- BROT0. 789 . oo

T .. - - pécific Regional Solar Heating Handbook. Second. |
§ o T Eﬂit oh. - o i"'»_ Lo T - ‘“‘~«-uaﬂa- . S
THSPITGTToON WEI€EEY Developwént Trust, Jotonys (Omtardo), i v =i
SPONS AGENCY = EBrex)y Heseaxch -and Devéloppent Administration, L
oo . ', washingtom, DiC. Div. of Sélar Enegyy. = < -
PUE DAIE L TTE. e NIRRT
NOTE . 1p.s Por relatel documents, see EA 010 790-796; Not . °
) available in paper Copy due to°marginal legibility of - -.
oxigimal document . : : S

f

AVATIA BL® BRON Superintendenmt of Documents, U.S, ‘Governmment Printing 7.
ST o office, Washington, D.C. 20402 (Stock N§o.. . S
060-000~00024-7; $3.25), . .. i, |
'EDRS PRICE nF-$0e§3 Plus Postage. HC Not Available £rom BDRS.
DESCRIPPORS ~  Climatic Factors; Computer Scilence; Cost o
. : Effectiveness; *Design Needs; Energy Ccmnstrvation;
. ‘Equipment Nadnteniance; Graphs; *Heating; Heat RS
R T Recovery; *Performance Criteriay sperformance .
" : specificatiorisy Simulation; *Solar Radiation; Systems
: ¢ - 'apalysisi Tables (Data); *Thermal Environeent
IDENTIFIERS Pacific Region - A, S .

*

ABSTRA CT ST s .
o . This bandbook is intended as a guide for engineers,
archit ects, and individwals familiar vith heating and ventilating
applicitions vho wish to desdign a solar heating,system for a = : _
resident a1 or spalld commercial-Huilding' in the Pacific Coast Regidn,
wimate of the region is discussed by selected citles in" terms of =
"<t of climate om solar leating requirements. The four states
covare Mre Cilifornmia, Oregon, Washington, &nd Arizopa. Presented in
detail ate the desian parameters and perforaance characteristics of.
liquid space leating systess of the active type usipg flat plate .. '
collectors, witer heat storage, and forced air distribution; active
air space heating systems using flat plate collectors, rock-bed
storage, and foxced air distribution; and domestic hot water ' heaters
of the active t7ype using liquid-cooled flat. plate collectors. The
analyses are based on hour-by-hour computer.simulations'using acteal.
veather datas from sir selected“cities. The collector area required -
for the three types of active systems has been determined as vell as,
the effect of chamges in all ‘the design parameters, 2 simple, .

empirical, monthly solar-load ratio method for determining collector

area is described amd results are presented for 13 additional

locations witiinm the region, Swimming pool heaters are described ‘ ;
briefly, and passive space heating systems are discussed o .
qual it atively in terus of a number of successful designs. (Author)
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Alamos, New Mexico. The general

_tion of the project, as well as most of th 5

_technical writing, has been by J. Douglas
Balcqmb... The greater part of the
‘technical, analysis was performed by
Jomes C. Hedstrom with the assistance
of Hugh S. Murray. Rewriting: Stanley
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-systems



g stat«es mveregi are Cahfémm Dregon, Washmgton an_d‘,

£ (1) ,liqliid space‘ lleating systems of thé ﬁctive typg

rc!rs, rock-bed storage; and forced air distribution; and 3)

: damétm hot water heaters of the active type using liquid-cooled -
flat ﬁlate collectors. The analyses are bised on hour- by hour com-

puter simulations using actual weather date from six selected
cities. The collector area required for the three types of active

systems has been determined as well as the effect of changes in all.

the des:g’n parameters. -A simple, empmca] ‘monthly solar-load
ratio method for determining collector area is described and results
are presented for 13 additional locations within the region. -

- Swimming pool heaters are described briefly, and passive space
heatilyg systems are discussed qualltatlvely in terms of a number of
successful designs. .

- ‘

v_ﬁé v FVEEl i .
cf ﬂ:e ‘effect clf cllmate on s:alar heatmg requuement:a, The ﬁ:u;r -

collectora, water heat storage, and forced air dis-
active air space heating systems using flat plate”
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Much of the mforméhon preserated
~ here is relahvely techni
. use pnmsnly t@ arcl‘ht cts, ccmtractors

8.in heating, ven:

tﬂatmg, and air- condltmmng It may be
‘of use to the "do-it-yourself" owner-
builder with a sufficient technical
background. :

A great deal of design n;(ormatxon on
solar heating systems is currently

available. New "how-to" books are ap- .

pearing all the time. Solar hardware is

bemg manufactured by a number of com-

panies in the United States and abroad.

We éstimate thét there will b‘e 1 DOO to

try alone by the end of 19’76
{ Although design pnnclples of - solar
heating are. now widely understood,
current literature does not provide quan-
titative descriptions of the thermal in-
teraction of the solar heating system
components. This type of analysis is
relatively complicated and is highly
dependent on the weather patterns in the
locality where the system is to be used
- and involves sxmulatml/l of solar perfor-
mance from hourly /solar radiation
records on a digital camputer This has
hardly been a practical approach for the
individual builder. v
The handbook supplies this type of
quantitative analysis for the Pacific
Region. With it, the designer can deter-
mine collector and storage size and other
important design parameters proper to
the building's locality without an in-
dividualized computer simulation.
The emphasis of the handbook is on
what have come to be called "active"
systems. No quantitative analyses are of-

“The aim of } s g8 aid jn -
the pmper chmce nf collector sxze, gtorage
size, and other important design
'pgce heatmg or; ‘

hni¢al and will be of .

s

fered here for passzve" syst;ems Tlus is -
“ir_part because quantxtatxve ailalysxs of

‘EEthEH_V syst_ems is_ rebsonahl : wel

”i}‘

defined as a "standard" system of €it| ér -

- kind during this- early pericd of the

Adevelnpment af sclar technp]ogy An ac-

1 . nsidered to

consist of a hqmﬁr alrscmléd ‘metal
fl it plate collector with a storage tank or
rock bed and with forced air or liquid dis-

“tribution systems connecting the solar
collector to the heat storage area and liv-

ing space. Certain elements of hardware, -
notably collectors, are coml‘nermally
available foractive systems and speak for
a degree of standardization at the present
time, It is upon these notions that the -
term "standard" used in the handbook 4 s
based. .. .

By contrast, the passwe appmach
solar heating is almoést as varied .as the
individual buildings themselves, and itis
not yet™possible—if even desirable—to
call any e passive approach. "stan-
dard." However, a section on the passive
use of solar energy has been included in
the handbook in the intefests of com-
prehensiveness. It is hoped thereby that

liquid and air systems of the active type ~

will not be taken as the standard for all -
solar energy systems, simply because
they are more easily subject to quan-
titative analysis, or more closely resem- -
ble conventional heatmg systems in cer-
tain respects.

For similar reasons, brief discussions of
swimming pool heaters, heat pumps,
reflectors, etc., have been included in the
handbook. These-are economically feasi-
ble uses of solar energy at the present
time, although _detailed quantitative
analyses of performance data are not yet
available,



-~ presgnted

The greater bulk ef mfermetmn o
-« " designer feeed wrth a epeerFe preblem in

" “an active'space heating or-domestic. hot

water system, and some mdleatmn at_ .
~ this point needs-to be-given. concerning...

*« the use of the handbook for this purpese

~In the section of Space Heating-Active

' Systems, the effects of varying any oneof

the fifteen parameters: of the nominal
standard liquid system are presented in

- ‘detall for six locations within the reglon

L

The standard air space heating system is'

- —presented in the same manner for those

parameters it does not share with the li-
quid system, and the domestic hot water
systern also for those perametere it does
not share with either.

'Thus the desngner mterested m the ef
pararhetere on the perforrnanee of the
whole system should first consult the list
ofhominal design parameters on page 17,
and then turn to the detailed discussions
of individual parameters that. follow.

Tt should be noted here that the design
parameters were- varied singly in the
simulations, holding all qgthers constant.
The designer should, therefore, use care
in varying two or more design parameters
simultaneously, since some of these may
be coupled non-linearly. Any individual
system will, of course, deviate.:somewhat
from the standard system as well.
Furthermore, the effect of parameter
changes has been studied in the
handbook- for only six locations where

hourly weather and solar radiation have

been recorded. The magnitude of the ef-
fect will be different for other localities
within the region. However, the results
for the six cities studied should en-
compass the range of climate within the
Pacific Region.

One of the main purposes of the
handbook is to enable the desigher to
determine the size of the collector array
for an active space heating system
anywhere in the region. The subject is
covered for space heating systems for the

Csix eltles begmnmg on- pege 52 where 11: is.
-possible-for-the*designer-to-size-a-
_heatmg system .simply by uemg the -
tables on pages 53.and 61: For other arels
within the region; it will be necessary to -
use -the Monthly Solar-Load  Ratio
- Method, ‘an explenatmrl of which begins -
. on page 59, with case studies exemplify-
~ing the use of-the met.hod in the Appen-

dix.

" Similar tables and ealculatlene for

determining the size of domestic hot
water heating systems are presented at
the end of the hot water heating section.

Some last words of caution. The ‘ap-
parent simpligity and grass-roots appeal
of solar heetnfg can trap the unwary into-
a poor installation.- Anyone who would
not consider designing a home heating’
system should not blithely launch into a
solar heating installation, particularly of
a complex type. Adequate preparation is
advised and should include a basic work-
ing knowledge of the conventional ~
heating system to be employed in con-
junction with the solar unit. Many books
are available to the individual wishing to -
design his own system. This handbook is .
not intended to overlap the practical
details and hardware considerations in
the now numerous "how-to" books and
catalogs, some of which are listed in the
reference section. -

It should be noted that because solar
heating is a relatively new commercial
field, certification procedures are still in
the process of being developed for solar
equipment. Thus, the builder must be es-
pecially attentive in his choice of equip-
ment to determgne that it will last the re-
quired time and be easily maintained
and repaired. Solar heating systems of
the active type are relatively expensive,
and their cost effectiveness depends on
these factors..

10



rachaticn is "a i‘elat;vely -dlffuse and weak |

-source of energy at the earth's surface, it -

-is preclsely this type of low-temperature
energy which is best suited for space

" heating and hot water heating on asmall *

residential scale. Given the fact that
'present day ‘collectors can retain only
one-third to one-half of the total solar
radiation that falls on them, they are still

'able to raise the temperature Df con-

levels (e_,g 13 -150°F“) in the course of
sunny day. Suc temperatures will not
power turbines pr smelt iron ore but will
serve admirably for heating a house.
Climate i§ A critical factor in the per:
formance of any solaf heating system.
The.Pacific Region includes some areas
ideally suited for solar energy systems as

well as others that present a variety of

problems. For the purposes of this
handbook, the region is defined as the
three Pacific- Coast states, California,
Oregon,

of Southern Catifornia. It also contains
large population centers for which hour-
by-hour weather" data .are available. A
city outside the region, Bismarck, North
Dakota, has been’ included in order to
bravide an example of a cold, northern
climate similar to the -eastern parts of
Washirigtoh and Oregon for which
detailed’ weather data were not yet
available. ' '

The Pacific Region encompasses such
a tremendous variety of climates that it
cahnot be considered a homogeneous
zone. In terms of solar heating, for exam-
ple, the collector area required to reduce

and Washington. Arizona,.
however, has been. included, owing to
similarities between its climate and that

P

11

the consumptmn nf gﬂnventxanal ﬁ.‘lels by-; S

. 50% will vary.by a factor of nearly s

thmug!mut the region.: Moreover, )

“Eaanes of climatic zones wit thin the glcm
.. are not clearcut; the ¢
coastline can change marfeai y within a

few ‘miles op.a few hurld:red feet in

altitude. These and some inland areas B

are subject to foggy conditions at vatious,

~ times throughout the. year.. Highly. .
“variable conditions depeadent on’

altitudes, slope, etc., also affect moun-
tainous areas. Such factors should be

‘taken into account in estimating the per-

formance of a solar heating system. They
imply a detailed knowledge of not only
the characteristics of the climate of the -
gerieral area where the solar heating

“system is fo be constructed, but of the

peculiarities of the microclimate as well.

A useful way, however, to discuss the
climate of the gegion is in terms- of solar
and weather data from representative
cities. LASL has studied the data of 18
cities which can serve as guides-to -the

varieties of ¢climate within the region. Of

these cities, six were studied in detail at
LASL; they are indicated by circled dots
on the map on page 4. The hourly records
of solar radiation and ‘weather data

available for these six cities were used in
the computer, simulations of parametric
variations for solar space heating and
domestic hot water systems, the results

. of which are discussed beginning on page

19. Their general climatic characteristics
can be summarized as follows:
Phoenix, Arizona. The climate is
arid southwestern, although stgnificant -
irrigation has increased the humidity
within the .Phoenix basin. The winter
heating season is short with ample
sunshine and large diurnal fluctuations
in temperature. \

4




: aly }
ﬁ&asun is mlcl it ertends overmast of the

- year due to the lgguam:e of sea breezes

zfrqm the chdPa stream

typlcal of the inland” basm, Wlﬂl the

heatmg season concentrated in the two-

month period of December- January

" when the weather is generally fcggy but

‘not. severﬂly cal .

A ‘Medford, Oregon. The cllmate is
moderate, perhaps the most average of

those studied-in the region. There is con-
_stderable rainfall in the winter months.

