This caused overheating of the

—————— s sr - & BN
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a

above” floor) or collector air, and four storage temp~ ..

spaced in the N-S direction at Approximately the mid- °

e

c

K3

e, the winch moter would automatically close

in the data collected due to instrument

s
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'

- in the differential thermostat was discoveréd'and repaired, which cor- v

fected this malfunction. Two types of sensors were used to monitor
the baseboard heatér avents. Initially, a thermal switch was in-

stalled on the top Sanel of gach heater. This was found to be unsat-

1

isfactory becaus variable timﬁ lags: between the heater and Pwitch

. on/off times. On February 8§h, 220 volt single pole relays were in-

stalled in‘tﬁe heater. circuits to, replace the thermal switches. A 24
voit D.C. power appply was connectedvthrough'eacg'relay switch to one
. of the event‘recordep inputs‘so-that z%e recordor svitcheo simultaj
n;ousli with the heaCeErcg;;eut- s

-

. o ) ) .
3.2 THEORY‘OF COLLECTOR EFFICIENCY - ‘ o : N

)
~

The instantaneous thermal efficiency, n . of a flat-plate solar

K]

collector is defined according .to the first law of thermodynamics as

the actual useful energy collected divided - by che total solar energy

incident on the collector apertiure. In eguatipn‘fogm i, : N R :
- n . Qu ) u < , :
c A1 \ . . .

where i, - ‘ R S
N, = collector efficiency
Qu = total useful heat output of;the'collecﬁor.

. ! L .
A. = collector aperture area . , . e .

" 1= total solar radiation incident on the collector per unit.

aperture area ® e
. LV : . .
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The useful heat ouptut of the collector, Q,, is determin.ed by

the prod'uct of the mass flow rate of the heat tramnsfer fluid, m, the

o

specific heat of the heat transfer fluid, Cp» and the difference

between the éollector inlet and outlet Elemperat;ures, Tin» and Toues
respectively, such that : =
[

b} o

. ‘. ' N b L] ‘
, Qu, = 2Cp(Tout~Tin) , . . ‘
The instantaneous collector efficie‘ncy is often expressed in the
’ *fhg;:m H
. // .
y] 3
. - ? ’.
N, = Fgfra U (r, -t | [21] \
t 'I N
' c
where;l : ’ ti .
!FR is the collector heat removal factor
,6 -
t . \
actual useful energy collected by a
5 FR . £lat-plate collector i ; : < P
’ useful energy that could be collected :
if the collector losses were the mini- ' ‘ N
mum possible - .
In equation form :° ’ : .
. @C_ (Toue = Tin) S
R I - - '
wdI_ Uc (r in Tamb) | o
T is the transmittance of the collector glazings
o is the absorpt’"an‘ce of the collector surface :
Tyy 1s the inlet temperature k\f the collector fluid
. : !
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Tour 1s the outlet temperature of the collector fluid

Tamp 18 the ambient air temperature ke

Ue is the collector heat loss coefficient

o ket g R gt T e e

I.. 1s the incident salar radiation
\ . —

p . ,
The above equation is a convenient form for comparison with other

collectors. The instantaneous efficiency, n

o is often plotted

-against (Tin -~ Tamp)/Ic, resulting in a straight line, where FR‘l'GA
I . v . -
s the y-intercept and FRUé 1s the slope o:f( the' line.

Tﬁe p:roduct Ta is dependent on the angle of incidence between

the collector and the solar beam, and i3 relatively constant over the

range of incidence (legs than 30“) specified ‘in the ASHRAE Standard

93-77 [21] for testing collectors. The collector heat loss coeffi~

cient, 'U,, 13 a function of the collector temperature and ambient

-
14

. conditions; however, it can be assumed constant for, K most flat plate

.
4

collector efficiency}plo.ts within nbrmal operating. ranges.

i

3.3 CALCULATION OF COLLECTOR EFFICIENCY &

The efficiency, curve plotted in Fig. 16 is based on experimental

data collected on nine days. The data points result from calculapions.
" made’ at 1100, i130, 1200, 1230 and 1300 hours (solar time) on each of

the days on which the instantaneous collector efficiency was deter-
¢ ) o

¥

wined, The data are’ selected symmetrically about solar noon in order

* » to compensate thermél inertia effects. Table 4 contains the-data used i :

B
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: T . TABLE ‘4 - ,
. ) INSTANTANEOUS COLLECTOR EFFiCIENCY DATA'
“ H * 0y
¢ . COLLECTOR T, -T
: ' TEMPERATURES ‘-“I aob
5, HOUR T o ey .
! o, DATE oF ig out | “amb .} “c Ne ap '
f CLo|ooar o) | o) () [(w/ad) @2ec/w) | . » S
3 , 11:00 22 | 38 -3 gs1 | .39 037
; . 11:30 23 4l -13 1002 | .40 .036 '
0 JAN 16 12:00, ] 23 43 .| -13 1008 43 .036 -
. 12:30 24 &3 ~13 |’ 1002 | .46 .037
. 13+00 25 43 | .-13 977 | .42 .039
11:00 19 38 -10 o1t | .41 | Fo29 |’
S - N 11:30 20 61 - 1049 | .44 .028
- \ “JAN 23 12:00 21 82 -8 1065 | %46 .028 .
'L 12:30 | 22 3 |. -8 1052 .45 .028
Lo : 13:00 22 | .43 -8 1017 + | .47 .029, .
SRR 1:00° |- 23] a1 | -1 | 1046 | .39 | .032 .
Lo 11:30 23 43 -11 1074 .42 .032
FEB 3 12:00 24 45 -10 1090 | .43 .031
o : 12:30 24 6 -10 1076 | .ok 032
co b : 13:00 26 | - 46 -9 1046 | .44 .033
v -
s 11:00 | 26 | 2 s 0100 | w7 | 038 ‘
"ol . 11:30 25 43 [ -14 1062 | .39 ,037 ° ,
PRt PER 6 12:00 o) 46 -14 1071 | .61 | .036 .
N , 12:30 26 45 -14 1052 | .40c’| .038
s 13:00 [ 27 45 | -13 | 10170 | W40 | .039 ‘
Pl
: . 11:00 19 [ \3% 4 882 | .40 017
11:30 19 36 4 910 | .40 017 .
N MAR 9 12:00 20 36 3 917 | .39 .019 e
) 12:30 20 7 3 907 | 243 .018 i
‘ 13:00 20 36 4 882 | .41 .018
11:00-] 26 Y %7 -1 709 | .42 | .03 L
‘ 11:30 2% 38 0 731 |- W44 033 - .
| APR 8 | 12:00 2 39 1 760 | .45 .032
e 12:30 25 40 1 731 46 033 | |. e
i 13:00 25 40 2 709 | .47 .033 ~ .
% R 11:00 28 | %0 3 662 | -4l .,.038 .
i . 11:30 28 4l 4 687 | .42 .035
o AP 11 12:00 8 | & ‘ 693 | .43 | ,.03a - o
i - 12:30 29 2 4 687 | .24 .036 \ '
< 13:00 | 29 3 6 668 | .47 .033 ;
! . 11:00 29 Al 12 611 .| .43 | ,029
i . 11230 30 83 13 627, | 46" [ .027
ARR 20 | 12:00 [ 31 |43 13 636 | .45 |’ .027 ' Sy
12:30 31 ' 14 627 | .48 | .026 -
13:00 3 o 15 605 | .47 .027 .
<7 11:00 | 28 18 il s w2 | .027
- . 11:30 | 25 36 1 554 | .45 | .026 ,
. MAY 6 12:00 26 kY] 1 561 | .47 026 .
, 12:30 26 38 12 ssé | .47 .026 \
> : 13:00 |, 26 38 12 .536 ] .49 | 027 -
’ ° . cé N . "
; . \
v \ {
/‘ MY . x\‘ >
ot . i -
2 - :
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to determine the efficiency curve plotted in Fig. 16. The equations
sand procedures used are ‘described below. A sample calculation is

given in section 3.3.3.

3.3.1.  Mass Flow Rate

Q

\) An experimental ‘determination of the mass £low rate of air /

8
¢

through the main duct was made on March 13th. Ag the sky was. not suf-
i . ficiently clear, a determir;ation of the instantaneous collector effi-
{ clency was not poésible on t:he day of the test. The volumetric flow
: rate of 2760 cubic metres per hour (m3/hr) calculated from the mea-

sured data is the value used in all the efficiency. calculations.

Because .of the complexity of the flow rate measurements, and the

remoteness of the'site, it was not possible to measure the actual flow
; " rate on each of _the ninelsunny days. Thus, the procedure’ outlined in
ASHRAE Standard 93_—77 f21] requiring that’ftt‘xe nrass flow rate be‘deter-
‘mined eoncurrently. w:tt}} the other qﬁ\eaeurements necess_ary' for, i,n.stanta-‘ Tt
a " .’ neous efficiency célcuiations Ucould~‘\ ot be followed. The volumetric _
e oo flow rate of 2760 m3/hr is acceptab],é because the collector inlet tem—
w
. .' . 3 perature was wit&in 1°K of the te;g temperature ‘of 289.5°K during the
f ' entire test.
.The ‘uuxass flow rate was determined in a nearly square section (79
cm. high by 69 em- wide) of. duct midway between the rock storage bed
R '_ " and the fan at a distance of 36 cm. upstream of the fan air filter.