Seattle, Washington. The foggy
coastal climate of Seattle is dominated

bythe cold Pacific stream, which results -

in a heating season that is long and cool
without being severely cold. Little direct-
beam scﬂr energy penetrates the humld
foggy atrﬂaﬁphem :

Bismatck, North Dakota. In thls
central contipental climate, the Reating
season extends from September into
June arnd is severe with average daily
temperatures of 10°F in January.
Althqugh there is appreciable snowfall
and blizzards are frequent, the potential -
for solar heating is gobd on account of the
high percentage of posmble %uﬂshme in

! the winter,

" The remaining 3 cities were studied in

terms of monthly weather and solar data.
. They are: Page and Tucson, Arizona,; El

Centro, Inyokern, Los Angeles, and .

Riverside, California; Astoria and Cor-
vallis, Oregon; and Prosser, Pullman,
and Spokane, Washington. They are in-
dicated by dots on the map on this page ,
"and the tables giving data for these cities

. are to be found on page 61 in the section.

on estimating the size of solar collecters
for active systems. " s

=

4 ¢
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I1IL. Design Considerations

Some climatic wnes within the Pacific
Region are clearly more suited for solar
heating than ot hers, either in terms of

overall solar radistion or-in terrms of

In extreme

seasonal or ewen daily patterns. In sorme
areas the goalcanbe, at. best, toreduce
thee costs of conventional heating by

eroough to justify” the add itiomal costof a

supplementary system. In the other
sanny locations a solar heaﬁing syste m
cah be expected to supply the rmajor
source-of heat with gas, propane, eec.
tricity, or wood providing the rest.

Site will also lhave a bearing on which
heating system isto be the primary one,
cases it will deter mine
whet her a solar installation should be
considered at all. Qbscuration by
buildings, trees, hills, .gr mountains
should be studiedto asce'iﬁirl w heriand
how much solar radiation is-lost. Until
legal sun rights are established by
legislative or judicial processes, the
builder should anticipate whether the
site might fallat some future timeinthe
shadow of a .nearby high rise construc-
tion or a growth of trees o -adjgEning
land. Such consideratiorns, as well as
those of cost and technological lirita-
tion, suggest thatslar space heatingin
stallations are besst suited for reside nti al
or small commmercial buildings in rural or
suburban areay, and not vyet for demsely
po pulated hig,)h nse lnner Clly aras
Domestic hot watersysterrs trycontrast,
are both more compact and st effec
tive, allowing a g;rééter" tlexibsility ofins
stallation and gprplication ‘

Whiile cligng(e and site.will b 0t
fect on the percentage
heating desigried for, the ¢ ype of biildiag
copstruction will have a bearing o thee
most suitable solaardesigr U

of Lolax = Paay

Unfort unatel y
for the butlder th esun caxmot be tyamed
on or off at willin any clirniate | thaé ther

= mal storage of solar radiation will be o

feature of all beeat ing syste s titenged o

carry through night-time hours and
periods of cloudingss. Thermal storage
depends on mass’.% storne, cementblock, -
concrete or adobe structures, som useful

‘thermal storage is already in thestre-

ture. This mass is particularly effective
in smoothing out variagtions in imside'
tem perature at locations where the am-
bient day-night ternperature changes are
large, Building mmass is also advan-
tageous forstoring sol ar energy: whichen-
ters the structure through windows.

~ In the Pacific Region the majarity of |
residentialbuilding construction isof the
frame type-—and mobile homes can be
included here—in whi¢h the structure
contains relatively littﬁmass, The ther-
mal storage in such &¥building will be
almost entirely thal associated with. the
active solar heating system. As a water
storage tank or rock bed, it will ususlly
beinsulated frornthe living space so that
heat stored in it can be distributed ac-
cord ing to demand. To some extent, the
design of active solar heating systems
and of conventional systems ps <on-
ditioned by the economics of lightwe ight
building practices and the need tom ain-
tain even termperatures within a strc-
tural enve lope that provides little t her-
nmial flywheel effect of its own.

The first consideration in the ther-
nnal desigmofa building is to minimize
the heating load. For a small, single-
story, well -insulated building, the ther-
meal load ought to be inthe ramge of 8-10
BT per degree -day, per square foot of
flovr area.* The major contributors to
building thermal load are thermal con -
duction through the materials compris-
irg the vuter fabric, and the energy re-
quired to heat the outside air which in-
filirates the building through cracks,
'Ljfl;iiﬁd mﬂhtjda of calulating heat loses (the building
thermal luad) areto be foundin the ASHRAE Handbooks,
list.ed ir the references. A sunmaly of the methodsis tobe

fvu id oo page (52) belw, for both plagmed buildingaandex-
isting by uildings

1 >
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porous wills, open wiﬁdcrwg and doars.

p The infiltration rate can be effectively
reduced by the ude of weat herstripping
around doors and windows and with’

wvapor barriers built into walls, cellings,
and floors, A permissible 1ﬂf11tri3tl@n rat
is usually in the range of one-half to one
air change per hour. Less than this will
lead fost uffiness in normal l3ving shaces.
In areas of greater activity such as
meeting rooms, the infiltration rate will
have to be increased. Adequate insula-
tiow of doors, walls, floors, and ceilings
will reduce thermal conduction;and the
use of double- glaz:ed windows, storm
doots, draperied and insulated window
covers at mgh? will help conserve the
pos itive solar gains through south-lacing
windows duripg daytirne hours:

The importance of these load re;imcmg
measures must be stressed. Finst, they
are usually more cost effective than ac
tive solar hreating, Secornd, the area of
solar collector needed to ob taizra giseny
solar hea ting traction is diredly propor
tiornal to the building load. Colectars
slordge tdn ks, and ruck breds Oecupy
rnore Spa ce within z builduag than con

ven tiohal healing svatems and  the
d&sig’ll should seek.. hold thil dovern co aa
ﬁli[lilll uixl A!:Li, 1flsane ¢ aness L he of .e ot
collector array might bear o aestheuc
con=iderations. Fur these lew, s ouly
after the heating load has bec e daaed
Lly more st el f;\[l\\ mtastress =hould
Al ﬁ‘ttlvg hr:atln; S\ysl,m bes (oo Meted
tor haﬂdlmga poation of whaat rerndim

A ny drialgu up(lxlllr_, att-ut us ually
volves at radeo i between cos € arad per gor
taarice Al =orme poldnl (Iae ealpa poot f
magie bt can be oo e by adding,
mort isotaltclon v oe weall on o ol hig o
creasing asolar - atle Lo san tllen o
t he saviags meuticad I o bvw (Aws s
t Nies ptrful mauve o Llnanry ke o
1=t with E(?”EC-I\;{ alt aind o aenlagoen
faor example

Faor st locaian woaie t9 000 0 0 s
L d,t-z,ajlggl A sular tes g oo oalem Lo

provide for 100% of the hea ting require-
ment, sihce collector areas and storage
volures. meeded to collect and store
eriough heat for prolmged cloudy
weat her would be large ind upwieldy.
Thus in general, a solar heating system
should be deslgﬂed with a-¥ull capacity
auxiLiary heating unit for p eriods of ex-
tended ¢loudiness. This applies, in par-
ticular, to northemn areas w here interior
temperatures must be mala tained in or-
der to protect water lines. Where the

" solar heating systern isthe, primary one,

the use of an efficient wood-burning
space heater has appealed to many as
waod is a relatiwely inexpemsive energy
source in many locations and is easily
stored. It is a remewable respurce as
well—being, in fact, a form of stored
solar energy.

Orace the type of solar heating systerm
has beer1 decided on, questi ons of main-
tenarice and lifet ime should have adirect
hearing «n theselectionand const ruction
of theswstem components. Solar equip-
ment can represent from 5-15% of the
buildmg cost and, therefore, must have a
lifeti me of 15-30 vears to warrant thein
vestinen . The d esigner should pay par-
tteular a ltention o potential problemsin
thie tollowiny areds:

v Accessihility to glaized areas, tluid

line= water slolage tanks

s Ult raviole t degradatiuis and

weathethry  foaling Of estelon sur
faces, and pijiﬂied s Al Acts

. Corrosion in liguid systems

[, the case of acomplex solar bieating

stem, the arnacearis ad vised t, be wvery
doll dnbcsmaed w0 o seek the service of a
commllant wiilh experlece mo (hae tield
betyre com alaile g Plinsel (. a wa)orin
veatraien U Lo addibon he weay Jo well to
have o Paash talke with th ¢owher o rest
dent of a solar Leated building  Most
peop e isvodved i usiny solar ene gy are
very willng tv talk over prublans and

alsares thy wir hizn v ltlihf
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The do-ityoursel! horneowner can
build a greenhouse for as little as $2.50
per square foot . A lean-to greenhouse on
asout h-facing wal lwill provide asignifi-
cant quaftity of heat for the adjacent
house . This sort of systern rmav not a fford
avery high-degree of temperaturecontral
or storage but 15, at the present time, a
very economical way to trap fairly large
quantities of soar rad iation for space
heating purposes, and the construction
techniques
anyvone modera telw skill ed in carpentrs

The installatiors costs of active solar
heating systems are rel atisely high but
allow greater flexbility ot tew perature
control Values of S200 $30 prer squiare [ool
ol collector area dare curilinion fon
professional estal lat s, the entire ae
tive heating svslete for & house tnay ol
frorm $2.(00 to $10.000 at the presefn
time
cormpe (it ton shenl b g Che €osts (dow
the ful wyee and dat

M ass p;'ﬂd vt lon and  loaie ased

sorlewhat 1

Vol h(‘:“ ilxﬁtélll Al W l” ;\‘Lillt, o labo
Cousts 4
kjvﬂh“l\xél_SX.a Loy s atl s don s

pé"féﬂuh i'()[i[!ulxtj})g; e N 11l [ il
tall s L e whesre o boelorcizi g e o=l o tled
Sl)t;\t‘ }{UWE\EI 1lcii}ltﬁ Ftherr corl to
poerfor ola Nee o haozac e L e e el
cdelt HE‘E:U-éfli al b prvoocesl Ui,

[ e luLinl crwicliiatlen oot o T
Lotwweon the oo o Lo Callar o e
and (hee g utias soat ol be Doelaan 1,
tle solar b alys g, ooz Larrngg 1t i1
ticipated lifetinoe Onenat-talso oo
Lan oprsnedling oo tulcaaa, o eln | paa
Curaa A falt Ioewn fUl ven w0« Dyealin, .
the ool slesd lie all T O the oL 1o
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The annual capital fiked charge rate is
simply. the value of the capital to the in-
dividual. It may be the interest rate that

the capital would be earning if it were in-

vested rather than used to install the
solar heating system, or it may be thean-
nual cost of a loan made to finance the
system installation. For example, the an-
nual fixed charge rate of ah eight percent
twenty-year loan is 0.1004, as determined
from banker's tables or formulas,

The annual energy delivered by a
"standard” active liquid ,or air space
heating svstem can be estimated from
the data presented inithe table on page
10 for 18 cities in the region. It will be
noticed that the smaller the solar heating
avatemr. the more heat it will deliver per
square loot of collector, largely because
the smaller svs®m will be running at full
capacity more of the time.

A samnple calculation will help 1l
lustiate the use of the formula In the
sample let the following assumptions be
made. '

#5900 Inslallad coola al 31D o
square foot of collector This s a
tatrly 1ow figare for annact ¢ syvseeIn

- Aunual capital fiaed charge rate at
010 representing a 20-vear loan at
M luleresl

SOpiraling weatntoate o abed a@pals

vosle al 2% per vear of naotallod (ont

Pt | S G & 19

Anstal v, BT O VO T UTEE I PR SR pPen

Bicatlng sy o ean wgial te 162 o000 B LU

per vear per square root of coliector

alye Ilt:;\ll\ {hsat J;.!Altjh;:ntﬁ the an

CodpCod ped i tience ol a D space

boeatlaog syvstan 1o L os Angeles,

Calitoin

o fronn ll.. | S R
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we obtain
= %111 ; per mi!g(m RTU for the costof St)iar heat.
. Y

How does this hypothetical figure com -
pare with competing energy sources”
Natural gas and electricity costs vary
widely throughout the country but, at
present, they are generally lower. For ex-
ample, if natural gas is $1.50 per 1,000
standard cubic feet and is burned in a
furnace at 60% efficiency, then the
delivered cost of heat is roughly $2.50 per
million BTU. If "electricity costs J.5¢ per
kilowatt hour, then the cost of electrical
resistance heating 1s $10.25 per million
BTU.

In many
systerns of the active type are nol a=com

Inslances . solar heating
petitive with natural gas as they are with
propane or electric resistance heating
systerns. However, uatural ga. is not
avatlable m many areas and s becomng
scarce 1 others reduclng s tse axa com

peling muulte U 1a

alternative tuel
reasoilable o asaum o that the s one ot all
sources of fosaal energ . will rise The an
certaluty 1s iy honw u.ach: Aisla
) PO PIEY | \ntll])t’l“}:ﬂg al g

et i favor of solat [;gqlwigldg:

pethiaps L.