Veloc,ty measurements were recorded using an Alnor velometer. The,

. pitot tube was placed in the duct facing the floy and pressure mea-

surements were taken on a 30 point .grid as shown in Fig. 17. ) o A,
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Duct dimensions' are in centimeters

The velocity heads, h , are In units of

mm 5120.” g

‘,:*"“,.:l,w S0 P TR W e ST
46 .
39.4 em,
I e —
34.4 -
s etricél
ymré (
ceriterlin
Top of duct
W
g a8 | .18 .13 18 °
0 <t . )
™ ,i'.', . K -
-~ * ~
o —*'_‘L—-——-—* .03 .16 .19 .18 11 .13
g B o i
Lal o G
B oa -1
-JL—E-“‘-E—. 203 19| .29 | .28 20 | .04
, B . '
© P' U
' .09 09 .18 | .17 13 | .03
é )
1 .11 .08 .08 .09 13 .10
. L - Bottom of duct '
F1G. 17.- PITOT TUBE VELOCITY HEAD MEASUREMENTS
NOTES : Air flow direction is into page
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“ The air v;elocaity at each point on the grid was determined from

the equation : - ' ’

v

2"053(760. T . 10350 . b .
sec

3 B 295 10350+

where ':
B = barometrié pressure (mm Hg)
T = absolute temperature (°K)
hg = static head in 'du‘:;t (mm H}O) ,
t;v = velocity head in duct (mm H0) ' o B
The static pressure head hg, Wwas in thé o::der of 2-:3m wéter

gage and the. correction of 10350/(10350+hs) 1s taken as\unity. ‘ The *

atmospheric‘ptessure correction ‘factor 760/B is- also :aken as unity.

Hence, the ov'eloci.ty equation 1s reduced to :

T 'is the' temperature of 289.5° K measured during e test. -

Substituting T 1into the above equat:ion and simplifying yield :

~

N . 'v ‘ A : r 0 .'
1289 5. ' v - ' *
V =z 4, 05 293 V . . ‘ ‘ .

2 4.05 2 (99&)\}11 - : ‘ L :
. v C b »
v=4.033"h“. o SR IS
sec\ v : ‘ SR . SR



. C mem———
R < L

T T T e T T R A Y L R BRI

v

[
~%t‘ R
%

-~

i N .
b - 48
Ev3 f
v . o
! .
,:l ' : v -
‘,1 > The velocity at each point on the grid in Fig. 17 was determined
¥ . J
é N using the above simplified equation. The average velo
S .54 2 duct area was calculated to be 1.42 m/sec.
’ . . | ~ S
§ ) The mass flow rate is determined by thq equation:
! 1

o -.p-A°V

-

N .
I
- « .
N .
—_—
- /, ‘ 4-\ X
. -
) -~
‘ e

The air density, p

“ ) was determined with a sling psychromeﬁer
- - as 1.2 kg/m3. Thus; thé mass flow rate, m, is : ’
. 1.2 kg 2, {1.42 m) (3600 sec) .
m ( 3 (0.54 m™) see |\ T h 3340 kg/hr
\ ’ ' , . . , ) .
e . 3.3.2 Useful Heat Collected ~ -,
. The specific heat of air is 0.24 kcal/kg°C. . o
The useful héat“‘out:pu,t of the collector can now be determined as:
; Q = ".ﬂcp(Tout-Tin) o ‘ h L
i - :
{ . 3340 kg . Q,24kcal , 4180 J . Wsec ._ hr . (T_ =T ) .
i . Qu < hr kg°C keal J 3600 sec. ,OUt 'in‘
. LR . } IS L
- Qu = 933 (Tout—"riu)(W) . o ‘ ) .
| : o (°c) - )
| ‘ y ’
° !
b ,. -
¢




g A AT
-
.

e

S R

NS
e mfnTen X & Ty

49

3.3.3. Instantaneous Collector Efficiency

The instantaneous collector efficiency can be determined by :

S Q9T ST W)
N a1 © 2 “ m
c’c  41.67 m’ Ic (°c) , .

—5
-~

Expressing Toye and Ty, in °C, and I. 1in W/m?, the effi-
2 : . : ‘

clency,* Mg, becomes dimensionless.

»

,Example ¢ From Tabie 4, ne, for Jan. 16 Iéq\l_l:OO a.m. is :

_ 933(38-22) _ ; .
o Mo Tile7(esn 0¥ (9 \
D/ , / . . X

.ASHRAE Standard °93-77 requires that wind velocity . measurements be

taken during the ‘test. The wind speed measurements for Ste—Agathe~

" des-Monts are given in Table 5. (The Ste-Agathe wind values were used

because local dgta wag unavailable). Kerr has showa that the wind 'x;e-

" gimes ’xare nearly identical at the ,I\:wo sites, whenever the “wind Ais

steady. ‘
TABLE 5 - -

WIND-SPEED AND DIRECTION FOR -
THE EFFICIENCY CURVE ANALYSIS

DATE ' TIME OF DAY
) 11:00 am NOON . 1:00 pm .

- JAN 16 17 (W) 17  (NW) 15 (WNW) Q
JAN 23 9 (NW) 11 (W) 11 (W)

FEB 3 ‘11 (NW) 17 (WNW) 15 (WNW)

FEB 6 33 (WNW) 26 (NW) 19 (WNW)

MAR 9. 6 (S) 4 W 1 17 (W)

APR 8 26 (WNW) 28 (WNW) 22 (NW)'

APR |1 - | 28 (WNW) 22 (NW) 22 (WNW)

APR 20 9 (NW) 4 (WNW) calm

MAY 6 -]+ N/A - N/A N/A

NOTE :. Wind speeds areoin‘ km_/h for St:e-Agathe-de,S"ﬁonts. Québec.

»*r
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‘lected" divided by the "Total Daily Solar Radiation Measured on the -

: 'ween Tout and. Tyn i:y planimeter, when the fan was on, The maximum
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o

3.3.4 Daily Collector Efficiency

. The daily collector efficiency, Ny’ 1s the "Calculated Heat.Col-

*

Vertical Solarimeter”. The Calculated Heat Collected, Qu,l 18 deter-

mined by the equation :
Qu = @Cp [/ Toypdt = STyqdt] , oo

The"val'ue of [fTyyedt -.}'det] *was found by .tracing the area bet-

o

error wich three repetitiqns was less than 2%,

The values of Q, "and nD

are given in Table 6. The values,of o i
"Total Daily C'ngajra Radiation Measured on the ‘fertica; Solarimeter”,

¢

D’ are giv%ﬂ in Table 7. Ihese “were elso detemihed by, planimeter
with a maximum\'\error of less than 2%.
The average monthly efficiencies are the total monthly “Calcul- ‘ i , 3

ated Heat Collected" divided by the monthly total of the "Total Daily

Solar Radiation Measured on the Vertical Solarimeter . Tpese values

o

are given in Tablé 8.° i ‘ o e,

¥
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’ " TABLE 6 .
& . CALCULATED HEAT COLLECTED, Q,, (KWH)
AND DAILY EFFICIENCY, N, ()
¢ Ds
DAY DEC JAN FEB MAR
' '
Q] 0y W | 0, Qu g W | ny
: 1 23 .| 26 : '
’ 2 .| 84 38 . 82 | 34
f 3 37 3 | 103 35
4
N .5 28 21
N 6 20 27 88 31 20 | 33
. 7 \ 75 31 20 38
8 [ 15| 22
9 58 40 , . 74 | 30 | 122 47
10 52 |° 30 50 30 86 35
'I 11 51 35 70 31 132 44 | 58 45
! 12 ‘ 14 14 81 39 66 29
; 13 - : 135 46 : '
; 14 55 36 135 45
15 | 74 34 139 47 63 31
16 82 35 | 66 37 36 25
17 ° N B 44 % ' 40 @
18 40 31 58 30 | 108 | 36 ' 40
19 22 22 40 23 | 101 36 91 |. 37
20 ‘ : ~ 89 36
21 . 1 78 33
! ) 22 43 33 . 84 38
, 23 | 16 22 77 35 21 20 71 33
i .24 37 30 . 55 31
25 105 40
26
.27 )
28 58 34 63 33 61 |. 31
\ 29 89 39 | .
30
31
TOTAL - | 628 h 537 1753 1104
- « ‘ L4
R Q Calculated Heat Collected

) = —9— =
NOTE : Daily Efficiency =& Np'® T “Total Daily Solar Radiation
D Measured on Vertical Solarimeter
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TABLE 7

TOTAL ‘DAILY SOLAR RADIATION MEASURED. |
ON THE VERTICAL SOLARIMETER, I'D" (KWH) ’

DAY - DEC JAN FEB MAR
1 87 © 8 37, 65 .
2 . 219 ° 9 238 © 33
3 29 , 152 291" 31
4 7 50 91 29 .
5 -5 45 135 13 ’ L
6 . 37 73 288 61 ’ .
7 N/A 40 1S 53 C C,
8 7 67 " 61 34 . ’
9 144, 47 247 262 . '
10 173 168 243 31 : )
11 o 144, 224 . 297 130 ' 1
12 © 13 98 ' 207 224 T :
13 . 13 22 291 68
14 154 5 299, 30 .
15 19 217 298 204
16 39 235 178 144
17 19 - 15 296 244
18 128 195 302 232 - .
19 1 173 282 245 v
20 /’gg’\ 43 85 244
21 33 15 . 57 239
22- 129 >, 59 N/A 1223
23 73 .| 223 107 217
24 125 53 50 175 .
25 12 12 264 56 .
26 36 18 54 68
27 50 32 .3 109 - : o, :
28 169 25 191 195 ' ' ' i
29 226 28 10 : \
30 29 26 39 ‘
31 12 31 16
TOTAL 2260 2408 5162 . | 3724
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o TABLE 8 4 | .
AVERAGE MONTHLY EFF ICIENCY
-
. Qu(kwH) | I(KWH) [ n(%)
DECEMBER - 628 2260 28
JANUARY | 537 2408 22
FEBRUARY . 1753 5162 34
MARCH = 1104 . 3724 30
TOTAL 4022 13554 29%