Fhe tormade gloen avove does oo
inlo account 4 nuiaber ol oluér oo
altec U 1te o le

Aatderations whilvh an

Lunla l}uz sl 1es Do these  nmndora

[l can bhe tl[kull !-_a:.ll\;j IR R TEFES ) i) R
and s wlde | i s s bade © alan
The wili IS T 0 SUFU R P T

businie s= thoay for T

id u:s“'\ [
1 dividaald

posilive cunldaravio i, o sl an

coenlly em oo granls which vaosy he ool
h,\ Alale oo toderal Lo fodn 01 o
Lerent pors ovnla bisy oo ladllig oo e i

federad Laovaae tiac, arnd Lo

CHpu Lede [l T

l,if[!lt‘\ Pallon 1
IlL‘gc!li\C ol bodovre e ot it [a=
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the ability

gi{ din o Taey o s PRI
E)Lj:‘l;!{_fhij L AR W S A
A method stnaba O e

oAl of solar Beat oo oo b atheeo
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include a forecast of t he annual increase
in conventional fuel costs is the

nomograph on page'(9).* With it, one
can select a bregk-even time for the solar

. heating system, the type and cost of con-

ventional fuel with the forecasted annual
increase, and the energy output of the
solar heating system. From these figures,
one can derive what the system must cost.
in order to provide the desired breakeven
time. An. example is plotted on the
nomograph by the dotted line.

e The solar heating system s to break -

even at ten years.

e Electricity is assumed to be priced at
2.4¢ per kjjowatt hour, with an 8%
annual incrgase.

e Useful solar energy is assumed to bhe
120,000 BTU/vr per square foot of
collector area.

R%.

« [he
H o . N =]

tenauce cost is assumed to be 1%.

sular healing avsteni main-

From these figures one derives a $10
pet square oot system cost goal on the
nomograph The nomograph is intended
(e be ljlll}’ Hustiative of the rule of the
Ve lous coats prices, and performance

factors that determine the economics of

' hul; l(i }JE‘

and used

nult;ll

Leating
faue ur\lmgl}/
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Energy Utllized, BTU x 10112 collector/year
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. .
Annusl Energy Delivered by a
Space Heating Solar Enerp System*
. - 7
Annual net energy delivered per
. square foot’of collector, in
millions of BTU/year fi!
Solar Heating '
Fraction
» _ _
25% 50% 5%
‘alte - - - -
Arizona RS
Page 0.212 0,450 0.115
¢ Phgenix 0.132 0.104 0.078
Tueson 136 0.107 0.080
Califormia - v “
Davis =~ .  0.124 0.090 0.062
PL Centro iy 0.1 0,150 0.106
: Fresao e Fel22 0.087 0,060
Invokern 0).205 (0.1m4 0.110
Lim Angeles U214 .182 0.1
Hiverside 01786 0 137 0. 100
Santa Maria {) 262 (211 . 149
Uregon )
Astorfea U 16 UoLEd 00743
Corvall, NEY 0,094 0)_064
Medlord 0 L3 0 094 061
Nashingt- .. .
Prasser THE () (o (V57
Pullman 134 '1'17;098 - {1 066
Kichlana 1) 148 IRTQ]] (),()63
Seuatlle 121 0081 0051
Spathar. REL 0 1 0 e
teisd the s . ajepls oo ehtatig ol wtlallabon 1o [

e £ aeflt ed based on e oo aathily Solar lgtaj Hatio method —an explanatioan ui which
begiha v page 39 [Ta donestl hot walér system 18 added 1o 8 space heating system, as
deponbed un page 66 then the annusl energy delivered may be substantially increased
anice the solar collectorsafe in use vear sround. In one émmple { for Alhuquerque, MM ) the
vield was 1ncreased traog 0 225w 0 261 rﬁllll\nn HTU/yr- fi! I ancther example fur
Madieom WHI the vidd was mcrease d fron, (! 1534 1. O 180 fi\l.'lllws’iBll ivr it! These results
depeid L conare oo Lhe telative atze of the two loads
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Flat Plate Collectoxrs. A flat surface
painted black, enclbsed in a ghazed box,
and orlented and tilted properly in rela-
tion tn‘tl;%f*sun will trap a considerable
amount of - solar. radiation. But solar
collectors must do more than collect.
They must also move the heat out of the
c8llector; an® it is the nature of this heat
transfer function, and specifically
whether the heat transfer medium is air
or a liquid, that will dictate the form of
much of the remainder of the heating
system,.

All of the collector types shown on this
page, with one exception, use black-
painted metal as the collector surface to
absorb the solar radiation In liquid
collectors. the heat is removed from the
surface hw a liquid pumped through
tubes or ducts attached to the surface or
dribbled down corrugated metal troughs.
Similarly 1n air collectors., the air 1s
blown the collector
through laminations of metal gaucze

AC ross surface of
At the low tempe ratures used for spa. ¢
heating vr domestic wates heating tlat
plate collectors of eicher type, hyuid or
air . work with seasonable efficiency and
are relatively casy to construct Conve
tive losses are casilv reguced by a
tran=parernt unlla“}/ vnle wr v

l:ﬁ}"tl‘ﬁ of gl'ﬂ,!ﬁﬁ: asd conduction lusaes

Cover,

through the collector back and sides can
be cut down by Insulating chese suTta. es
It inay be of use to reduce tadlation lossc..
by means of a selective coating on the ab
sotber suiface, that 15 a svating with o
high absorptance fon thie solar apectivm
and a low emittane e oo e ttrared 1¢
radialion spectour
Collector efficiens . 0 L il

the coll

(heratlo of bical rensn, ed ton

tor by the heat transfes wedlun,  h
collector coslant divided Ly the Indlaent
tadiarion No
as the ratie o+ depen

Al h a -

solar sluhlc uadihier
results, howeéver

deril on a \ii‘ll’it‘[) ot condition .
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coolant temperature and flow rate, the-
magnitude and angle-of incident solar
radiation, and the wind velocity. It isalso
dependent on the design parameters of
the collector itself.

But collector efficiency can be
calculated by performing a detailed heat
halance on'the. absorber surface and on
each sheet of glazing, which will account
for solar and infrared absorption and
radiation, convection, and conduction ~3~

of conditions is shown on page 12. It is -
convenient to plot efficiency as a func-
tion of the parameter 2T/

Average Collector Ambient
A1 Surface Temperature ~ Temperature

| Incident $olar Radiation

COLLECTOR TYRES-
WATER HE ATERS
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Hack plais 13 A waldnd 1o Dot thaat QEj
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Reflectors. The amount of solar radia- =,  serious problem, can be dealt with in a
tion striking a collector surface can be .°  variety of ways using special materials
considerably increased by reflectors, and techniques,
thereby allowing one to reduce the size of . .
the collector array. An area of white ‘ .

gravel in front of a collector, for example, %  pLATPLATE SOLAR COLLECTOR PERFORMANCE MAP
will reflect a certain amount of radiation
into the collector, as will snow, though
more diffusely than sheet aluminum, or
mirrored surfaces that can be mounted.
en movable panels. ‘

++ Recent analysis indicates that the
patential advantage of reflectors is sub-
stantial. A vertical solar collector with a
horizontal reflector in front of it should
perform substantially better than the
same collector tilted at the .optimum
angle without a reflector In addition, the
seasonal variation in solar radiation inci

a o«
——Good flat black paint 098 0©B89
-=--= Selactive surface -090 0l0

IDG'}"@F h N T T | S S A |

1=3008tu/h 112
Tqmbient = 40°F
Wind velocity = Smph

[ ——

PR

Hedt Ramowad by Coslont

W

T Incident Sobl)Emamy
Lo x]
[
=

I

Efficiency

Numbar of
[ glass covers

Lol ol £'e

: ; LSO , © o2 o4 06 0B
dent on the collector 15 completely At e
a1 ( 2

.
o

p

NN
% b

changed with a reflector , 1 \Btu/h ft
Heat I'ransfer, Collector to Storuge )

The most desirable medium to transte; ?

heat from the collector surface to the :

heal storage aica would be one that s

stable, non treezing  noa botling  nea

corrosive, non flanm.able  Inexpeasihe

hotn viscodds  pon toxle 1nal enelgy 1o

tensive, and with a high . pecitic heat wnd L E

thermmal ebnductivity Alr satisfies  all

R TUREE PRV S I I | Faisla

these requlremnents ea. spt the last o
and rulnor leaks catse Lo 1ncon enl. e

Water has inany destrable  charad
tertsties ams woll Hooever 1t o czes al
fEl::iIi'\/i:l‘ Ligh tonpreralut, \l;nll;s aioa

telativel low  wnse and T IO R

}:lul:lthm Bl ot} ("\ Clio g 4 oan
ocedr Ih al.nost Jlareas ol he tegton and
provlalogs shoultbe madat o thin even 1
areas where freezing is infrequenc or o
lt::p[lsxl,ln,l Colleators con be ii(;:alglgc‘l [

dralic at aight oo hesever the o

ptﬁ[ﬁlu(t AL pa !.t;L \ é'sl'tjl(uiu Pinal
thiev caa be ‘icﬁiguc‘i with  conlent
passages lal . an tolerat. the tAajratind g
caused L:. frecang, Shntle 1 protadtlon
agalnal Loding car e oo tde T diain
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Many different liquids have been tried,
but all have been found deficient in some
category. Ethylene glycol/water mixtures
are now in common use, but like other
fluids besides water, require a heat ex-
changer between the collector coolant
circuit and the heat storage water tank.
They also require corroeion  protection.

collector of 500 square feet plus the pip-'
ing to and from storage can amount to, as
much as 30 gallons. Toxicity is of par- .
ticular importance when a/system In-
cludes domestic hot water heating. LASL
is currently evaluating a number of
“fluids, among which a class of light
paraffinic oils show promise. A summary

Expense is an additional factor to be con-

of the characteristics of collector coolants
sidered as the volume of a typical liquid :

is presented below.
. * i N

i - -

Thermia 15
Paraffinic
0il

UCON (Polyglycol)
50-HB-280-X

85% Ethylene
GlychSter

[ -

Water

33°F .-
10°F -35°F

Freezing Point 320 F
Pour Point
Bailing Point
(@ Atm, Press

A\ Carrosion

Y Flaid Seability
Flash Point
Bulk Coat (§/gal)
Thermal Conductivit,
(BTU/HR *F@ 100°F) Ol
Heat Capacity
(BTT/LE °F @ 100°F) i I
Viscosity

(LE/FT HHR w 1uu )

700°F
Non-Corrogive
Good*
‘ 455°F +
1.00

600°F
Non-Corrosive
Good**
500°F
4.40

Zbh-l
Not CGlival e

None
235

Ul4 (.76

(P11 40
1 o I 285 1431

iRE\[UiFE‘! an twolated woid capanc . ks . saak ,Amlizg vdick Lo pas venl sludge [OTis

tion

Uuptatns a shadgs Dot it

13
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) Heat Storage and Distribution for
Liquid Systems. The common thermal
storage medium for liquid systems is
water, usually held in a large basement
tank and insulated from the living space

of the building. The size of the tank is

directly propoitional to the collector area
for the percentage -of solar heating
desired. For example, a system designed
to supply 75% of the heating load of a
15,000 BTU/degree-day- house in Med-
ford, Oregon, would have a tank capacity
of 1,680 gallons which would hold enough
heat to carry over approximately 22
hours. If water ig -the heat transfer
medium, the storage tank water will be
heated directly, and indirectly through a
heat exchanger if other fluids are used.
coiled section of tubing, usually copper,
immersed in the storage tank water or
wrapped around the external suitace of
the tank; or it may be an external heat
exchanger requlrinng an extra pump to
move the tank water through the ex
changer.

It order 1o Gansicr Loatl frons sloaag
to the bullding heated water 1s putnped
fronm 1Ne tup of the atorage tank thnough
a second (llquid (o alr) heat eaclianger a
finned tube ol over whitch = blown ool
teturn alr draws troa the Tving space
The air re-enters che living space tnrough
reglaters shown n the dlagrann on page
15 Alternately e Leat can be dis
tribuated to the I g pace sl oo en
£ llhuugl.

vihivesloga

tiunal preriie et

i!ﬁ(lnﬁill}, al avine Lo o podda, e o A

radiant heat distobion ayvstern sonld

also be ased

|5 UNY S TR A ST Y T T
Y B A - FT T Foooane vete s 0 thie v
aaut thermal coor. pe s o a0 dall

b f1at sized 1ok vualle o acc ] e

with a wale, tank, 11 o b coenl [
and tnoudated tron, b Iy fage s jeed 4
sal.e Loown

Y T O |

TR uk
inYe aolar asrtens a0 i

Bl ‘degr.e day i v

Oregon, would require a rock bin of 700
cubic feet, containing 32 tons of rocks.
Problems of leakage and accessibility are
not nearly as critical with rock beds as
with water storage tanks, and they do not
require ~maintenance. Rock beds are ef-
ficient heat transfer devices. The air
gives up its heat quickly by flowing
through the labyrinthine. paths;, as a
result, the rocks near the air entry end of
the rock bed can be at quite different
temperatures than those near the exit
end. This makes for a certain respon-
siveness in retrieving stored heat and
compensates to a great degree for the one
disadvantage air has as a heat transfer
medium-—its low heat-transfer coef-
ficient. _

An air system, of course, does not re-
quire heat exchangers of the sort used in
liguid systems except In cases where
domestic hot water is to be heated or
preheated. For space heating, the hot air
teom the collector is blown directly into
the living space; or for storage, into the
rock bin as in the diagram on page 15. In
terms of mechanical assistance, an active
alr system requires only one fan and two
double dampers. As soon as the collector

temperature exceeds the rock bed exit
ternperature  (left  side), +the collector
turn= on (blower on) with dainper € in
the position shown. 1f the living space re-
quires heat, damper H s In the position
shown When there 1s surplus heat from
the collector Jdamper H moves Lo its up
jret pimi(luu dliecting the heat 1ato the
toct bed  When heat
stutage at night or during coudy periods,

is needed fiom

datuper H remalns in the position shown
with dawnper Cnits upper position This
Liowa alt theoagh the rock bed 1 the
rev e ditection froa storage thua
Leniot g, heat fron. the warm (righ o s1de
ot (he tock bod first An auxihary fur
tew e o owith the lgurd syotem above, 15
salisty the

apelated s necessary  to

remados ol the heatin,, Toad

—
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Liquid or. Air? In terms of perfor-
mance there is little to choose from bet-
ween liquid and air systems (Graph,
below), based on the nominal parameters
selected for the two "standard" systems.
One could change the pdrameters
slightly to give a small performance edge
to either system, but the actual choice
between competmé desigh concepts will
more likely reifn considerations othey
than those of performance alone.