3,3.5 Comparison with Previous Studies and Discussion of Results

°

Figure 18 is a plot of the instantaneous collector efficiency of
the present study with the lines obtained by Hamilton and Kerr (2,3}

for this collector. The efficiency results for the present study weré

" obtained from data spanning five months . Although the data does not

cover a wide range of (Ein"rambl)/lc: the instantaneous efficiency is
consistently. within the range of 40 to 50%. Tpis“ indicates tha't a de-
‘girable effect has been obtained from the mmiificatic;ns t;nde to the
system sinc‘e the work of Hamilton and Kerr; that 1is, the c.ollec'tor
efficiency has become less sensitive to variations in Tapp and L.
One majgr modification‘ to the coll;ctor system 1s that' the fan

has been turned around to blow in the opposite direction from that of

Hamilton's and Kerr's studies. There was a considerable aimount ‘of alr

leakage at the dampers and in the V-duct between the fan and the col=

lector, which has been corrected. These leaks occurred before the fan
/ o

in the previous studies, which megnt:’chat the air flow measured at the

b 5 -
R )
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‘fan was greater than the'iflow rate in the couli'gévto; .. Kerr used a mass
flow rate oef' 2&00 ,m3/hr, which is ébodt 62 }eés:‘tﬁan the value of 2760
m3/hr .used in the pre;ent studyl.' Nolheasure‘ment;slwere made to quanti-
o ‘ '. fy t,ll1e effect of the‘ 1eal$ plugging. However, ='from the amount of leak
plugging that was done, it is a'pﬁare:}t : th§t _the flow rate reported by
Kerr should be reducéd. Sin,c; ‘qollector Jef:ficiency is directly pro-
portional to the mass fl?w ral':g', the instang:ane;us collector efficilen-

. . . ’
cies reported by Kerr and Hamilton should be reduced accordingly.

.

T.hé( instantaneous efiiciéncy calculations may be useful fpr com-

.
§
H
L
4

pétingkcollectors but not for system analysis. The efficiency calcul- ~

Al Fa

N

atios for March 9th (c.f. Table 4) suggest that a misrepresentation

e A e e A PO Y 7

of the instantaneous collector efficiency is possible if the ‘data )
point;s are not selected .appropriately. In a §tandard efficiency te;t,
. ) + the collector inlet t';emi)erature is a closely ,controlled parameter.
, . Tfnis was not the case at La Macaza because the inlet temperature was
dependent on the storage temperature, and therefore on the amou:;t of

.

solar input In the pfeceding few days.. Mogt of the days used in the

instantaneous efficlency calculat.ions (c.f. Table 4) were preceded by
) ‘ ' a day when energy was .adde to storage, resulting -in a horizontally.

sty;ratifiedl temperature gradznt in storage. However, March 9th yag
| . B ;;receded by a period of abo-ut ten cloudy days when the storage dropped
| to 4 uniform temperature several degrées below its normal operating
‘température. Hence, thé response of the storage on March 9"-}‘ was
slower than on the other vdayg and, thé collect;r inlet temperature

P ~

remained almost consgant during the efficiemcy test. The ,'ambient

L3

temperature on March ‘9th was \inveasonally high. This resulted in a.

[ f
4 ' ' .
.
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lower than usual value of (Tyn-Tagp) for the a~ppr6p1’ate I.. Hence,

the data points for March 9th are to the left of t‘he main grouping in

.

Fig. 18.

> Curve A in Fig. 18 is for the data in Table 4, exgluding March
9th, The slope of this line is simflar to éhea-regult ?eported by

Hamilton. Curve B includes the data of March 9th, and approximates
the results o;‘.’ Kb'rr's 1nvestigation-°:'1"ne data of the present study
did not cover a;s wi(;e‘ a range of ('lan-‘ramb‘)/lc as "in the previous
studieg. However, the' data 'i’n Table 4 covers a period of- five
_months. The results of the pre“sent instantaneous efficiency ;let:e:"min-
ati‘.on indicate that the vertical collector ‘will operate within the
range of 40 to 50Zvefficiency near noon on clear days throughout the
entire heating season. For desigh p{xrposes, this type of collectot
cha‘racte'.;tistic is desirable, since the rest of t:hen“system can be opti-
nized .for a narrow range of operating conditions.h " ‘

Q It has been shown that the instantaneous cc;llector efficiency
c;lculations’ produce results which are sensitive to thea selection of
appropriate data. The results indicate t.hat this means of eyaluating
the performance of the collector at la Macaza i3 subject to large dis-
.crepancieus, because the method does not consider the influence of sys—
tem parameters e?(plicitiy. : A more valuable indicator of the effect-

: iveness of the solar collector in this real casle',’ is through an anal-
ysis of the entire system performance. The contribution of the solar
system to the total heating needs of the La %caza house c;m be deter-
mined by an energy. balance witl:n the three {nain\ components of the house

{(1.e. the house, the ‘c'o]_.lictor, and the storage) considered expli~

jwly. This analysis 1s treated in the follov;ing seé:_ion.

¢ .
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3.4 HEAT BALANCE CALCULATIONS

. ‘s r
The efficlency of the collector was presented '%n section 3.3. In

some cases where solar collectors are “added on® to’ a building for_
s:pacg heat'ing, the amount of solar'heat supplied to'storage or direct-
ly to the space on clear .days can be estimated by the product of the

,' incident solar rad{at?i;ﬁ and _the daily collector efficiency. In this
case, the solar colléctor at}d storage are treated ;13 one system and.
the spdce to"bg‘heated as am;ther. However, at La Macaza ,thé collect~-

' or and ,Storage were built to inteféct: with the house as a single sys-:~'
tem. Both tje collectorf' and Ffle ”storage were oversized to$ provide a
large amount o‘f.'low temperature heaf. This resulted in overheating of

the hou during a sunny period at the end o‘f March, so energy was

stored i the heat capacity of \:he walls and furniture of " the house.

R

A s s
.

The collector covers the entire south wall whic¢h results in heat being/

-
transferred directly to the l/iving spat:e by}t‘zonduction. Heating the
mass of this 402 wall contributes ,to internal cowmfort c.on&itions by
raising the mean radiant' temperature, and also smooths out the daily
fluctuations of the house tedperature. | Even though th; south facing
window a.re'a is less tha&. .5@2, a significant passive sola.r heat gain |
enters the house through the east and west windows. .

For the purpose‘t')f determinigg the energy bal;nce on the house,
it is convenient to éonsider two b:‘aseucases 1) 4no solar 1nput,‘ low
wind speed, minimal change 'in storage temperature; and 2) no electric

baseboard input, large solar gain. Using ‘the results obtained: in 1)

*a\nd 2), a third case with a combinatton of effects is considered. Two




-

2 the ‘house which had préviously been .overheated.

o wr—
baseboard heater inputs are given in Table 9. ,
B A TABLE'9 .
P | ELECTRIC BASEBOARD HEATER INPUT ‘(KWH) .
e’ -
! DAY DEC -] "JAN | FEB | MR S
¥ R 4 1. 101 82 |l 53 | //’
‘2 88 " 88 101 63 .| | I
N 3 124 . 93 72 67 .
.4 91 104% | 96 66 . :
‘ 5 88* | 115 107 53 ) .
’ - 6 84% * 90 59 |
. o 7 95« L/106y | 12 | |55
’ / . 8 " | .9 98 89. | . 56 ) ‘
p “ 7 88 109 97 43 -
. : e 10 112 104 112 . 53 . P
- 11 100 105 1167 7% ¢ .o -
12 102 124, | 108 108 :
: 13. 75 131 117, 101
: 16 84 121 119 81
i " 15 87 97 | 09+ |, 116 .
- 167 9 69 75 | 130 80 e .
. ‘ 17 100 .| 127 |+ 125 | 46
' 18 139 |. 101 |y 103_ 38
. : 19 113 97 99 /R | :
’ ¥ 20 120 | °.99 1 x|
. 21 C121 '93 9 -
22 100 101 - 82% - ,
. 23 . 88 | 73 80 - \
M ) . ’ ) 2% 79 80 67 - \ p -
25 93 81 72 - , A
O 26 88: | ., 1 89 |[-.3 }- - ,(*v
. 27 110 | 64 %o 91 ' ' SR
‘ ; 28 105 +|. .64 49 43
~ 29 7% . 85 Y43 )
v 30 98 ' 100 41
: .31 86 108 / 33 R :
: ' +|  TOTAL  |.2998 | 3008 | 2678 | 1564 )

sEpoWmTAS 4 .

tays Ar

»

L 4

58~

>

~

e éxamined which contribute heat to the ‘space from the mass of

¢

The daily ele‘ctric'

* Data was unavailable; these values were dete“gminedfl‘\by_,combaring to
" days with similir ambient weather conditions. . .

-~
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The monthly degree—day data for Ste-AgatheQSes-Moncs and for La

Macaza are given in Table 10. The La Macaza data was derived from the'

| e

Ste—Agathe values as follows. At Ste-Agathe, the data basecié 1é°C.
Dﬁéing December, the LaiMacaza house’tempetatuie a;ékaged éboqt 32;C,
tﬁer;foret.hdc are addgﬁ for- each day. The adjustment for January,
February and March is 3°C. H;wever,‘in March there ‘was overheatiné in

EPe house, particularly when the fan was operatﬁrg\ This accounted

for ‘an additional 64 degree days (°C).. )

® . -

X - TABLE 10 , .
. MONTHLY DEGREE DAY DATA
. | STE-AGATHE-DES-MONTS
_{ MONTH (base 18°C) LA MACAZA | ~
« . .| pecember . 868 . 992
‘ January 927 1020
February ) 952 , « 1036
March ) 623 780
/ TOTAL ."3370 3828 :
N /‘_,J \ .

~

The monthly wind "speed and direction data for Ste-Agaéhe is given

. ‘ R '
in Table 11. This is the data weed for the La Macaza site.

~

TABLE 11
. MONTHLY WIND SPEED AND DIRECTIONM .
. _ AT STE-AGATHE-DES<MONTS .
: WIND SPEED -
| MONTH - (km/hr ) DMRECTLON
V4 - -
December 14 NW
January 13 W
February 14 j W .
March 11 ESE -

</

< - ' Lo
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3.4.1 .Case.l : Ng Splar Imput - .

On March 29th-and March 315t a negligtble amount of solar .radia-

o

tion was measured on the collectors The daily wind speeds were low.

ThehAaily outside air temperatures were relatively constant, and the ’

NN .

storage temperatures declined linmearly through each 24 hour period.
The onlx_significant heat gains to the house were the electric base-,

board heater input and the heat transfer from storage: The pertingnt

data used in the following célpulatibns, for both days, are given in°

Table 12. .
| TABLE 12 | .
HEAT BALANCE DATA FOR MARCH 29 & 31
DATE ‘ ' . MARGH 29 | MARCH 31
Incident‘Solaf Rgdiatibn on Collectord(kwh) 10- 16 °
, Averége Wind Speed and Direction (km/h) 3 12(variab}é) 8(wést)
Daily Average Outside Temperaéure (°C)l ’ j! J 1;9" l5.8
Indoor Temperature (°C) ‘f : ° « 21 ? 21
Electric Baseboard Heater Input (kwh) T 3543 . 33
Initial Mean Storage Temperature (;C) IE 30.0-. o‘ " ‘g5.6
Final Mean Storage Temperatu;é}(‘C)_, : 27.2 'ﬁ‘ 23.9
. | ) o | Q x
. P 5
. . \
;. X



s e e T p—————

e e B N

’ Al

. Kerr [3] has determined the heat transfer coefficieut through the'
storage exterior walls and storage floor- to be 1“4"{ w/°C (27.4
BTUI-Iﬂ/ F). _Agsuming the storage to be at its averagé( temperature
thrqugcho;it:’ t:h; day, dand a ground temperature of 6°C, 'the heat ioss
ffom storagé‘to ground on Marqh’ZQChO;s : ‘

B B ) l

14.4 w) {30.0 + 27,2 - . L
%, = ( > ")(3 0> 27.2 —6) °C) (26 hr) = 7.8 kwh

w

v, ' ' .
Similarly, the storage to ground heat loss on March 318t i{g 6.5 kwh.
Kerr also determined the heat transfer coefficlent throﬁgh the

wall hetween storage and the un‘hea;ed basemént to be'7.0 w/°C (13.2

.
b

BTUH/°F).. During r.he days of March 29 and él, the temperature of the
storage adjacent to the interior wall was at the av,:rage storage tem~
perature, that:1is, 28.6 and 24 75 c, respectively- Assumiz}g the un=-
heoat:ed.basement temperature to remain constant at 9°C, th@heat 1?38

from storage to basement on March 29th ig : ‘

. } . ° '
%,p = (13—2—‘1) (28.6 - 9) (°C) (24 hr) = 3.3 lwh-

Similarly, the storage to basement heat. loss on March 313‘5’ is 2.6 kwh..‘

Kerr also gives -the heat capacity of the storage as 9.4 'kwh/°C
(1f.9 MBTU/ °F). Theregore, the total heat loss from storage on March-
29th 4 & . @ . " . N '

Q, 1088 -G’ 4 lcwh)(30 0 - 27.2) (°C) =26. 4 kwh

o
3
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Similarly, the total heat loss from storage on March 318t is 16.0 kwh.
é}\,/ The total heat loss from storage is the sum of the heat loss to
. the g;ound,'the heat loss to the basement, and the heat transferred to.

the house, Qg ,h+ In equation form :

‘ S -

&

o E . . ' ‘ , -
} Qs,1088 = %,z * %,b * Q,n SRS
i i Reaffanéing equation (3.1) and substituting the above values yields :
: ’ [ . . ) : ! . .
Qs’h = 26.4 - 7%8 -(303 = 15.3 Kwh (March 29) -
Qg,h = 16.0 = 6.5 - 2.6 = 6.9kwh | 3 (March 31) e
' - . .- The total heat 1npué to .the house; Qh,in» is° Qg,n ,plus th? ,
_electric baseboard heater input, plus the internal gain, Qint' The,;
| ,: internal gain was taken as 5 kwh per ddy for the data acquisition
l .
system and occasional lighting.
o 4 L .
,On March 29, Ch,in = 15:3 + 43,‘*‘ 5 = 63 kwh
C - On March 31, Q,yp= 69+ 33+ 5:: 45 kh
oy o -
. - o _ The overall heat transfer coefficient through the house envelope, '
A " >
»

o ‘UAoﬁerail’ can now be deqﬁrmined by dividing the total heat input to

the house, Qp iy, by the temperature difference acrosz,}he envelope.
9

\,
.

’ ) bl - N Q Fy
On March 29, Uhoverall = 757 ;\%i?§3<fg§ Tyt 137 /%
k 0n March 31, UAoverall - 345 _kwh =123 w/°C ¢

v (21 -'5.8)"(°C) ¥4 nhr)
. . ‘
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3.4.2 Casge 2 :°No Auxiliary Heat Input

L}

. ' -
The house was totally solar heated from March 218t _to 25th,

§ . \ . B
These five dgys were the only-ones during which the electric baseboard

} ) heaters did not contribute any heat to the load on' the house during

3 y o

the four, months of December through Magch..

The total heat supplied to meet the load requirements of the °
house on these days was from three sources : 1) heat supplied by stor- '

age, 2) internal heat gajns; and 3) passive solar heat gains khrouéh

~
.

the windows.

The hourly temperaturésoof the ambient, the storage, and the in-
side of the house are given in Table 13 for March 22 and 23. - The
o ’ energy baiance will be perforﬁed on each of these two days to deter-

" mine the influence of each of the heat sources in satisfying the heat—

| ' : ing load requirements.

—
1 N e
.

Figure 19 shows }he daily variations of the storage, house, and
ambient temp;ratures for the period of March‘ZISt-tq 28th,  On the Coee e
first four days of this gériod, beginning on the,213t, the "Useful

lHeat Collected” was 78, 84, 71, and 55 KWH with daily efficiencies of

- 33, 38, 33 and 31%X. During these days, the storage became fully.

chargéd and underwent a daily temperature cycle of a maximum of 43°C
at 400 p.m. to a minimum of about 36° near 10:00 a.m. The ambient

temperafure underwent a gimilar cycle, peaking at about 17°C 1n nid- -

° 4
afterno&n and reaching a night~time low of about -4°C near 4:00 a.m.
The mechanism by which gfored heat was distributed ‘to the house

was by natural convection thtough standard duct grilles in the floor
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above the storage. As the house was unoccupied, the manually operated
. vt . ¢
grilles ‘'were not adjusted to account for temperature fluctuations in
. 3 M - ' ‘ ' > )
the house. Hence, overheating was. observed in the bedroom during
g these four days on which heat was coligcted; The,bedrogh temperature
! ‘ L
¢ cycled bétween about 26°C at.8:00 a.m’ to 35°C at 4:00 p.m.
¢ .
.

TABLE 13

TEMPERATURE DATA FOR MARCH 22 AND 23

© MARCH 22 T MARCH 23
1 i -
; ’ HggR Tambient | Tstorage | Tinside | Tambient | Tstorage !Tinside
DAY | (°C) (°C) (°C) (°C) (°C) (°c)
1 -3 38 27 -3 41 29
2 -3 38 27 -3 40 28
| 3 -3 38 - 26 -3 40 27
; 4 -4 38 26 =4 39 27
; 5 -4 k! I 25 -4 .39 26
; 6 -4 38 24 -4 39 .26
" 7 1 38 24 -1 4 .39 26
f - 8 4 - 37 24 5 39 ' 26
: 19 8 37 24 9 39 26
- 10 14 36 27 13 38 27 |
o 11 17 37 28 13 38 29 :
NOON 19 KPR 30 16 38 31
13 18 3 | 31 17 39 32
14 18 39 33 18 40 33
15 18 41 34 18 42 35
' 16 17 42 36 17 42 .3
' .17 16 Y 35 16 42 36
18 12 42 34 13 . 42 1 35
19 8 . 4l .33 6 42 T
| 20 3 .41 32 3 | 42 33
21 1 41 31 1 41 32
22 -1 41 31 0 41 31
23 Co-1 41 30 -1 Lol 31
"[MDNT. -2 41 29 =1 41 29
AVG. 6 39 29 6. 40 30
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On March 22“d, 84 kwh Bf heat were collected. The 24 hour aver-

age "storage teﬁberature was 39°C. 'The :storage loss to the ground was
o * o . . .

then:

:i'u — o ®o . =
% 1?.2 w (39 - 6) (°C)"(24 hr) = 11 kwh : '

. The average temperature of the cold side of the storage was 38°C.

-Therefore, the stoftage loss to the unheated basement was :

=7.0w (38 -9) (°C) (24 hr) = 5 kwh
5 .

" 95,b c

\\\

The net heat stored over the 24 hour period is proportional to the in-.

crease in the storage temperature. There was a gain in stored heat of
21 kwh. &*nce 84 kwh were collected, the amount of energy consumed

was 84 - 21 = 63 kwh. The losses to the groﬁn& and the unheated base-

° —

npent were 11 and 5 kwh, respectively. Therefore, the energy transfer-

red to the house from storage was : ' .

. Qg,h = Q5,1085 ~ %, = Qb
‘ \

Qgh = 63 - 11 =5 = 47 kvh N

The total heat supplied to the house is the sum of ‘.t",he heat from stor-

age, thevinﬁernal gain, and the passive solar gain.
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; ‘The ﬁassive solag’gain'has been determined éor the afternoon of

lMarch 23rd ag follows. The solar radiation incident on the ﬁest fac-

- ing windows 1is ﬁlotted in Fig. 20. The hourly values are approximate

and were determined in the following mmﬁner.,. Comﬁariﬁg the actual

gsolar radiation measuted on the vertical collector with the theoreti-

éal "sky only” valued indicates that the augmentation of the daily

integrated incident energy 1s about 4%, The hourly values in‘Fig. 20

were determined by multiplying the “sky only" radia;ioﬁqincident on a

surface normal to the sun by the cosine of the angle of incidence with

the west wall, and adding 4% for the augmentation. The total radia—--,

tion incident' on the west wall, calculated using simple trapezolds ad-

justed for the curvature, was 2.7 kwh/m2 for the aftermoon of March.