Air systems may offer cost advantages
in new installations’ by virtue of their
greater swimplicity and will probably be
cheaper to service and repair. Unlike li-

_quid systems, they need not be entirely
leak-proof and there are no problems of
o L liquid, degradation or corrosion.
lg:j'l"e': T;E;tmq E\;vtga:g;e / g:&?;u ;i;ﬁ On the other hand, air ducts and rock
o . o - €  beds are bulkier than pipes and water
tanks and so may not be as adaptable to
retrofit situations as the components of a

Zwmar storage tank

SPACE HEATING 5VSUEM LAING liquid system. A 1,680 gallon water tank

LIQUID HEATING COLLECTORS of 224 cubic feet, for example, will store.
‘ - as much heat as a 7 foot by 10 foot by 10
. ) foot rock bed of 700 cubic feet.

CUMPARISUN OF AIR AND LIQUID SPACE
HEATING SYSTEMS IN FRESNO
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Liquid systems offer advafitages in
terms of integrating domestic hot water
heaters and are, at the present time,
more adaptable for solar cooling. In addi-
tion, because they have received greater
- attention by designers and by industry
during the recent rebirth of interest in
solar energy, liquid system components
are currently more readily available,
However, air-heating collectors and rock
beds were among the earliest systems
built, and ‘they can be expected  to
proliferate as their good performance
characteristics become more widely
known.

Heat Pump Auxiliary. A heat pump
formance of either a liquid or air system
hut adds complexity and expense. A heat
paump works on the principal of the
household retrigerator or alr conditionel
and
punents !
and a closed loop of a vapor that is pum
ped through cycles of condensation and
a heat pump

conslsts of the same comw

an electric motor, compressor,

evaporation Essentially
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transfers thermal energy from a low tem-
perature region to a higher temperature
region using an electric motor.

In its solar heating application (see
Diagram, below), low-temperature solar
heat is applied to one side of the heat
pump system and causes the condensed
vapor to evaporate. The compressor then
raises the pressure and temperature of
the vapor which, when next condensed,
gives off heat at a higher temperature
than was provided. When the tem-
perature difference is less than 30-40°F, a -
good heat pump can provide around 3
BTU of heat at a high temperature (160-
180°F) for every BTU of energy the com-
pressor uses—and thus has a coefficient
of performance (COP) of :3.

The use of a heat pump is'particularly
attractive in a situation wheré summer
cooling of a building would normally be
handled by a conventional air-
conditioner. In its place, a reversible air-
conditioner can be installed at a small
additional cost to function as a heat
pump during the winter heating months.

otk AT

Sular

Cullec tul
i

s;uehfll hEQI
g excthunger

-3

Fumyp



+

Design Parameters for Liquid Systems
; ~

Standard Liquid System. In order to sent state of the art. Current design prac-
determine the quantitative effect of any tices and manufacturing processes in-
one component or feature of a solar dicate what is possible, and within these
heating system on the performance of the conditions one can determine quan-
avhole, it is first necessary to establish the titatively the range of performance and
design parameters for a reasonably good the cost effective optimum within that

- system consistent with cost and the pre- ’ range.

THE STANDARD LIQUID SYSTEM

Values of parameters used for the "standard” solar heating svstemn using liquid heating
solar collectors, a heat exchanger, water tank thermal storage, and forced air heat dis-

tribution system to the building. The values are normalized to one squate foot of collectar

(fth).
PARAMETER: NOMINAL VALUE:

Solar Collector

1. Orientation Duesouth

2. Tilt (from honizoutal) Latitude + 10°

3. Number of glazings : 1 '

4. Glass transmissivity (4l nunisnal madsace) 0 86 (6% absorption, 8% retlection)”

5. Surface absorptance (svlar) 098

6. Surface emittance (IR) 0.89 .

7 Coolant fluw rate x specihic heat coulant 20 BTU/hr °F ft2**

8. Heat transfer coefticient to liyuid ,éD BTU/hr °F ft?

coolant :
9. Back insulation U al.,e 0083 BI'U/he °F 1ud
10. Heat capacity 1BTU/hr °F 1
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The "standard" liquid system, whose -

parameters are listed on page 17, repre-
sents a good average solar heating system
of its type. It consists of'a metal flat plate
collector, a water storage tank, a heat ex-
changer, and forced air distribution to
the living space. The design parameters
for these components and othet features

“of the system were selected by means of

computer simulations in which each
parameter was varied singly in order to
obtain a value for which the solar perfor-
mance is optimized or nearly optimized.

Given, then, the nominal standard li-
quid system as a whole, one can proceed
to vary each one of the parameters singly
through simulated yearly heating loads
determine the efféat of such variations on
the performance of the system.

This has been done for each design
parameter for Seattle, Washington;

Medford, Oregon; Fresno and Santa

Maria, California; Phoenix, Arizona; and
Bismarck, North Dakota  for "solar
heating design years © The design yeal
for each ¢ity was established by running
hour by howur simulation analyses on 10
to 12 years of data for each of the cities
The design vear for each is the vear that
most closely corresponds to the pruilp
average in terms of the solas heating frac
tion. The design years, Ll degree Lii:i}/

1
TR
- July 1
Y s [REHTE
}hv‘:-‘lu (2K
Medn oo 6]
Sealtl [436 4
Hiaman 143

3T U /yr fo

values and solar radiation data for these
desigh years are shown in the tables

following. ,

Each parameter variation was dome for
two different building loads which were
selected to give 756% and 40% solar
heating fractions for the nominal values
of the parameters. Collector size, an im-
portant parameter, is treated separately
in the section beginning on page §2.

For eath calculation, only the
parameter under study was varied;
therefore all of the complex systern in-
teractions which result from changing
that parameter have been takeninto ac-

Tount.

The results of these calculations are in-
tended to give information on trends of
solar performance as a function of
parametric variation, rather then be
taken as absolute results. No actual solar
heating system will perform exactly as
parameters were varied singly to deter-
mine their individual effect on the
overall performance of the system, care
should be used in simultaneously varying
two or more parameters, since some Of
them may be coupled non-linearly. If
one simultaneously varies two or more
design parameters to any significant ex.
tent, it may be that the net change in
performance (compared to the standard
system) will be different than the perfor.
mance estimated by changing the

T S L L T
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nce predlctmn far

"The results of the ccmputer su:nula- -
' t:uﬂs are to bé found below in two forms,

First, . in summary f_onp for .each

parameter; and, second, if detail, with

.. the results plotted on graphs.

7. Since there are twelve curves on some

. of the graphs, that is, two curves for each
- of the six cities, one for the nominal 75%

solar heating system and one for the 40%

~~-gystem, their order from top to bottom on - -
the graph is indicated by the order of the

~list of cities on the graphs. For example,
if the first city listed is "MD," then the
top curve of the set is for Medford, and so
forth. - Fifteen parameters have been
studied for the standard liquid system..
Parameters one through six and nine are
the same as for the standard air system, a
- discussi®h of which begins on page 45.
In brief, the effects of changes in
design parameters for the standard liquid
system can be summarized as follows.

1. Collector ()rmntatmn Optimum
*  orientation is usually due south.
Variations east or west of up to 30°

reduce performance by only 2.4%"

to 5%, but larger variations can

.. reduce performance substantially. -

I T I

fmé' _addmg up o
iges. A separat;c:v L
1'may be needed for

" 925% in Bismarck.

v ’redueed by mﬂy 5% by the use Df
.. double glazing in Phoenix but by -
,(Same for st_an-;

dard air system.)

. Collector -Glass Trnnsmlssiv:lty :
- Improving glass. transmissmty by
. 6% by the use.of "water white"

glass should in¢rease the annual
solar heat collected by 2% to 5%,

. depending on the site. Improvmg ,

o0

(Same for standard air system.)™" -

2. Collector Tilt: The optimum tilt
angle will range from latitude plus
10° up to latitude plus 25°,
depending on climate. Like orien-
tation, small variations from the
optimum have a small effect.
Variations of more than about 20°
can substantially reduce perfor-
mance. (Same for standard air

~ system.)

3. Number of Glazings:

Justification of the extra cost of

double glazing will depend on

climate. Collector area can be

10.

11.

27

. Collector Sm'fnee Abwrpta'n

. Collector Coolant Flow

reducing glass
d have an even

transmissivity by
reflectance shyg

great.er effect (Same for standard _

Surfaee absorptance should nat be
490%. (Same for standarﬂ
)

air syst

. Gollectbi- Surfaqg Emittance A

the requlred collector drea by 15‘%
in the warmer climates and by up
to 38% in the colder climates such
as Bismarck. Surface durability
may be a problem. (Same for stan-
dard air system.)

Rate:
Although not a critical design
parameter, the flow rate should be

- designed to obtain a coolant tem-

perature rise of about 20°F under
peak conditiensy >

. Collector Heat Transfer Coef-
ficient:

A net effective heat
transfer coefficient greater than 10
BTU/hr °F per square foot of
collector is adequate to achieve
near maximum performance.

. Collector Back and Side Insula-

tion: U-values of no greater than
0.1 should be integrated into the
collector system. (Same. for stan-
dard agir system.)

Collector Heat Capacity: The
collector design should’minimize
the mass of metal and the fluid in-
ventory in the collector..
Distribution Pjpe Insulation:
Collector-to-storage distribution

19
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"achieved.

" *"13. Thermal Storage Heat Capaclty =
' Thermal stnrage for much more

the yea,rly system pe:formance :
very much, but fairly severe-per-
formance losses are predicted if
' the storage provides less than 10
 “BTU/M? °F (1.2 gal of water/ft).

14. Heat Losses From Storage: If the | |

storage tank is located within the

ﬁepﬁ mcep- . A

N located i

15,

P

detnmen@l than.if the tank is

::hwng space, hem; losses are fa: less o

tside the living space, in- .
which - case: losses. can’ be -severe .
.without. substantial insulation. - " "=
,,Desigmentér Temperature: As: .«

the design water temperature is

detreased, the required air flow in.
~ the building!is increased with an =
"increase also in solar heating pér- -
. formance—but at higher. capital .
- and operating costs. Distribution
by means of baseboard cﬁnveﬂors
is less effective than by forced air.



S tor fh-iantntion A due south’ . .cities than for the warmer southerly "
: pnantatmn is near optxmum for all six.. ~ ones, but variations of up to 30° east or-

-- | cities studied. The decrease in' perform- -~ .. west reduce performance by anly 2 4’%{)11 S
_“ance for variations from due south is. = the’ average, or 5% at the most. .
- somewhat greater for the colder northerly : . S e

| Heat from Solar

|
!

~*Percent of Tota
' T~

ﬁ’ 0 SDTI.-_I
_Collecter ‘Orientation, Degrees

29
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2. Culleetor Tllt Celiectﬁr tilt angle

~ is an important design consideration.
- Cominon practice isto use a tilt equal to-

" the Iatitude of the: site plus 10° or 15°,
.Clearly latitude is important; however,
the optimum tilt will also be affected by

+'the monthly -distribution of -the heating -

load—whether it is concentrated in a

- short period of two or three months or
-gpread out over half the year-—and by the

- solar ‘heating fraction. It is important to
—note that the curves have a relatlvely flat

L

—
i

"_f'

W'i\. :

‘maximum. Tlus means that major devm- ,
tions from the optimum tilt have only a. .
minor effect on performance, . L
Many other considerations may play a

more important role than maximizing
perfarmance—such as ease.of assembly

* and" repair, shedding of snow. .and rain,

architectural mtegratmn, and potential -
overheating pmblems in summer. A ver- .

‘tical collector may well be best in some

situations.



Degree of Tilt is taken from Horizontal
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L 3. Coﬂectn: Glnﬁns, Cnllector glg.z-.
" ing serves three functioms: (1) it. allows

for t:ranamxsamn of: salar radiation to the

" collector absorber surface; (2)..it reduces -
" convective heat Tosses to the surrounding -~
- -air;-and ¢3) it absorbs the infrared (long
wavelength) radiation that would

otherwise radiate back into. the egiron-

‘mental from the absorber s@iface.* At’
least one shee}t of glazing is essential in-
- space heating and damestic hot water ap- -

... plications, while none is generally re-
" quirtd for swimming pool heaters.
Cibangmg one or another characteristic of
the ]glazmg produces a net yearly effect
on performance as the result of com-
plicated ‘interactions which depend not

only on the glazing but on the rest of the
system and its application, which

together determine the operating regime
of the collector. Intuitive judgements of
~ performance based on collector perform-
ance charts alone, such as the one given
‘on page 12, are often misleading -or

wrong, as they fail to take into account -
the interaction of all the other factors, In

this and the following three sections, the
effects of the parameter changes on the
net yearly performance of space heating
applications is discussed for the six sites.
The decision to use one or two sheets of
glass depends on a trade-off between the
added cost of the extra'sheet and the in-
crease in performance to be gained.
The added cost of a second sheet of
glass will be determined, in part, by
‘whether the glass procurement is small or
large. Cost estimates should include ad-
ditional parts required by the double-
glazing, added glass (installation costs,
and the additional shipping and collector
installation cdsts resulting from the
heavier' weight of the double-glazed
collector. Estimates should also factor in
extra costs associated with replacing
bmken glaas, protecting against the

lhls is not to xmply that radiation losses from the collector
are therehy eliminated. GGlass has a high emittance and thus
alao radiates energy—hut at the lower temperature of the
glassa. .