23rd,  Assuming 75% of this energy is transmitted through the double
glazed west window area of 3-5m2; the west window passive solar gaiﬂ
is approximately (.75)(2.7)(3.5) = 7 k;h. The east windows provide an
equal amount in the morning. The "Totai Daily Solar Radiation M;a—
gured on the VerticaluSolariééter" (c.f. Tablev7) on March 23Td yas
217 kwh. The passive heat gain thro&gh che.south facing windows at

the top of the collBctor is approximately 2 kwh. The total passive

gain .for the ‘day is then 16 kwh. Therefore, the passive heat gain is

_approximately (16)/(217) = 72lof the total heat energy incident on the

'

collector. [ ¢

Returning to March 220%d, the total energy incident on the col-

lector was 223 kwh. The passive solar gain_was then (.07)(223) = 16

kwh. The’ internal heat gains of the house are assumed constant at 5

-

kwhe : .

\
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\
"Tﬁerefore. the total heat 1nput to the house on March 227 can be \

déﬁépmined as : Qsih + .(internal gains) + (paﬂsive'solar gaiﬁ) = 47 +

75+ 16 = 68 kwh. \ ~

The overall heat transfeL coefficientncanvnbw be determiped as :

e 68 kwh _ ° _ X . -
UoneralL (29 - 6) (oc) (24 hr) 123 w/°C - R

4

/-

.

Similarly;_the total heat supplied to the house on March 23td was 74

kwh, and the overall~heat‘trgnsfe£ coefficjent is :

: - 74 kwh  sm g0
Uoneral} (30 - 6) (oc) (24 hr) 128 w/ C .

F
L]

]
22 and 23 1is

. ) \.-

. The pertinent datalused in tHe heat balance for March

given in Table 14.

L4
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. ' ‘ - TABLE 14 °

TR T

HEAT BALANCE DATA FOR MARCH 22 AND 23

DATE ,

MARCH 22

. ) Internal 'Heat. Gains (KWH)

MARCH 23
\ . Total Daily Solar Radiation Méasuredfbubthe ’ 223 217
. Vertical Solarimeter (KWH) (c.f. Table 7)
Daily Average Oﬁtside Tépperatﬁre E°C) o '6 6
Daily Average IndooreTemperature,(°C) 29 30
b . | Daily A;erage Storage Temperature (°C) 39 40
Storage to Ground Heaf Loss (KWH) 11 12
.Storage to Basement.Heat Loss (KWHS ‘ 5 5
: Calculatéd Heat Collected (KWH) (c.f. Table 6) 84 "Tv n
; - StorageJNét Heat Gain (KWE) 0’ 21 .0
Sto;age Heat Transfe}red to House (KWHS 47 54
o 5 5
Passive Solar Gain (KWH) (7% of Total Daily 16 15
Solgr Radiation Measured on the Vertical
Solarimeter) /
] Total Heat Supplied to House kKWH) | ) 68 74
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D

kwh. Fifty-six percent of this amount was incident in the af;ernoon,‘ :
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3.4.3 Cage 3 : Combined Effects ‘ —

The data collected on February 9th provides the information ne-

cessary to, verify the amilyses of the two base cases, i.e. no solar

f »>

input and no auxiliary heat input. Due to the failure of_‘ the differ-
‘ential thermostat,fas described in section 3., this vas the only'day
on which complete and reliable data was available for the ;heat balance
g - ' ’
between February 8th and March 218t. -
: ) o NS

The morning was partly cloudy and the aft®rnoon was clear. The
total daily radiation. measured on the vertical solé‘rinpeter was 247

LY

apnd 442 in the morning. The wind was relatively constant from the

N

north-west throughout the day, -averaging 19 km/hr. . ‘ \
’ 24
The data pertinent to the heat balance for February 9th is Jiven
in, Table 15.

-

The passive solar gain.was determingd by the san;e pro'cejdute as
f;r March 23rd, The augmentation due to reflection wag 27%. The -
calculated passive gain was 15 kwh, or,§z of the "Total Daily Sc')lar.
Radiation Measuxed on the Vert;cal Solarimeter". 'This a"g'rees vell
: _\}/;/

Usinq the data in Table 15, t?mverall heat cransfet-coeffié’ient

with the value of 7% determined’for March 23rd,

v

for, February 9th, is :, ; _ . .

-

‘oA .- + 153 kwh
overall (21 -~ (~17)) (°C) (24 hr)

= 167 w/°C.
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- TABLE 15.
HEAT BALANCE DATA FOR FEBRUARY 9 .
DATE | ) ’ ! FEBRUARY 9
1 . P P o
Total Dgily. Solar BRadiation Measured on the 247
Vertical Solatimeter (KWH) (c.f./'l‘ab}e 7) .
Daily ;Avefage Outside Temperatute (°C) -17
o ! .
i&Ddily Average Indoor Tempgrature (°C) < : 21
Daily Aveorage Storage Tempegature (°C) /1
Storage ‘to,'Ground Heat Loss_,(M) ' rl 9
Storage to Basement Heat Loss (KWH) * 3
) ; . B ‘ o
Lalculated Heat Collected (m) (c.f. Table 6) 74
Storage Net Heat Gain (KWH) Y26
Smrage Heat Transfe ~to House' (KWH) o . ¢ 36
:.Internal Heﬁ Gains (KWH). i AL 5
7 .
Passive Solar Gain (KWH) (6Z ‘of Total Daily 15
Solar Radiation Measured on the Vertical ' -
Solarimeter) 7 x N
& L /‘\{ )
Electric Baseboard Heater Input (KWH) 97
-~ _'. ! . ‘a L . 1f?
Total Heat Supplied to House (KWH) " 4 153 °
: 7 . v
. . - ' I ) J .
R K \ Q Ca <
[ R X ! | . ' N ~
. \
r'd " L} ‘l 1 *
' - ”~ "
O ) - S
. . . ' ! i ) \4
A h‘— ° ' v ¥ - ‘o )
’ \ ‘\\ [ d‘ .
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s Two additional days are considered during whlch‘ energy was addeld‘.
Y i - Vo ' ¥

NS + to meet the load on the house from heat stored in the thermal mass -of

the house. Kerr estimated the heat capacity of the Rouse to be 2.5 %
' 2 o
kwh/°C (4.75 MBTU/°F). for the siructv.#‘&}l tomponents. A reasonable es=

timate, including ,—;11 farnishings, would be 3.5 kwh/°C. Due to the

"high lével of solar he&ting and the warm ambient temperat\\res, the . ‘

'

5

2
H
>

house became overheated between March 218t and 24"—h (c.f. Fig. 19) v

b

- L0

'Although no solar "héat was collected on March ZStNhere was suffi-
cient heat in storage and in the mass of the hm‘xse to met the l“oadg
without any contributiou from, the baseboard heaters. The net heat
transferred to the, house from storage, Qg,h» was calculated t.%lbe 31

k.wh; the internal heat gain wag 5 kwh, and the passive solar gain was

4 kwh, taken as 6%X of the incident radiation on the vertlcal collect-

or., Because sthe house temperature had rem?ined high for several days,

- ' it ,ia-gssumed that the thersal mass of the walls and furnishings was :
< at the iyside alr temperat:ure. Figure 19 shows that the temperatfure

of%house dropped by 5°C dur?g the day of March ZSth This repre= w

sents a transfer of heat from the thermal mass to the house aﬁ of ap~ . Q

. » . p;.'oitimately‘ (3.5)(5) = 18 kwh; t:herefor:e,c the total heat gain cf they -
, house to meet the load was 31 + 5 + 4 + 18 .= 58 kwh. The avehrage am-
. " bient temperature was 6.5°C a;ld the avlera’ge indoor temperature was

- : - / :
(- 26°C. Therefore, fhe overall heat transfer coefficient®wag !

l
L}

-

; - 58 kwh o . i '
Uonerall ' (26 - 6 5) (oc) (24 hr) ’124 w/eC N - ' R

~ -
/ 4 - - -
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A similar situation occurred.on March 26th.  The energy gain due
[ o V) . .
to heat lost from the mass of the house was 4 kwh.. The storage con-

’tribu';ed’ 24 kwhe The internal heat gain and the ,pas'sive solar heat

- ° N

gain were éach 5 kwh. The bas'ebocard heaters addéd 36 kwh. Therefore, _

-
P

‘Qu,in = 4 26 + 10 + 36 = 74 kwh/ and :

<

[ R
z

) ' = 74 kWh ° ° «°
Uonerall - @2.7 - (<1.8)) Cq) @4 mx) = 128 w/°C .

% [2 N ) “ . i ~ ’I
‘March 30th - was similar to the days of Case 1, plus an additional

amount of passive solar gain. Tl:xef overall heat- transfer coeffigiéqt

v;aé deze{'mined to be 118 w/°C. - ‘ : o '.‘

. 3.4.4" Heat Balance Analysis
LR , ] .

Ly C : « A heat balance was performed for 17 days. The overall heat
. : . R & \

transfer coeffictént), degree gays, and wind speed and direction are

gi@cen in Table 16 for each day. 'The detailed analyses of the energy
bnalanceJ for’ the eight days of Febr’:.ary 9 througlh March 3] were pre;- A
f'{ sented in section§A3.4.l through 3.4.3. The Gverall heat transfer co-
‘.efficients for the nine "days of ember ‘26 thfough February 8 were

.calculated using the same procedures as in the base case analyses.

. The pertine'nt: temperature data is given in 'Table 17. Figure 21 is a

- //‘--—‘

]

X ‘ ' plot of the daily &eréll heat trangffzr coefficient as a function’iof
| " wind speed. F~1gl;re 22 1s a plot of the dail‘y overall heat trangfet
coefficl.ient as a function of degr& days. The lines dravn thx:ougb the

. data are the least squares best’ fit sgra.ight lines obtained using tl;e o S/

.R. éu’rvfit; pfogram in the; Gi"app_le system for vgriéus groups of

]
v 'po;ints; cl)ogen for-the followiné reasons. o

w > DB

- - e
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.
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.l ‘ ' A B .
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‘ - TABLE 16 , , .= ™ ‘ .
, | "7 HEAT BALANCE SUMMAR
- ' —_— . - —_—
? 2 OVERALL HEAT - WIND SPEED AND |-
DATE | TRANSFER COEFFICIENT, | DEGREE DAYS . DIRECTION )
(w/°6) (°c) - (km/hr) N
Dec. 26 144 26.9 12 W
4 Jan. 2 145 26.7 3.4 w
. Janc‘ 21 163‘ 2802 : 17 E - -
E Jan. 22 152 29.1 . 20,4 W
Jan. 26 144 20.0 16.4 XN
Jan. 27 137 21.0 10.4 N
Jan. 29 155 2b.4 ¢ 19 §W
] Feb. '8 | 154 1 33.0 10.5 N ° |
Feb. 9 167 38.0 19 NW . "y |
May. 22 123 ©23.0 6 W . '
Mar. 23 1277 24.0 7 ESE - y
: Mar. 25 124 N 19.5 .10 wNW Jw . *
Mar .\ 26 128 23.8 C 1YW 4 . :
‘Mar.\29 137 , 19.1 12 Variable| - . y
Mar. 30 | ¢ 118, " 19.0 ™ .9 ESE ‘ o
t Mar. 31 123 15.2  ° 8 W
”, L4
i o . - )
e TABLE 17 - "~
‘TEMPERATURE, DATA FOR DEC. 26 - FEB. 8 .HEAT BALANCES' .
;- DATE , Tingide | Tamptent | Tst ‘rage ATgtorage a .
" oo M o wal B ) :
( I
. Dec. 26 21 -5.9 21 -
Dec- 29 21 ; "1202 2601 +6‘1
Jan. 2 2] -5.7 21 . -
Jan. 21 |22 -6.1 23.8 =2,2) -
Jan. 2{ 22 =7.1 22, - i
* | Jan. 26\ /- 22 2 22 Co-
Jan. 27 22 1 20 - - :
Jan. 29 22 -2.4 19 - )
] Feb. 8 21 -12 32.8 “b.4 .
..\“.4\ - Y ' .‘
R i L R \~
.J' : 3 ‘“ v
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The four month average wind speedegs 13-km[hr. Erbm Fig. 21,
the~corresponding overall heaé transfer coefficient is 141 w/°C." The ¢
cétresponding value from Fig. 22 is 1;3‘w/°C, based on a four month

r ave;age of 31 degree ‘days (°CS) per day. The average value is

(141+153)/2 = 147 w/°C with a relative agreement of 8.2%. .

) . o \ .
Examination of the degree~day and wind data shows that a distinc-

’V

tion can be made between the first three months and March. The aver-

agq? degree—~day value for December, Januarynénd February is 1016 deg-

"ree-dAys/month, with a maximum difference of -2.4Z from the mean, in T
December. -The March value 1is 23%' below th?’three month mean. The <&,

" average wind'speéd for the(first three ;mnths is 14 km/hr from a
north-westerly directiqg, Qpife in March the averagehwind was 11 km/hr

jfrom a south-easterly direction. C 4 .

Tablé 18 is a summary of the overall heat transfer coefficient -
data plotted in .Figs. -2l and 22 according to the degree, day and ‘wind

- R ' N N .
direction distinctions made above. There is a good relative agreement

between tQé degree day and wind dirgction analyses for.ea%h of the -. .
v ' ’ ° ‘ , . -
four cases examined, ranging from 1.6 to 4.6X of the medn. The mean -

,Va}ueé for the "DaYs“oﬁherlthaﬂ March” (152.5) and the "Wind' from N

and NW" (151.5) agree to less than 1%. This suggests that the data .
. s = . .
days sgl%cted from the months of December, January and February repre-

- sent the average values for these months well. The relative agreement

¥

between the mean values of the "March days only"” €127) and the "Wind L.

’

not from N and NW" (139.5)‘15 9,4%." Th@s, a major portion of the 8.2%

difference of the seasonal average heat transfer coefficient qan‘pe

\
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TABLE 18 o
‘ OVERALL HEAT TRANSFER COEFFICIENT SUMMARY"
' , : z
. FROM FIG. 21 | FROM FIG. 22 | MEAN | DIFFERENCE]
. e (w/ecy (W/°6) (W/°C) | FROM MEAN :
& . . [ ]
- All 17 days = 141 153 147 8.2
i , -
; March days 126 128 127 1.6 N
§ ~only ' ; ' . ’ .
Days other 149 156 152.5 | 4.6
than March 0"
" Wind from 149 154, 151.5 3.3
N and N¥ ‘ f
. o . | Yind not from 138 141 139.5 2.2
A " | Nand W AN
‘due to a ‘poor selection of the March data. (This is evident from ‘ B
P . . - ¥ .

Table 16 whic\; shows ofly two ofi the seven days”selecfed aré consist~=
ent with the monthly a:Jerage @nd dir.ectionl, and these are below the
¢ ' average wir‘\d spegd): Howavér.; the r;apai,r o% the differential thtermo-
stat 'was not made until March 21St (section 3.1) and data before this

' date is unreliable for an accurate heat balance. Although these days

¢ . of March are not representative of the monthly average, they provided

unique .data (i.e. the electric baseboard heaters were off for five

congecutive days) for the base case analyses (sections 3.4.1 and | B

t . [}

3.4.2). - : ' [

Py

" Figure 23 -shows the influence of wind speed and direction,. and

. temperaturte on }ie overall heat tranafér,coefficignt. It 1is a plot of

‘selected groups f\ data from Fig. 21 witchout the .days of Janugry él_, ‘,

L)

and March 23, 29 and 30.

i . X -
N . S . . ‘
. . ' * + ¢ f -t
. . . ’ ‘ . ‘ o . . " s
. N ’ '
B . . ~ N . ' !
. R . .
.
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. | ' L’ines‘ 1 aud 2 arellleast squares fits for polnts,wi‘th winds only
from® the north and north-west. The two sets of data were c'l;ésen fo‘r
't " degree deys below room temperature of about 35°C and 22°C. The lines
B | ’ are approxjmately parallel and their slope indicates that an increase

in wind speed of 10 km/{lr results in an increase in the loss coeffi-

]

: . :

LN cient of about 20 w/°C, for a given temperature difference across the
f ‘ building envelope.) A portion of this increase is due to the greater
1 . pressure difference across the envelope which increases the infiltra-

tion of outside air. .For a given wind speed, a decrease of ambiént
temperature also increases the infiltration loss e@ficient by en- .
larging the cracks in the walls. Although there is only one small . ', 0
window in the north wall’ the spruce timbers and oakum eaulking used

R =
in the wall construction are susceptible to considerable con;ractiom

[}

at low outside temperatures. This results in a large ai-r flow path

for infiltration. S B ‘ o
The chenge in infiltration loss due to an increase.in' wind ape\ed
is not as Kreat in the case of a west:iwind (curves 3 ‘& 4). The 1c§ss‘
coefficient increases by about 8 w/°C for an increase in wind speed of
10 km/hr, for a given temperature. Part of the .reason for this is
- that t:he west wall 'is already quite leaky due to the large window and
’ : - door areas- There was no out:er door on_the vestibule and the inner

door waslnot weathers&,tripped well. | CLt

‘ . . . ?
Nermlizing' the ldss coefficient for all wind speeds gioes not re- .

sult in a carresponding’' normalized loss for degree  days. While part |,
} : ! r R
' of this discrepancy is due to ‘anreased crack .widths in the walls with .

v o
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‘lower outside temperatures, there are other factors which contribute -

i/
to the higher losses with an increase in the number of degree days.‘

Night~time radiation from the house to a cleur sky will increase with

ﬁemberature difference, independent of wind speed. There 1s insuffi-
clent data to quan}:ify this loss. It is d}.fficul’t to know if the roof

was covered in snow or if the sky was clear on a ‘particular night,

based‘ on the available da\ta-‘ The higher temperature in the peak of-

the roof will result in higher t;‘:ansmissicon losses which are less af-,

fected by the wind due to shielding by the collector. There was a.l0

cm diameter vent i'n the bathroom which npi‘ovided a thermosipjhon stack

to ind}xce infiltration’ pa;'tly independent of win‘é-

»
4

3.5 OVERALL SYSTEM PERFORMANCE ‘AND ECONOMICS : .

¥

There are several ways to measure the performance of a solar

heating system. The wultimste criterion used to eva]/./uate_the
: ) . /

fea_\ibi ty of using solar 'é'dergy to meet the heating needs’ of a

buildi s economic viability. The life cﬂrcle cost of the installed
solidr system should be offset by the cost of the conventional energy

| . o :
resources saved in the future. The "Solar Fraction” is a term

comonly used to express the percentagé of conventional energy which

is replac d by solar ‘energy. . In a standard residential épplication‘;
the solaf#raction can be determined simply as :

\

Eeacm Load ~ ConvencionaLl ‘Fuel Tiput .
Heatin:g Load 4 ‘

SF =
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The heat contributions due to occupancy (i.e. appliances, lighting,

people, etc.) are assumed to be the same whethef or P%F solar heating

is used, and cdan be a significant portion of the total heat- input.”