32

- =

- l:ughe: uperatmg temperatures t.o be ex-

" pected during periods when the collec;to:'
~ is not cooled, and dealing with the con-
*'densation of water vapar msxde the

collector. o

The perférménce t:n be gained by an

- addltlonal sheet of glass, as sifown in the-

below, is predominantly the result

' c)f the difference in ambient temperature
- at the different sites. This suggests a -
. correlation with heating degree-days. In
* the two graphs on page 25, it can be seen
~ that the collector area ratio for a 75% -
solar system correlates well with ‘the

January degree- days, whereas a 40%
solar system correlates ‘better W}th the

" annual degree-days.

To illustrate how these graphs may be
used, suppose that a solar heating system -

" with single glazing will cost 10% less than

one using double-glazed collectors. It
can be seen, then, that it would be more
economical to install a 75% solar heating

- system with double-glazed collectors at

sites where the January heating load ex-
ceeds roughly 650 degree-days, such as
Medford, Seattle, and Bismarck, and
more economical to install single-glazed
collectors in Phoenix, Santa Marla, and
Fresno.

. ~ Double Glazed
Collector Area Ratio: — .
Single Glazed

Snlar Heatmg FIECEEDD 75% 40%
S;Ee

Phoenix 0.94 0.97

Santa Maria 0.94 0.94

Fresno =091 0.95

Medford 0.86 0.91

Seattle 0.84 0.88

Bismarck 0.74 0.85
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4 Qm 'I‘rmlmssiﬂtg Solar raclma:h_x‘ E
S '-tlﬂB is diverted in the. collector glazing .. .~
.. agsembly through two-effects. The firstis.
-1 the reflection of sunlight from the surface
" <" of the glass. The second is the absorptmn
". of solar energy by the gldss itself. In norM®

* - mal window ‘glass, -these effects are|

- nearly equal. Reflection is very depen- ' -
dent on the angle of incidence of the solar

" a lesser extent

. radiation, and. the’ absorptance is also to. .

It has become custcmary to lur.np these o

~ effects into a single variable called "glass

transmissivity," which is the total energy

| " ‘
. " f . N :
‘

Heat fmm

of Total

Fercent

~ 95%. These.

Cm ogrEe

w1th a total transmissivity in excess of-

‘transmitted through -the glass for -
"~ sunlight striking if perpendicularly. This -
_ parameter-is relatively easy to measure.
- For standard plate glass, reflection ac-
- ‘counts for a reduction in transmissivity
of about 8% and absorption for about 6% -
at normal incidence, resulting in a
- transmissivity of about 86%. e
.- There are techniques for maklng glass f"_f‘ ‘

e

involve lowering-the iron "
Anccmtent m order to reduce absg;pugn

\gradat.mn in densﬂ:y in Drder ta reduce Vv



'I'h stchm fbareiy vislbleta

. td redudéreflection. Low "iron or "white
- gines™ is in commercial production at the
present time.. Low-reflective. glass,

- although ‘now also in production, is not
. yet available ‘at prices’ which vmuld'
.. warrants its use in solar collectors. . -
- The curves on the graphs on pages 26 :

and 27 were detergined by varying the
absgrptmn with the perpendicular reflec-

 tance assumed to be 8%.* They show

=

‘Re&nmvemde;-lsx

- - B
O

Rercert of Total Heat from Soor

ye(}nﬁng‘éqn algo be used

" ‘reduces ‘the - convective. and ra
" losses from the absorber surface. A 1%
- dgcreasefm glass transp

“the yearly solar - energy ‘collected by \

that the performance decrease” i less o
than. the reduction in transmi ,‘,vity,vs w'
principally because energy absotbed in.. - .-

" the glass is notlost from the collec Gf—lt;.

raises the glass temperature and tgereby
ative

ivity reduces
0.36% to 0.94%, depending on the site, -

the number of glazmgs, and the solar
fraction. .

(%]
~ll
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5. Collectnr Surface Absnrptmce

~ Solar energy that is not absorbed by the

" gurface is not available as heat energy in

" the rest of the system. Therefore, collec-
~ tor surface absorptance is a very impor-

tant factor. Nearly all solar collectors are

- painted black, but even among black

paints there will be variations in ab-

" gorptance from 92% to 98%. The dif-
ference between these two values can be
- easily discerned by the naked eye Tt is -

almost lmeE-SlblE to discern any rehef

variations in a surface with absorptance o
-~ of 98% while it is rélatively easy to see
:them on 'a 92% surface‘1 any’ case,

collector surface absurptanee sh@uld not_r e

i ‘be less than 90%. - - .

It is interesting to note that a one per-‘
cent detrease in surface absorptance
decreases the overSll system performance

" by only 0.44% to 0.67%. This may be due

to the fact that with the lower ab-
sorptance the system runs somewhat -
cooler with: eol‘respondmgly lower heat -
losses thmughaut :

-: Durability of the Surface shc)uld be;

considered along with’ its absorptance. Y

" Dust or other deposits on the absorber

.surface may reduce its absorptance.

S

Collector Surface Absorption
(Normal Incidence)

30



‘or -infrared radiation — a

3 ':;value Qf 0,89 is typical for a good black -

o pamt with'a high absorptance. -

L " There has been intense mterest in the
~~“ development of: "selective sur-
‘faces"—coatings that.have a very high

8 rptar.lce for visible’and ultraviolet
" solar radiation and a low emittance for

infrared radiation. Most selective sur-
faces are either chemical or electro-.

. deposited coatings. When depcsxted over. 4
" a "high reflectance su“B’fstfate, a thin

coating af metal oxide is opaque for
“short-wave radiation- I-therefore has
a high .absorpt —and also
: trmsp
effectiv

' substrate, which is low since the sub-
strate is highly reflective.

For selective surfaces currently :

available, effective emittance in the
" range of 0.1 can be obtained with an ab-
“sorptance in the range of 0.95.

For a single-glazed collector, a sub,

stantial performance increase can be ob-
tained by using a highly selective sur-
face, thereby. enabling one to decrease
“the collector area required to achieve a
given solar fraction. For example, assum-
ing a single-glazed collector with a selec-
tive surface with an absorptance of 0.95
and an emittance of 0.10 in comparison
with a collector with a matte black sur-
face (absorptance, 0.98; emittance, 0.89),
- the collector area of the first in relation
to the second for two given solar heating
fractions can be tabulated as follows:

EnlarHeaﬁniFrleﬂun | % e

' m' gttaBlnnkSurflee

ve } ’emzsphenc emittance for -

nt for infrared; radiation The
emittance of the surface is the -
same as ‘the effective emittance of the -

Bite
.. Phoenix S 084 . 0.8 -
- Santa Maria . 082 0.82
. Fresmo ~ - - 079 088
Medford - . 00 . 0.87
Seattle ‘ 069-. 0.7

Bismarck ° ’ 062 078

*,

In cit{hef* words, for a "75{%‘ solar- heating-

system in Phoenix with a selective sur-
face, one needs only 84% of the collector

. area required’.for & systém-without a -

selective surface. Fhe figures above were

i -taken from detailed simulation analyses. -

In all cases, performance was actually

3 reéuced by the use of double glazing over

a selective surface compared to ‘single

- glazing over the selective surface. One of -
- the primary benefits of double glazing is

"more of -a loss than the gain. resulting - o

" its absorption of infrared. radiation from

the collector surface, With aselective

surface, however, this effect is small; and

the increased absorption and reflection
caused by the second layer of glass is

from decreased convective losses..

The figures in the table above show a
reasonable correlation with heating
degree-days indicated op the graphs of

- page 30. The improvement in perfor-

mance is almost linear. with. changes in
emittance, as can be seen in the graphs
on pages 31 and 32, '
However, the use of a selective surface
depends on several other factors besides
performance. Cost is one. For example,
assuming the absorptance and emittance
figures above, a selective surface will
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‘will cost more than an array of selective

. surface' collectors 30% smaller.in area.

The appearance of the bulldmg and the

60

Percent of Total Heat 'me Solur ) |

ace the required egllector area in.
‘Medford by about 30% over a collectar-
- withe & nﬁn-selactive surface. The ques- ,
~ tion- then becomes- whether an array of
.‘collectors - with ‘a.normal. black surface

'favaﬂabllity Df mof area may have 5 beér-
-ing ofi this’ chmce. Durability is also a =

factor—some selective - surfaces have
shown' a tendem:y to break- down bath
mechanically ' and: cheugically over a”
period of time, Dther coatings, rlt)t.ably

. "black chmme " are relat:vely stable but
) Vare expenslve ' ~

39 31

¥



3

Heat Fi

t of Total

rcen

PE,\

"

ERIC

Aruitoxt provided by Eic:

0.2

Collector. Surface

LJ\

i
\C’m




7. Collector Coolant Flow Rate.
Collector coolant flow rate is important
in a liquid collector primarily because in-
creases in the flow rate reduce the collec-
tor temperature rise which in turn
reduces the amount of heat lost from the
collector for a given inlet fluid tem-
perature.\

The curve below is plotted as the func-
tion of the coolant flow rate in units of
BTUh/°F ft?, and can thus be used for
fluids with different specific heats. For
example, for water with a specific heat of
1 BTU per lb, a value of 15 on the plot
corresponds to 15 Ib/hr, which is equal to

Solar

Heat from

Percent of Total

11

1.8 gallons of water/hr ft. A fluid with a
specific heat of one half that of water
would require a flow rate of 30 lb/hr ft2.

The proper choice of coolant flow rate
will depend on the pressure drop of the
collector, the viscosity of the fluid, &nd
the size and cost of available pumps.
Although higher coolant flow rates do in-
crease the performance of the system,
they also require more energy to pump at
those rates. Therefore increases in the
flow rate may not represent a net in-
crease overall in energy gain or cost sav-
ings for the system.

33



8. Collector Heat Transfer
. Coefficient. The average collector heat
transfer coefficient is the effective heat
transfer coefficient between the average
surface temperature of the collector and
the average coolant temperature. Due to
the heat transfer coeffict
collectors is relauively high.
Many liquid collectors are designed
with thin sheets of metal connecting the

[ of liquid

Solar

Heat from

TUWUM

1

collector tubes, Conduction through this
metal sheet represents a decrease in the
effective transfer coefficient of the collec-
tor,

It can be seen from the graph below
that an effective heat transfer coefficient

‘greater than 10 BTU/hr °F per sq ft of

collector is adequate to achieve near

maximum performance from the solar

heating system.

‘u"

SE/MD/FR
BI/PH
SM

Percen

10 20 | K) ) 77774,0 7 - 5C(
Lolleotor  Hedt  Trunsfer  Coefficient
(B1U/Kh°F fts,
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9. Collector Back and Side
Insulation. Heat can be lost from the
collector surface by conduction through

ing. It is good design practice to insulate
with the equivalent of three to four
inches of fiberglass insulation. The graph
below indicates that a U-value of 0.1

Percent of Total Heat from Solar

should be integrated into the collector
housing design for good performance.

If foam insulation is to be used, care
must be taken to select a type which is
stable at the maximum temperature
which the collector may achieve under
no-flow conditions. Only a few of the
foam insulation materials are suitable.

P o -

Collector Bach | uss Coefficient (BTU/h°F f1%)




10. Collector Heat Capacity. A cer-
tain amount of solar energy is required to
heat the collector up to operating tem-
perature every morning—energy that is
lost to the environment agd not
recovered at the end of the d®y. The
same effect occurs each time the sun goes
behi&nd a large cloud apd causes the
collector temperature to drop below
storage temperature.

The major contributor to collector heat

Solar
,r

10

Total Heat from
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tor and the mass of the metal in the
collector and the collector insulation as
well as the mass of all components of the
heating system that cycle in tem-
perature.

The magnitude of heat capacity de-
pends on collector design, which ought to

~ keep the collector mass and fluid inven-

tory as low asPossible. The graph shows
that collector heat capacity can have a
major effect in the performance of the
overall system.
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11. Distribution Pipe Insulation.
The plumbing which connects the collec-
tor array to storage should be insulated.
the hot side of the collector is more im-
portant than minimizing losses from the
collector itself, since the hot side piping
may be the highest temperature of the
entire system.

As in the case of other parameters, the
pipe insulation is put in terms of the total

" insulating characteristics per square foot

of collector area. Since distribution pipes

Percent of Totd Heat from Solar
8‘

are usually two inches in diameter or
less, heat losses from them can be kept
relatively low. Therefore a nominal value
for distribution pipe heat losses of only
0.04 BTU/hr/°F sq ft of collector was
chosen for the standard system calcula-
tion.

In order to use the graph below, it is

mal loss coefficient of all the distribution
piping (BTU/hr °F) and divide this by
the collector area (ft?).

Collector Piping Heat 1oss Coefficient
. (BTU/h°F ft2)
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12. Heat Exchanger Heat Transfer
Effectiveness. In the standard liquid
system, the heat from the collector fluid
is transferred to the water in the storage
tank by means of a heat exchanger. A
common method of implementing this
heat exchanger is to pump water from
the bottam’ of the storage tank thlfough a
heat exchanger where it picks up heat
from the collector coolant and then
returns the heated water to the top of the
tank.

Another possible approach is, instead
of pumping water out of the storage tank,
to immerse a heat .exchanger or coil of

_tubing near the bottom of the tank and

rely on natural convection to transfer

heat from the coil to the storage water.

LY

Solar

Totd Heat from

¢

Percent o

A net heat exchanger/heat transfer
coefficient of at least 10 BTU/hr°F ft2,
should be achieved, as can be seen from
the graph below. For example, if the total
amount of energy being collected at a
particular time is equal to 100 BTU/hr
ft2, then the average temperature dif-
ference between the fluid on one side of
the heat exchanger and the other should
he no more than 10°F.

The use of some collector liquids with
poor heat transfer characteristics, such
as paraffinic oils, can result in relatively
difficult problems in achieving this kind
of heat exchanger effectiveness. On the
other hand, water is a relatively good
heat transfer fluid.

Meat txchanger Heat Transfer

Coefficient

(BTU/h°F ft8)

ju
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13. Thermal Storage Heat Capacity.
A water storage tank for thermal storage
is considered part of the standard liquid
system. It provides energy for those times
when the sun is not shining. The nominal
thermal storage capacity is 15 BTU/ft?
°F (1.8 gal of water/ft?). This would be
sufficient to heat a 75% solar building in
Medford for 20 hours, assuming an initial
storage temperature of 150°F and an out-
side temperature of 20°F.* After this
time, heat would continue to be extrac-
ted from storage, but an increasing
amount of auxiliary heat would be re-
quired£o maintain an inside temperature
of 68°F.

*The following general formula can be used to determlue the
carry-through time of storage, 1e, the time elapsed before
auxiliary heat 15 needed to prevent the inside temperature
from dropping:

2]

245 b T o
‘T foad T, T, 68 T,
Yrm 4 d das
wheie
.i,.' R TPRTTIS PO
Vl‘a = storfAge tank Littial cempe. o
!Vm. = ream Temperature mamtained r
I\.h’- =~ design waler temperalure ¥
I = ambient temperature F oane o
,I A = cirsmu winthivnt tempn il 3
Lot - Buildog thernl Toad BT ol T
= = mUorape heal capacits HIT - F

The simulation analysis indicates that
thermal storage in excess of 15 BTU/ft?
does not improve the yearly perform-
ance very much. However, fairly severe
performance losses are predicted if the,
storage mass is less than 10 BTU/ft? °F
(1.2 gal of water/ft?). This means that the
primary function of thermal storage is to
carry over heat from the daytime hours to

~the night.

Once the minimal storage mass is es-
tablished, it is relatively inexpensive to
add extra storage capacity. However, one
should consider heat losses from storage
(described in the following section) since
the increase in heat loss from a larger
tank may more than offset the gain from
a larger heat capacity.

Note that the effect of changing
storage mass is strongly location depen®
dent
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-14. Heat Losses From Storage. The
within or beneath the space to be heated.
In this case any heat lost from storage
simply goes into the heated space, and
there is no net penalty to the system per-
formance. But the tank should be in-
sulated for times when the living space
does not require heat and when,
therefore, heat losses from the tank
would contribute to overheating the
building.

i
-

4

Percent of Total Heat from Solar

Storage

§_
%

Heat Loss

Where the storage tank is located out-
side the living space, heat is lost to en-
vironment by conduction through the-
tank insulation. Performance degrada-
tion here can be very severe.

In order to use the graph below, it is
necessary to calculate the surface area of
the tank, multiply that by the effective
U-value of the tank insulation, and
divide by the collector area. The result is
the storage heat loss coefficient.

Coefficient
(B1U/h°F ft%) °
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15. Design Water Temperature. A
finned-tube coil is used to transfer heat
from the storage water tank to the air of
the living space. The air flow require-
ment is a function of the design water
temperature.

As the design water temperature is
decreased, the required air flow is In-
creased, resulting in an increase in solar
heating system performance but at
higher capital and operating costs.

The building air flow can be deter
mined from the following
equations—where CFM is the cubic feet
per minute for the building. The building
load is calculated according to the
method on page 52. The design =1 15 the
difference hetween 68°F and the
minimum outside air temperature for
which the building heating system is
sized. and 1., 18 the design air distribu
tion temperature.

The coll effectivcieans fas toa o bbby

wan asoulned tu be U AU

\7[ éi\i i c
R TR V7 D T B ;

It is to be noted that aless efficient coil
would increase the required building air
flow, while overall system performance is
only a function of the design water tem-
perature.

Calculations were also made with a
baseboard hot water distribution system.
Normal baseboard systems are designed
with inlet water temperatures of 160 to
200°F. For a solar system, the baseboard
convectors should be oversized to operate
at the lower temperatures normally
available from the thermal storage tank.

The baseboard curve on the graphs is a
function of the design water temperature
needed to meet the load at the design AT,
At higher outside air temperatures, ‘a
lower baseboard temperature could
provide the load. The heat output of the
haseboard simulation is assumed to vary
as the 1.176 power of the water-to-room
temperature difference and is based on
the manufacturer's data.

When the heating load is higher than
the amount of heat available at the solar
storage tank temperature then the
haseboard svstem switches to total aux

Hiary heat



100

T

from S

N
)

A 'ofa I H‘Bﬂ#
9
o

f

Design Water Temperature, °F

ERIC

Aruitoxt provided by Eic:

43



O

ERIC

Aruitoxt provided by Eic:

44

Percent of Totad Heat from

Design Water Temperature °F

L e



Design Parameters for Air S&étems

The Standard Air System. The
general remarks concerning the standard
liquid system, page 17, on the whole ap-
ply to the standard air system as well.

The performance simulations were
based on the same locations and weather

‘data, and the same cautions apply in us-

ing the data presented in the pages that
follow: they are meant to indicate trends,
rather than absolute results, and the
design parameters may be, in some case,
coupled non-linearly. ’

THE STANDARD AR SYSTEM

=
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The prmmpal dlfference between li-
quid and air systems lies in the heat
transfer medium and the heat storage
medium. Water storage tanks have been
used in various heating applications for a
considerable time, and as a result their
characteristics are now well known. The
rock bed, by contrast, is a relatively new
heat storage device, and the analysis of
its performance characteristics in the
pages that follow should be of partmular
interest to the builder.

The design parameters for the stan-
dard liquid and air systems, and the ef-
fects of varying them, are essentially the
same for both systems except for those
listed below.

Four parameters'are unlyuc o the
standard air system. They are discussed
in detail beginning on page 47; in brief,
the effect of changing them can be sum
marized as follows: °

| COLLECTOR HEA 1 I'RANSELL

EFFE(TIVENES"‘J Anh hportant

design parameter, 1 should be ap

proximately 4 BTU/hr/°F/fti, or
greater.

2. COLLECTOR AIR.FLOW RATE:

A severe performance penalty will
result at air flow rates below 1

SCFM/ftl.

3. THERMAL STORAGE HEAT

CAPACITY: As in the case of liquid
systems, the size of the thermal
storage heat capacity is not very im-
portant beyond a value of about 10
BTU/°F ft2. This corresponds to 48
Ibs of rock/ft?.

. ROCK BED TEMPERATURE

DISTRIBUTION: A rock bed with a
short air flow path is preferable to
one with a long flow path for
pressure drop reasons, but the air
flow path should remain longer than
around 12 rock diameters in order to
take advantage of spatial tem-
perature distribution benefits. Air
flow direction should be reversed
between the charging and discharg-
ing mades of operation.



' Trmnfnr

" tiveness (HA ) is the product of the hegt
transfer CQEffElent times the heat

“transfer area divided by the collector.
- area. The effective heat transfer area, A,
cai be increased by adding fins or by

making all sides of the flow passage effe¢-
tive for heat transfer. And the heat
_ transfer coefficient @i be raised by in-
creasing the flow veloclty and by decreas-
ing the flow channel Size.

Note that the variation in HA is made

assuming that the air flow rate-is-cons--

tant at the nominal value of 2 cfm/ft3.

-heat transfer: eEee=_.

o

Percent

'eﬁ'ectlveﬁ&ss is sﬂ 1mpa:tant that ‘the j

builder ought to test the heat tranaferu
characteristics . of the. collector before

committing himself ‘to ‘any pa:tlculai' ‘!'”

design. Too often systems have been
built without adequate collector heat
transfer. Even with a heat transfer effec-
tiveness (HA) equal to the nominal value

~ of 4 BTU/hr °F per sq ft of collector, the

net temperature difference between the -
collector surface and the average air tem-
perature would be 25°F, assuming a total
collected energy of 100 BFU/hr/sq-§t/°F.

Collector Heat Transfer Effectiveness
HA (BTU/hr°F ft2)




Air Flﬂw Rnte, As the net air flnw

*ﬁrate and heat transfer coefficient are

proportional and mterdependent the ef-
fect of the air flow rate is considered in
‘two ways in this section. The use of the
datagpresented here will depend on the
problem the designer is faced
with—whether, for example, he is design-
ing a collector from scratch or is design-
ing a fan and duct system already given a
-~ collector design.

Collector Heat Transfer Held Con-
- gtamt: As the air flow decreasés, the
- collector AT increases and collector -ef-
ficiency decreases. A severe performance
penalty will result at air flow rates below
1 SCFM/itl.

It is to be noted that the air flow rateis
varied with the parameter HA held cons-
tant at a nominal value of 4. Since H is
dependent on flow rate in a collector of

Solar

Total Heat from

Percent of
N

18

then the effect of increasing hed

fixed geometry, holding HA constant im-’ "
plies changmg collector geometry as thg -

air flow rate is ehanged

~ Effect of Air Flow Rate,— Collector .
" Geometry Fixed: In a collector of fixed
geometry, the heat transfer coefficient H

. is dependent on flow rate. As air flow rate

is changed, HA varies as (CFM)®* for a

fixed geometry. Thus, for example, to

ascertain the effect of doubling air flow

rate through a given collector, one should

determine the effect of doubling the flow

rate with heat transfer held consiant and
ransfer

by.a factor of 2°® = 1.7 with air flow held
constant. The net effe&““‘f both changes
simultaneously is quite close to the
product of
improvements.

the two relative

—®




 fect of varying therma :
is seen tnbe quite dEPEBdEnt on tl:e srte :

% Effect of s:mxe Thermal Heat
' Capacity: Asin theliguid system, the ef-

storage capacity

| tenstms of the climate pattem durmg the .

year which was studied: 7
The effect of the size of the storage
thermal capacity is not very important

beyond a value of about 10 BTU/°F ft?

mrres;:ondlng to 48 lbs c:f 1‘113(‘.1;/&.S The

@

100

3

“
o

Total Heat from Solar

H
L=

o

»
»

.’!-g.

, MNheat csf about 0.21 BTU/b°F; a
density of a 5 1b/ft', and packs
with a void fraction of abopt 0.42 if the
rocks are all roughly the sate size. Thus
one should use from 0.50tq 0.75 cu ft of
rock per sg ft of collectapmPhis is roughly :
three times as much valume as is re-
qulred, to achieve the same heat capaclty

in a water tank: . ‘

B 20 25

49

71 lbs of rnck/ftg Mnst rock has o
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tioms. A rock ‘bed is an efficient heat
transfer device. Air quickly gives up its
heat in flowing through the labyrinthine
paths among, the rocks. As a result, the

_ rocks near the air efitry end of the bed
_can be at a quite diffetent temperature

than those near the exit end.

This time-dependent spatial’ tem-
perature distribution must be accounted
for in the simulation analysis. A sim-
plified illustration is given on the plot
below. It is assumed that the bed is cold
in the morning. Then as the day
progresses the temperature of the air
from the collector rises, peaks at noon,

~and decreases in the ‘afternoon. The

- resulting temperature distributions in

the rock bed are shown at different times
during the day. It is to be noted that the

. exit air from'the bed is always cool, in-
. dicating that the cnllector operates at
~ high efficiency all day.

In the evening when the cnll’ector is fo‘
and the building needs heat, the air flow
direction through the bed is reversed so
that air exits from the hottest part of the
bed. (If the air flows were not reversed,
then ohe would have to wait hours to
move the heat through the bed and even
then the air would only be moderately
warm.) As the evening progresses, the
temperature of air leaving the bed rises

! Tempsmtur& D;smhu‘ -

ﬂﬂtils {)(3 p m. a:ncl then falla, resembhng
the time profile of the inlet temperature
_during the day, but in reverse.
'~ In; the simulation analysis, this
detailed temperature distribution”is

dividing the rock bed into 11 axial zones

_ determined each hour of the year by

and by calculating the temperature of -

each. The hot side temperature plot on
page 50 is for the air temperature at the

bed frontal area corresponding to the "

right hand side of the rock bed shown in
the diagram on page 15.

For a fixed bed volume, the length can
be varied by varying the frontal area.
Generally speaking, a rock bed which has
a short air flow path (and a large frontal
area) is preferable to a bed with a long air
flow path (and small frontal area)
because of pressure drop considerations.
If the air flow length is decreased below a
value of about 12 rock diameters, then a
performance penalty is incurred because
the spatial temperature distribution
benefits described above become ineffec-
tive.

Rock bed heat capacity and air flow

rate can be related to parameters of real’

interest to the builder — rock size, bed
length, pressure drop — through a perfor-
mance map, such as the one on page 51.