They are not included in the heating load: The heating load 1is the
sun of the solar and conventional fuel inputs .
,During the winter of the presenf study, the nhc‘)use z;t La Macaza
was unoccupied. The heat which would normally have been supplied due
to occupancy was supplied by the electric baseboard heaters. Thus\, e
using the .above eqX&gion to de}:eﬁnine the: solar fraction witho;ut modi~ p)
fication would'resulé in an unfair assessment of tﬁe solar system un~-
'der'normal operating condicions (1.e. with,occupancy). \ !

P ,
Now, the total seasonal heating load can be expressed ags the sum o

of the active solar heat 'collected,ktﬁe electric baseboard heater in-
put, the passive solar heat gain through the windows, and the internal *
heat gains. The total solar heat collected (¢.f. Table 6) during the '

four months was 4022 kwh. The storage losses were calculated to be

3

913 kwﬁ, based on an average étorage temperature of. 22°C. 'fherefore,

v

the net t(\eat ‘collected was : 4022 - 1913’4- 3109 kwh. The four month.

° —

total electric baseboard heater input was measuteci as 10248 kwh (Table

9)." The passive solar gain is approximately 6% (see section 3.4.2) of
- the total solar radiation incident on the collector (Table 8), or

, ' (.06)(135515)'- 813 kwh. The internal gain was taken as 5 kwh per day

for the data acquisition system and'occasional Liﬁghping- Therefore,
"the totdl seasonal heating load can be determined from the sum of the

. 4
heat inputs as : 3109 + 10248 + 813 + 5(121) = 14775 kwh per seasonm.

]

. . )
. R " ,
. . . ! . ' ™
| . N , . N
. .
. . .
!
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The averall heat transfer coefficient for the house can now be
determined using the total degree-days.from-~Fable 10 ag : 14775 k.v;h/
‘ © 3828 dégree-dayé = 3.86 kwh/degree-day, or 160 w/°C. This agrees

within' 9% to the mean value of 147.w/°C determined in the heat “balaqée

» analysis (section 3.4.4 and Table 18). The relative agreement with .,
the degree-day analysis in Fig. 22 1s wfthin 5% of ,the value of 153

° . . N . L .
W/ C. . i 2 &
In order to determine the fraction of the heai:ing " load yhich‘

L *
would be supplied by the solar heater in an actual situstion (i.e. if

& s
. the house had been occupied) an assumption must be made about the in-
ternal heat gains due to occupancy. In order to compare with Kerr's

+

‘study, his figures for internal gains were used.

!

'Based on actual current measurements, Kerr-reports that 3600 kwh

A ' E

of heat were generated within the house due " to occupany by two .adults
- .

during the three months of October through December, 1976. A value of . )

4800 kwh will be use}rfl here for the .four month period of December
s oo ‘ v
through March. The heating load is then 14775 - 4800 = 9975 kwh, and

the electric baseboard heater input required for he/acing 1s (10248 +

-

605) - 4800 = 6053 kwh. Therefore, the solar fraction is :

- .
. t
.
«

, {9975 - 6053)/(9975) = 40%

.

The solar fraction .of 40% was de;emine@ by‘ extfapolat;ing ‘Kerr's'
. . ) [ ! . P .
o .data for the internal heat generated when the house was dccupiej:l by

>

two adults f/gu: three mbnths in the winter of 1976. However, 'the:sol‘ﬁr
, N - N
3

*
'
-

5

r T
hl

LTS,
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fraction can be quite sensitive to the amount of heat generated due to

occupancy. Sonderegger [22] has reported the results .of a study of

energy consumption pattei-ng in .over 200 residences thro;xgh two winters h
. {n the New Jersey climate. He found t’;h"slit 46}) of the total energy cén—

sumed was related to occupancy, and that 71X of -this amount ‘was
. dependeht or individual behaviour phtﬁems.

Since the house at La Macaza was unoccupted during these measure— )
ments, the total energy input gives a good indication of the minimum . o .
heating requirement of the house. Figufg 2 is a plot of the eipected.

: / N ' ’ . . 4
solar fraction for various {nternal gains. , , R v ° o
A ) . '
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FIC 24 - SOLAR FRACTION AS A ‘FUNCTION ORGENTERNAL -
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The seasonal héating 16ad %with normal occupancy has been c;a_lcul-
ated above as 9975 kwh. At .the current (1980) Hydro-Québec domestic
rate of $0.027 per kwh, the cost of heating with electricity alone -
would be (0.027)(9975) = §270, for the fou\‘; months of this study. \
é . N ‘. *
Using the solar fraction of 40X, the saving with partial solar heating
is (.40)(270) = §$108. . 2o ~ -
. N ' b {4 A .. .
‘The zero wind intercept of the heat transfer coefficient line  * -
(Fig. 21):1s:116 w/°C. The heat loss on an average winter day '(31 z
. . . 1

deggee dayggper day, and 13 km/hr wind) is about 150 w/°C for a north
- 3 v

or(wgst wifxd, in Fig. 23. Therefore, the increase in the heat trans-

fer coefficient dué t‘o\“wind from the north or the west for the average '

% s -y R [

winter day is estimated as 150 - 116 - 34 w/°C. The docregased loss
. o Fog o,

N “a
approximates the effect of air infiltration due to wind. A rough fig- «-
: ; s . .

ure for the total seasonal heat loss due to wind infiltration would

then be : y/ ( L ' y
3% w _ 31°C da -

w . ’ . 24 hrs
°c ' day - 21 days ’7_d_a;- = 3060 k",h

v
©

The major portion of this loss is through the north wall and the

west doot entrance. It is reasonable that the installation of an air -

@
»

barrier on’ the north, eas't and west walls and proper sealing of the
’

.

west door could reduce this loss by about two-thirds. The beating

“load would then. become 9975 -.2040 = 7935 kwh. This reduction in the

4

heating ioad would reduce electricity consumption from 6053 to 4013 .

kwh, a saving of $55 for the folu.r months of the study. It is reason-

able that the cost of these improvements to thé ﬁoﬁse‘cquld be paid
: < B

© .

N -
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,+ for in ome or two seasons b}%t'he» electricity savings. Beyond tHat
'tl:ime, the annual savings could help offset the cost of the solar

system. The' solar fraction with the teduced heating load is :

e me. -"}""
-
N

.
: ) ‘
Yo . 7935 - 4013 | oon
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CHAPTER &
DISCUSSION OF RESULTS AND CONCLUSIONS

-

The Snow Reflectorﬂ . .

FEAY

. o 3 - :
The "rule of thumb” optimum tilt angle of a solar collector fbr

winter héating is generally taken as the latitude plus 15 degrees. A
. N b 3

collector tilted at 69°. will always receive more “sky onﬁ" incident

radiation thans a vertical dne at la Macaza, 46° 24' north ratitude

(Fig. 14). However, when reflections from a snow covered fdreground

are included, the total daily radiation onha(vertical collector will
. Ly . m' .
during most of’ the heating séason (Fig.
E— /, b*

14), The augmentation of incident ernxergy/due to the extra light ref-

be greater on a clear day
-« 1 *

L]
lected and scattered from the snow was in the order &f 35 above the

theoretical clear day “"skp only” value for the vertical solarimeter

-

(Table 2). The measured total daily radiation was greater on' the

vertical than on the 60° tilted surface by as much as [6% on clear

2

days' during} a 60 day period after winter solstice (Fig. 13). The same
7

L

enhancement would occur for 60 days before solsticei;when snow is-

vl ©»

present .

There was not a significant difference between the incident radi-
;tion on' eLthe; surface on -"&oud}?:days'.‘ - An e:gpfer’iment conducted on
the \vertical solarime.ter under hazy sky conditions ir;dicated that ap~
proximately 30% of the incident light was due to snow ref‘lections.’

It has been sf:own 't:hat a“vert;ical collector with .ground snow ,ref -

lection has a seasonal advantage for winter heating over a roof

b
[

&
-

"w

g

P
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mounted 60° tilted collector. Savings in capital cost .are achieved

when ‘the collect&r_is built integrally with a south’faéing wall, be-
4 -

cause it Is easier to, build Lthere than.on the roof, no special sup-

v

ports or. anthors are ‘required, and no. special waterproofing techhihues
. av » ) .
are needed around the collector or.its anchors. In addition, the air

handling system can be much simpler, shorter and cheaper with a wall

. collector. ‘
L

4 . .,

Instrumentation and Controls

. ; -'A;’\’ . '
The details df the monitoring were described in Section 3.1l. The

simplicity of the data acquisition system resulted in reliable data

! , . \ - ,
' collection, even though the house was &nattended for several weeks at
a time. The data proved Qaequate for many of the studies undertaken.

The lack of on~site wind measurements restricted the accuragy of ' some

‘of the detailed analyégs. However, the Ste-Agathe data was adequate

for forming general conciusions'regarding wiﬁd effects on the house.

(Kerr has shown that on days with steady winds, the direction and
. N \ - .

L-3

. o/ ‘
tailed energy balance across the collector was not done. More temper-

ature'and’air flow measurements™would be desirable ig’future studies.

-

The Collector . - oLt
The instantaneous collector efficiency was calculated at half

hour integvals near noon for nine days. The results indicate that the

éoliectoflefficiency was uniformly high, regardlesé of variations™in

o LY
N~

veloéity of the wind is nearly identical at the two sites). A de-
, LR

F2¥) N




Fo.

-

90 .
the ambient temperakdre and‘ the .incident solar radiation. During the
five ‘months of January. through May, the efficiency was "consistently

xg\ithin the range of 40 to 50X. ’I‘he. two curves (A & B) plotted in

' Fig. 18, for the present study, indicate that sy/stem parameters, such

*
as , the storage temperatures, can have a considerable effect. on the
S i ; T

. . {
.calcujation of instantaneous collector efficiency. When tegting‘an

installed collector, selection of data should include consideration of

\

the storage tenperature history, particularly within one or two days

prior to 'the test. A detailed discussion of the efficiency calcul-

- .
o

ations was presented in Section 3.3.5, -
+ The direction of the air flow in the 4collector was reversed in
P ) ..
order to inc*ase the instantaneous efficiency. ‘By reversing the flow

4 1

from ‘that of Kerr's investigation, the collector inlet temperature was

-

* ' ' s .
reduced. Kerr's inlet temperature was at the average storage temperﬁ :

ature because he had a_nee;'ly_isothetmal storage. With the stratified

. .

storage of this study, the coldest storage temperature was the temper—

-

ature increases the efficiency by . reducing t:he collector losses. " In
a

addition, the inlet air is now closest. to the glazing rather than the

!

. ature of the inlet air té‘ the collector. Reducing the inlet Eemper-

hottet outlet air, further reducing the glazing losses. . Figure 18

1
.

. ghows that Kerr's instanténeous efficiency’ was abptoximately ,equal'to

the results obtained in this study. The reasons why the measurements
do not support ‘the theory are not clear, because there we‘re several
differences between the experiments.':' Kerr calculated an average

monthly efficiency of 34% for the four months of December through

4

ot
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March, by' dividing the total heat eol“lected' by the total incident.

radiation on the.collectbr.. He did not use the days which there
was less than 40° kwh incident radiation. Subtractipg these days, in

»

the present study, the value of I’D in Table 8 becomes 12634 kwh,~and

. the monthly efficfency is 4022712634 = 32%.

Based on this'comparison of results, there 'does not appedr to*be

an 1}pfovement in the performance of the collector- However, reducing'

.the inlet temperatures should produee a positive effect. Also, the

'
A}

3

leak plugging that was done in the duct (section 3. 32) 1ndieates that .

lthe mass flow rate. Ketr used in his collector caTculations fay have

7

been higher than the actual flow rate. An additional source of error
in the comparison is thdt "the collector inlet and ‘outlet temperature
sensors were not in the same locationt during both ‘studies..

\ . > . \

/\
e Ny

Due to the air flow.being.reversed from that of Kerr' invis\éiga-
tion," and because the thermal’ blanket was installed' ov;;r‘ the south

two,—thirds of the rocks, the sterage’ became stratified. By the end of

aisun‘ny day, the temperature of the north end of sto_rage was typlcally

S to 8°C warmer than the south ‘end. This produced two favourable ef-
fects foryf tih:e heat distribution. 'First, the horizontal temper-
ature gradienf in the storage induced ¢onvective flow ‘to the living'

_ quarters through the insulated floor Joist ducting- The retum‘air to

#
etor’ﬁge was through the fan .duct to the cold end of the storage. Sec-

b -
ondly, the, higher temperature at the notth end of, storage accentuated

)
t
1
i
1
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more quickly than the south 3/4, causing a convectio

P SN

N :

< ! ° :
= s ;

-

ers in the bedrooms. This flaw was partly -induced by putting extra
ineulatiou on the south 374 of the bedroom floor above

the storage was charging the north 1/4 of the bedroom loor heated up

doop within the
bedrooms. This flow within the bedrooms induced a/flow.of' warm air

from the north end of storage with a.return flow
« ~ , :
south end through baseboard registers at the interior walls: The heat

cooler air to'the

lqsi from the' storage was calcula:ed to be 913 kwh. This is abouc 232

“of the. total heat collected of 4022 kwh. Thig los§~cohld be reduced

/

J

|

by 1mprdving the storage insulation.

The Energy Balance

4

An energy balance on the entire sydtem (i.e. the hquse, the col-

in Section,3.4.‘ qhe ove%ali

lector, and the storage) was present

heat ‘transfer. coefficient of the house was determined for 17 days both

as a functién of wind speed and diréction (Fig. 21) and of degree-days
(F;g.'ZZ). The results agreed to/less th;ﬂ 9% with the seasonal value
1,160 w/°C calculated in Sectign 3.5.

This value of 160 w/°C 1
model predict#on. About 20X of Kerr's value vas attributed to infil-

3 i o
[

of this was thrOugh the west entrance. A

’

tration due to wind and h
T

ma jor source of infiltration heat loss in this study was the entrance
. ’ a

door on the west etdﬁ/%f the house. The door on the outside of the

vestibule -during rr's study had bgén removed”prior to ‘this
”, -

about 40% higher than Kerr's simulation . -

A

e




, increasing the air flow path for infiltrationm.

-

)
'

. o
investigation and was never replaced. The inner door was poorly’

sealed a;ld it is possible that infiltration through this door was" two

or three times Kerr's predicted value. “‘\\ \'\
~ A
The effects of wind speed and direction on the overall ‘ht?dt/'<

transfer cdefficient were presented in Fig. 23. The results of the

!
‘e

analysfs indicated that the infiltration heat 10353“a due to a north wind

+ . . .
is greater than for a west wind, at a given ambient temperature. A

decrease in the ambient temperature causes contraction of the north ’

wall log constr:-uction, which further increases the loss coefficient by

Another source of clle disagreement betwéen Kerr's prediction and . y,

. . ¢ . )
the calculated salues of this study is the existence of thermal bridg—-
. b

ing at the roof rafters. Rigid insulation was placed tween the 1"\\

rafters, but they were in direct contact with the roof deck. Loose

fittix;g"iﬁ.sula.tion would result in heat flow pathsgﬁglong the rafter
edges with a thermal z:esista?me\equivalent to that of,~the plywood
decking and metal roofing. Severe condepaation which occurred on the
. ceiling of the sloped portion of the roof is evigi;nce‘ of the poc.;n:
therma} resistance of that area. Ka;rr predicted 25X of } 'e."tqc‘l‘:]:-r:geat @

.

roof loss factor could Pe doubled'. This wouldresult in the roof los— .

ses being about 35 to 40X of the total house losses. This would in~

‘

‘crease Kerr's ‘predicted overgll heat loss value by ‘about 10%. s

e ak e
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NOTES FOR FIGURES A.l - A.l3

.
[

1. These are cop'i_eé of the actual data tapes used to determine the

"Clear Day Measured Total Radiation” values in Table 2.

2.  Where only one curve appears in{ad figure, 1t{is for the vertical )

solarimeter. Where two curves are shown in a figure, the top one

\, A .
{s for the ver}:ical and the’bottom ome 1s for the 60° tilted

-

solariuéter N

a

3. On the days which had some cloud cover, a smooth radiation curve
. . 7
was assumed from sunrise :g sunset in order to compare the per-

cent/differ;ence in total radiation for both surfaces as if the
day had been completely clear. '
te * ’

A different scale facior wvas used for the vertical and 60° solar-

‘imeter records. Intercalibration . was done by placing the two _

solarimeters side by side on' the vertical collecrnor and matching

' the scalés’ for all intensities. g . ‘ 5

AT

. 1 T . i
.~ 5.7 In-each case, the data curves were redrawn* and the daily total

\in’tensitizés were .detemfned by  summing simple trapezoids.

:" Typical examples are/given in Figa.'A.iI» -and A.15.

.
s .
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The probable errors in d.ata collection and t{‘l'eir impact on the.
major calculated results are as follows :
The manufactiirer's .satated tolerance for the thérmis'torg was
7-0:1°C in the range of tempe‘ratures ‘measured. The nine thermistors
used were intercalibrated before the experiment. They agreed to with-

in 0.25°C over the range of 0°C to 60°C. The absolute accuracy was

f

checked with a Kaye Instruments Ice‘Poi plarytus. Again, the
The accuracy of the

— /
recorder was +0.5°C, with the major part of this error due to paper

-

thermistors were within 0.25°C at the ice’ point.

M

shifts. However, where temperature differences were used in the cal-

culations, most of this error was eliminated because all the nine

temp ratures were recorded on the same chart. (The locations of the

Fe

thermistors were given in-Section 3.1). e o

The planimeter integrations of solar radiation, heater' events,

and temperature differences were performed within a tolerance of +2%

of the mean value determined by at least 3 repetitions. With sensor

?

and recorder errors, the integrated solarimeter data veré accuratg to

2%.

The average pe#entage ‘difference of the velocit:y.head measure-—

ﬁxents, given in Fig. 17, taken at_the 15 pairs of symmetrical iocations

A

- about the vertical centerline, is 30%. This'is indicative of the er-

ror in the measurements due to turbulence because of the shortness of

the duct section at which the test was done. (Most accurate results

"‘would be obtained at a section about 6 duct diameters downstream of

any bends; however, the only suitable section of duct available for
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the velocity measurements was just one and one half duct didmeters
long. This section w;s close both to the fan and the storage ait exit
openings, where turbulence was created). The flow in the collector
wa; iess than the value measured at the fan due to leaks at the damp-
ers. Assuming the flow in the collector.to be 5Z less than that mea-

gured at the fan ;nd completely random velocity variations arising

from the turbulence, the deviation of the flow in the collector is

-

roughly -20% to +10% of the flow rate measured near the fan. Based on’

hourly calculations using the measured temperature data 6n two typical

clear days, the root-sum—square deviation [23] of the total‘ daily heat:
‘collected, Qui‘ ranges from -8% to +4X. Using the same method on a

seasonal baéis, the probable error in the total heat collected is from '

>4
-1.12 # +0.6%.;

o

The calculation of the instantaneous collector efficiency, e =

"Qu/Acle, 1s directly affected by the error in the mass flow rate of

©

. . . 8
~20% to +10% and the error' in the solar radiation measurement of +4%.

c

Therefore, the maximum probable error.in n is =24% to +15%.‘ The

-error in the factor (Tyn = Tgmp)/Ic 18 +4% :and 1s neglected relative

to the error in n + Using the root-sum-square method ébove; ‘the

c

probable, error of n for+the best fit line in Fig. 16 through the

c
instantaneous efficiency data points ranges from —3.§Z to +2.1%.

~
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