In the performance map, the rock bed

pressure drop and the air pumping"

ROCK BED TEMPERATURE DISTRIBUTIONS

Collactor on, Storing Haat

Collector off, Removing Heat

- -
B .-

~

" NBCRBED MENGMT - BT
* —



- function of bed length divided' by rock
diameter. ;Lines of constant rock
.diameter and of constant bed length are_

drawn ‘on this plot. The nominal
parameters of 2 CFM/fi? and 0.75 ft? of
rock/ft? or 0.75/2 = 0,375 ft? of rock/CFM
. were chosen for the air flow rate and the.

.stﬁra%e volume to plmt these  isovalue
lines.*

For the case of E foot lcmg rock bed (in
the direction of air flow) and 2 inch rocks,
the rock bed length to rock ditameter ratio

. i8.36 and the pressure drop is 0.03-in. of

" water, carrespandlng to a pumping
energy loss in* rock bed friction of 0.05

“BTU/ft? hr. This number is quite small, .
even after factoring«in fan afnd motor

inefficiencies.
Since the bed length is not 1mpﬁrtant

beyond a value of about 12 rock -

diameters; the builder has great flex-
ibility in arranging the rock bed within

the structure. In considering a mix of .

rock sizes, one should use the smallest
diameter in the mix to estimate pressure
drop since small rocks will fill the in-
terstices ‘between the larger rocks,
therebysincreasing the air flow resistance
‘of the bed.

The perfnrmance can be used to es-
timatg the pressure drop through any

‘rock bed. For example, suppose that one .,

-had a bed of 4 inch-diameter rock 15 feet
lﬂng with a frontal area of 10 ft? and an
air flow rate of 530 CFM. The air flow is
then 530/10 = 53 CFIT\/I/fti of frontal area.

The heat lransfer ‘coeffidient and presaure drop comrelations
for rock beds were taken from the following refetence: R. V.
Dunkle and W. M. J. Ellul, "Rartdomly-Packed Particulate

¥ Bed Regenerators and Evaporative Coolers,” Mech. & Chem.
"Eng. Trans. LE. Aust., Vi;ﬂ MO8, No. 2(1972), pp 117-12L,

it

7' lﬂﬂs in the bed areplﬂtted as a',f ‘

Bed Pressure _Dwrmpf (Inches of Water)

ID‘a— — — ,I - U § i1 ,- it
10 20 | 3@ 40 50
Bad Lanqrh/Rack Dia.

To obtain this same face velc:city for the

conditions of the performance map, one ..

E“would need a bed length of (53 CFM/ft?)

5J

(0.75 ft*/2 CFM) = 20 ft. Reachng from -
the map, the pressure drop is 0; 47 in. of
water or 0.0235 in. of water?ft of length
Thus the pressure drop in 15 feet would -
be 0.35 in. of water. =

The pressure drop in the above exam-
ple is somewhat excesstve. By merely
changing the bed length to 10 ft and the
frontal area to 15 ft?, the pressure drop
could be reduced to 0.13 in. of water.
This illustrates the dramatic efféct of
even minor changes in rock - bed ‘Zorn-
figuration on pressure drop. :

vl
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Colléetor Size, Active Systoms

One of the main purposes of the

. Handbook is to enable the builder to

" determine the size of the collecior array
for an active space heating system
anywhere in the Pacific Region.

There are several factors that will go
into this calculation. Design is one, and
has been analyzed in various ways in the
previous section. It need only be noted at
this point that the charts and calcula-
tions onthe .accompanying pages assume

; the demgn to be the standard hqu:ld oraig -

space heatlng syster:n ‘and that in most
areas of the region a standard system will
be used to provide from 25% to 756% of
the total space heating requirement. It is
considered that 100% spldr heating,
though feasible in some locations, will
not bé cost effective for most. The choice,

i then of 25%, 50%, and 75% solar heating

fractions oh the charts and graphs is in-.

#tended to cover the range most likely to
be useful to the designer or builder.

Thermal Load. The next important
factor is buxldu‘ig t:hermal load, which
must be known in order to use any of the
accompanying charts or calculations, For
a small, single story,- well insulated
bmldmg, the thermal load should be in
the range of 8 to 10 BTU per degree-day
per square foot of floor area.

For an existing building, the exact load
can be determined from past monthly
and annyal heating bills and degree-day
values. Fuel consumption corrections
should be made- for furnace efficiency
(tymcslly 0.6) and for non-space-heating
energy uses. e latter can be deter-
mined from #fnmer fuel bills.

For a pmpnaed building, the thermal

load is calculated by adding up the area
of each type of external building fabric
(walls, windows, doors, ceiling, floor,

etc.) times the appropriate thermal con-

‘duction coefficient. (U-value, in
BT'U/f$2 °F hr), and adding this to thein-

filkration load gs determined by mul-
tiplying the building volume times the
number of air changes per hour, times
the heat capacity of air (0.018 BTU/°F
ft*).* This will then yield the building
load in units of BTU/°F hr. Multiply this
number by 24 to obtain the load in
BT'U/degree-day, which is the number

needed in the subsequent SEﬁthﬂ&.—r e

qulegtor SIZES For Selected Gities. -

The location of a solar heating system, in

" terms. of solar radiation- and* Embiéxrti

temperature, is the last and most 1mpﬂr :
tant factor.

Using the techniques of simulation
analysis, -LASL has calculated the per-
formance of the standard gystems for
those cities where sufficient weather and
solar data have been available.

Thé results enable one to determine
collector (and thus storage) sizes for the
cities analyzed:_ They are presented in
terms of the ratio of building load to
collector area on page 53.

‘The chart on page 53 pregerlt.s the ratio
in terms of the solar heating percentage
of the total space heating’requirement. In
other words, for a solar heating system
designed to provide 75% of the space
heating requirement ln[frearm the ratio
is 34 BTU/degree day

To use the building load/collector area
ratio to determine the size of the collector
for one ‘of the cities listed (or anm

equivalent location), one must determine . |

(1) .the building thermal load and (2)
decide what percentage of solar heating
the system is to provide.”

For example, for a 1,500 square foot
house in Fresno, California, with a ther-
mal load of 10 BTU/degree-day/ft’ of
house, the building thermal load is

15,000 BTU/degree-day .

'Es(e thp A“\HRAI* Handhooks for detailed lrt‘aﬂn&nt of
huilding load calculations.



" "Suppose, next, that one- decides on a
" 756%: solar heating fraction with the
balance of the heating requirement to be

..made up by conventional means. For this-

ﬁ-act;mn 'the chart below for Fresno

- gives a ratio of 34 BTU/degree- daw/ft=l of

collector. Therefore, the required: collec-
tar sge for this particular case is:

¥

15;_00 = 441 squure feet.

“ N
In a similar manner, one can deter-
mine the size of a collector for a standard
- liquid or air system for any of the cities
listed on the table, for 25%, 50%, and
¢ 75%. solar heating; and for collector sizes
for other percentages, one can use the

‘ E,a}ihs beginning on page 54 to_deter-

ine the correct ratio for the cities plot-

. ted onit, and with-which one can then ¢ es- .

“tablish the actual collector size.
. The table below lists load- cnllector
ratios for both liquid #nd air systems.

There i 15 no obvious systematxc cl:matu; 7'

trend’ nbservable in the relatlve perfor-
mance of the two systems. Both seem to
have comparable performance -charac- -

tEl’lSthS at high values of the solar
heating fraction, but the liquid system -

* does. perform somewhat better than the -

air system at lower values of the solar

. heating fraction. '

The variation of collector size with the-

-solar heating fraction is shown for the six
_cities on the four graphs beginning on
‘page’ 54. Two of the graphs are for the

standard liquid system and two are for

the  standard air system. For con-
_venience, the curves for both double glaz-
ing and for a selective surface* are ‘also
, ,‘shcrwm These curves are plotted against

the ratio of collector area to building .

lnac! ‘which is the reciprocal of the load-
collgctor ratio used earlier;

. *Absorptance = 0.95, emittance = 0.10,

LOAD-COLLECTOR RATIOS FOR SIX CITIES

Standard Liguid System

Smndard Alf Sygtem ‘

Solar Heating
Fraction 25%
- Site  ©

' 7

Phoenix, AZ 432
Santa Maria, CA 300
Fresno, CA 206
Medford, OR 130
Seattle, WA 104 -
Bismafcﬁk, ND 66

‘\;()*U‘

50% -

172
144
77
4]
33

24

5% 256% 50% 5%

84 369 154 79
84 280 133 76
34 18 . 72 34

14 117 39 . 15
11 88 29 11 ,
11 62 24 11

The'ie values have heen determined for a specific one-year period (the “solar

heating design vear’) based on hour-by-hour computer simulation analysis.

e |

ba
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¢ ,f’ctmg the yeaﬂy perfﬁrmance ofa

E-snlar heating system is'an_hour-by-hour
computer sinjulation’ analysis of the en-
‘tire system. Such analyses have been

~ performed by LASL for.a total of 25 U.S. . .
" and Canadian cities for up to 12 years c;f o

" ‘weather data for each city.
Based upon these calculations; a

iiimnﬂthly solar-load ratio” fiiethod™ Ehas"-t
- been devised. It enables 'a designer to.

predict tHe performance of_ a solar

- Fheatihg systemj baséd only on monthly

data of horizontal solar radiation and

heatmg degiree days. The methad has .,
.been. validated by comparison with the . ..

" hour-by-hour computer simylations,
Initially, the standard liquid system

was chosen for analysis, but the results -

for the standard air 'system were suf-
ficiently similar,that the same monthly
'solar-load method can now be used for

either system to determine collector.size, < .
by applying a small correction fcnthe anr Jo

system

- Based on this method and on m@nthly L

data of solar rgd;atlon and h_eatuj;g
degree-days, specific values of the load-
accllectﬂr ratio have been calculated for 18
;i'clt}es in the Pacific Region. These are
“given in the table on page 61. They can
be used to estimate solar collector area
for a standard liquid system in the same
manner as the numbers in the table on
page 53. For a standard air system, it is
recommended that the' values in the
table should be multiplied by the follow:
ing factor:

Solar Heatmg v
Fraction . Factor
— i’j R .
R 4
- . T5% ' 0.98
50% : 0.93
25% - , 0.89

: It shauld be n@ted that the values far
* load-collector ‘ratios ‘in. the. tables -on-

- pages 61 are usually dlfferent from thosé
on page 53. Two factors. account: for this:-
- 1." The numbers in the table on'page 61 .

are based on the appmxxmaﬁe
; mcmthly golar-load. ratio- method
- and” ‘thetefore should_be sqmev&ﬁat
"“less accurate than the numbers in
_ the table on page- 53, which are .

based on hcmr-by-hgur slmulatmns

o2 The nuinbers i in, the table cm PEEE 61 -

”’"’*j’fﬁare ‘based o longitérm ol
averages “of "sglar- rad:atmn *and

v‘ ' heating Yegree.days, whereas those - |
- .- of the table on page 53 are based on ¢ -

“'a specific yéar “the “solar heating
design year," an explanation of
which is given on page 18. Therefore

~ any systematic correlation of solar - -
radiation and heating degree-days -
will not be reflected in the results of

. » the monthly-solar-load ratio

~ _ method except as they occur on a

_-natmnmde basis.:

It 'is recommended- that the
load-collector ratios on page 53 be
used .whenever there is a choice.

- The maps on page 58 give a
general indication of the distribu-

tion of load-collector ratios. They -

are based on the monthly solar-load

ratio method, using data from the

18 cities listed in the table on page

o1, plus an additional 67 cities
throughout the United States.

The monthly solar-load method is

.a five-step process which can be

performed on a hand calculator

with the aid of trigonometric and

exponential tables—or «with a

calculator that has these f‘unctlons

- Thetdteps are as follows: :
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of- the year for the
o 1e_golar heatmg
"= “gystem is to B#Moca
- a) Haatmg degree days, per
" month. The figures given in
-~ the tables in the Appem:llx
" are long-term averages ob-
_ tained from: the ASHRAE
" Guide (see’ pp. (96), for 18
cities-within the region.

" b). Total solar radiation on %’a,

horizontal surface, per

month. The data given in

~ the tables i in the Appendix
" iwere obtiified from records

o | o ... of the Natmnal “Weather

Service for “tbtal daily
- _radiation. The averages are

based on. 200 to 700 days of

measurement during the
«* months listed.*

~Step 2). Correct the solar radiation to a

. _collector ‘for tilt angle of .
. latﬁude plus-10° using the ap-
‘proximate formula f@llﬁwmg

f h— Total monthly [T <
Lr di ' S )
Lt i;'k;’;“:zr?:ﬂ X 1,025Y-8200,
LU ' -
. where
I

_total monthly. rad:atmn on Eaﬁzgﬂtal Suﬁa ;
coslatitufle — sglar dzclmaﬂ:mﬁ ar rmdsj@nt,

sar dgchnatlbn
at mid-month .
L

" The data in the table in the Ap‘pendi}z

~ were calculated from the monthly
averagé solar radiation data, as,
measured on a horizontal surface in the

\ 18 cities, by means of the formula EDDVE
k EZ_EQE,LE

_*It is to be noted that the figures in these two tables cla not

' :arrggpdnd exactly to those of the solar heating design years

for the six cities used in the parametric liguid and gir syatem

studies, since these were measured values for individual
months rather than averages.

fellowmg data for =

i

= iﬁﬁ :95(301\{:137) g .

tion.on a. pldhe yitfice
. eqdal to the Ia'tltudE .plus 10° end o
e 'ted ‘due south.: They should be used: ;ﬁ
reference,_ howe the
collector tilt angle on- page 22 - ..
Step 3) Determine the :building ther-
mal load in units. of-
_ BTU/degree—day ThI§ is the
~_total heat requiréd by the
’ building per day for a 1°F dif-
. ference-between the ma‘zde and
* - outside temperatures. - -
Step 4) Détermine the "solar ;load
o U ratio" (SLR) for, éach Aonth.
~ - front-the. fullamnﬁﬁ;mtﬂaw i

. B ; “
Scilar CDHEEEDT _Total Radiation on
- S SLR = 4 Areg .4 ,_.; * " Tilred Surface
‘ "~ Building T‘hermal Haﬁng Degree ays
per month

Lﬁad e
LA ¥
N _ The solar load ratm is dimen-
EETIY .‘sxcmless, It is the ratio of the "
. total solar energy incident. on
,the collectors to the total
energy requlred ta heat the
, buﬂdmg Lo
. Step 5) The annual solar heatxng frac-*
o tion” can then be estimated
_wfrom the following formula: -

N *

L -!\

Te e - Annual r E chgree Days)(}{)
' " Solar smo.=1 .

Heating 12 h

Fraction I (Degree Days)

mo. =1 ‘
: where
A
X =1.06~1366¢35SLR 4 306105 SLR
(for SLR < 5.66) ,

X =1, (fof SLR > 5.66)



- LOAD-COLLECTOR RATIO FOR 18 CITIES

Tucson
California
Davis
El Centro
Fresno
Iﬂyﬂké[u
Los Angeles
Riverside

¥ santa Ma g °

Liregon
Astoria
(Cupvallis
Medford
i Washlugloh
o Prosser
Fullisa..
Kichlana
Seallle
5})(} Kaii.

L boatias valuso o

L e " 2en determine |

Latitude Elevation Degree

"N

ft Days
4280 6632
1139 1765
2440 1800
50 2502
12 1458
336 2492
Z1R6 3528
540 2061
1050 1803
289 2967
2% 5186

2 472
1321 5008

Hayy WU
2583 5542
731 3941
Ly 1424
356 6655

- L oansskild o

poaa Lo 1eoa o Methoo

(.}

Solar Hegtigg Fraction

25%

128
300
301
198
547
195
232
416
391
363

127
120
107

Iy
100
100
110

50%

48
118
118

72
206
70
88
157
152
142

4b
42
38

75%

19
18
16

18
16
15
15

14



The function X is shown plotted below.

" Note that X is not a very good

stimate of the monthly solar heatlng
fradtion because it is desigmed to com-
pensate (on an annual basis) for t he fact
that the heating load based on degree-
days per month is lower than the heating
load based on hourly calculations.

Test of the Monthly Solar Load
Ratio Method: The key to the accuracy
of the method is the detérminatiun of the
function X used in Step 5. This function
has been carefully determined sot hat the
resulting error in predicting the solar
heating fraction (Lumpan;d to the

\)ZF

Erachonof Tota) Heot ‘romr Sovar (X)

X=1, (36 - 3666
D:SOSE

simulation result) will be minimized
without using a different’ functi(m for
each locality.

The determination of X is based on )
hour-by- hnur computer simulations of a -
"test year" for 25 locations for five d¥-
ferent collector sizes in each location.
The average error resultmg fmm the
mean- square error (standard dewatum ﬂf,f‘
prediction error) is 4.4% sq@lar
’ ing. The next figure shows the
pr&icted versud SImulsted results for the
125 cases atudled ‘and the following table
identifies the pltze/s,mrresgnndmg to the
symbols in th@ flgure

The Function X for
Simplified Method

s

~0. 55SLR
-1.O5SLR -

Solur | vud Ratio

;i’ij



TEST OF SIMPLIFIED| METHOD

Saolar Hea Hng Fraction, Simplified Method

——F "7 05 08 10
Sular Hedting Fraction, Hour By-Hour Simulatio,
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VI. ’Domééfiﬁ%ﬁ&t'W‘éter Heating

Simple thermosiphon and tank-type
solar hot water heaters are common in
many parts of the world where freezing is
not a problem. There is no separate heat
transfer fluid in these passive rooftop
units, and hot water is used directly in
the household from them. The simplest
tank-type design is a large water-filled
plastic "pillow"; in more complex and
durable types, water circulates through
‘pipes of steel, plastic, or glass tDur to six
inches in diameter.

A flat plate collector can also heat-

water to be used directly (via a stordge
tank) in the household. But. ips

climates, unless the system’
drained, it must use a non-free:
transfer fluid with a liguid-to- wafer teat
exchanger in the storage tank. The eady
adaptability of this {vpe of system to.an

active liquid space heating system is ob -

vious. but care must be taken to avoid
contamination of the domesti water
sllppl\f l)\/ a4 toxle H)“E\[UT ﬂglﬁjdb

The sole ubjective u; this ﬁfﬁtlun ot the 4

handbook is to provide dest¥n intor.ua-
tion apptopilate Lo slzing a domeatic
solar hot water heater of the conventional
active type, that 1s o avastein consisting
ofaflat plate collectn with a pumped I
gutd coolant which delhers head (o a
stotage tank by moana of o heat «.
ghEngEﬂ Thi 1s L] Lo tneda: 1neendedt
i,mpl)' that this s the Lest gl}J!)l\!(li!L It 1=
simply the one chat has boen apaly 2cdin
some detall Tank tyvpe. an“nmlplh I
ot air heabth g collectors pr esent different
options which may be nore ~utlable hut
for which comparable degign studies
hawe not vet K 11 completed

There are howe.er, twu war ... la |
a tlat “plate domeatic hot wate: . (e
carl be used. with one tank o Wil vao
Assuming that the svatern will hicve @
conventional back-up eletient  a ooe
tank sy-lein consiats o a alura, @ tatik
heated (1) by the sula collector tHud

-

passing through the heat exchanger in
the tank when the sun is shining, and (2)
by an ausWiary gas burner or electric
re:iétance‘ coil f'or tir’nea WhEi‘l it is

perature t@ a thermostatlcally déﬂen
mined level (see diagram below).

In a two-tank system, these functions
are divided into two tanks in such a way
that the solar hedter acts as a pre-heater
for the conventional gas or electric unit.
This system can be expected to perform
at a higher overall efficiency than the
one-tank system. Since the auxiliary
heat is supplied to the second tank, not
to the solar-heated tank, the solar-heated
portion of the whole system ean operate
at lower storage (and hence collector)
ternperatures and thus at a higher heat

é;;fglggct,lcrn efficiency.

3TIC, HOT WATER SCHEMATLIC
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Connecting Domestic Hot Water to a
Space Heating System Employing Li-
quid Heating Collectors. A domestic
hot water heater connected to a liquid
space heating system could be of the one-

tank variety, where the collector output

goes through a separate heat exchanger
in the domestic hot water supply tank.
More feasible would be the two-tank
variety, where the second tank would be
a conventionally fired hot water tank us-
ing the main solar storage tank as a
source of heat to preheat domestic water,
The domestic water can be preheated by
immersing another storage tank in the
main storage tank, or bv using a heat ex
storage tanks. Shown in the tigure is a
two-tank domestic hot water svstem,
similar to the one on page 65, connected
to a liquid-heating collector system.

L )
AL TR

- #
teink |

- -
Wule 3. .rdye wafy
tink w4 |

Connecting Domestic Hot Water to a
Space Heating System Employing Air
Heating Collectors. Incorporation of
domestic hot water heating into an air
space-heating system would involve an
air-to-liquid heat exchanger at the collec-
tor outlet, and a single-tank hot water
system. The air-heating collector system
would provide domestic hot water at
lower efficiencies than the liquid-heating
collector system because of the collector-
to-air and air-to-water heat-exchanges.
On the other hand, air systems avoid the
podMbility of contamination of the
domestic *hot water system with the
collector coolant liquid which may be
toxic (e.g. ethylene glycol). Shown inthe
figure is a one-tank domestic hot water
svstem, similar to the one on pégé 65,
connected ter an air-heating ¢ollector

syslent
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Démestic Hot Water Design Parameters. -

The nominal design parameters for the
collector are the same as those given for
the standard liquid space heating system

on page 17. Since the storage tank is

relatively wmall, the heat loss from the
tank surface is relatively larger than fora
space heating system and is explicitly ac-
counted for in the analysis. A tank sur-
face of 0.6 ft?/ft! is assumed with a tank
insulation heat loss ®befficient of .083
BTU/hr °F ft2.

In addition, the thermal load is quite
different for water heating than for space
heating: The profile of hot water demand
~shown below was deducgd from personal

experience, and the simulations were run # -

for this profile. It is. assumed to be the
same for every day of the year.
~ In the normal one-fank system, the
’ Snlar heated storage tank is fired by aux-
f,lllary sources to maintain the water tem-.
perature at a minimum of 120°F. A
nominal storage was assumed equal to 15
Ibs (1.8 gal) of water per ft* of collector
" In the nominal two-tank system. the
solar-heated storage tank acts as a source
of preheated water fur the second tank a
conventionally fired hot water tank A
control stheme was adopted o whioh
auxiliary heat 15 ad.ed 1o the secund
tank to maintain the (cmperature al
120°F . The'nominal theimal storage heat
capacity for the solar storage tank is the
same as for the one-tank svstem For the
second auxiliary fired tank. a nominal
capac i[v eyudl to one halt t he dailgusage
was chosen. Forexample ifthe aall\ hot
water usage 18 80 gallons a dav the
second storage tanh would Le 40 gall.ns
The nominal domestic hot wate
avstem, as in the case of the standard h
quid space heating sValem poontdes 0%
of the required heat froru solar encig

o
The loads which give 0 70 % solas (1gution
are as follows, 4

¥

One-Tank Load Two-Tank Load

for 75% Solar for 5% Solar

Lcmatlun : 1Galfday-ﬁ’) (Gal/day-ft?)
Phoenix 1.85
Santa Maria -~ 1.41
Fresno 1.62
Medford 0.59 1.0f
Seattle 0.165 0.52
Bismarck 0.63 1.085

Four parameters were studied for
domestic hot water systems: collectar -
area, collector tilt, water storage mass, -
and hot water temperature. The effects
of varying them are presented in detailin
the sections below, followed by a discus-
sion of the method for determining
collector siZes for hot water systems
through the region.

)
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3
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1. Collector Area. The graph below
shows the effect of changing the collector
area for both one and two-tank domestic
hot water systems. The plotting

‘parameter is collector area di fvided by the
heating load in gallons per day. Three of
the six c¢itir= are shown. Phoenix and
Bisma _k repre:ent the extremes of per-
férmince, while Fresno represents a
ralafively average case. Individual collec-
tor are -/load cury=s are shown for all six
cities or thegraph on pp. 69-70, the first

graph for ' onc ank svstem and the

1004

Solar

Tota Heat trom

o’

n
C

. Percent
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R

second for a two-tank system.

It can bhe seen that the two-tank
system outperforms the one-tank system.
As was pointed out above, this is the
result of the lower operating tem-
peratures of the solar-heated portion of
the two-tank system. The increase in
total heat obtained from a two-tank
system over a one-tank system ranges
from approximately 30% for Phoenix to
55% for Bismarck in the hot water load
range of 2.5, to 6.0 gallons/day/ft?.

v
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" 2. Collector Tilt. Because of the con-

stancy of the load, the effect of collector
tilt for hot water heating is quite dif-
ferent from that of space heating, The
following two graphs show the effect for
both one and two-tank systems. For hoth
systems there is some variation in the op-
timum tilt in relation to latitude. As

k Location 7

Phoenix 33

2 , Santa Maria 15
" ' Fresno . 37
Medford 42

Seattle 7 48

Bismarck 47

Lati}ucl'e

g

Solar

@0
Q

5

Percent of Total Heat from

60

FR
MD
PH
SM
BI

n
\o\

Optimum Tilt

One Tank System

would be expected, the performance of -
the one-tank system falls off rapidly as
the collector tilt is moved more than 20°
from the optimum. However, the two-
tank system shows a much broader op-
timum; that is, the performance is less.
sensitive to collector tilt.
The optimum tilts are as follows:

Dpt:imum Tilt
Two-Tank_

35
36
39
50
54
56 —~

MD.
- BI/SE

« PH
SM

30
collecter Tilt-Latitude

73
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' ' b
"f . 3. Water Storage Mass. The effect of - There is a wide range of sensitivity to .

,‘i

Jgrage mags for domestic 'hot water is changes in- the storage madg for<the one-
ilar to that of space heating systems. * tank systemy For systems intPhoenix and
Values greatel.than 15 1b/ft? yield little " Santa Maria, the solat fractjon falls off
; improvement in performance. The heat ~ rapidly . when the storagd mass ‘is

oth ‘storage tanks 4s made - decreaéec)l Systems i in Seattle ynd Med-
0 fhe tank surface ﬁl@ﬂ by ' ford show ‘less sensitivity. For the two-
f tmn e ,/ tank system, the ovgrall effect of chang-

7/ : - s ~ 'ing the Storage mass is less than for the
Tank Surfate Area Storage MC\*'- one-tank system throughout the region.
.} Collector Area e T : ot o :
il = ; .\s.
| .
r i . ‘
T
ot
q
[ .

d -
& 100
i ) Y
Zg
“: 60
ffé 40
5
5 ed
~ ,
e )
1}
__ ,' _ XIQ . I, ——— 'j ,,,,,
Thermal Storage Heai Capacity
(BTU/°F f1%)
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R The storage masses for the auxiliary . S
’V#' - tank in the two-tank systems for a 75% Location ,;S;tt;)lfagéil\f!,ﬂ!i;
- ‘solar fraction are as follows: Rttt - Tank 2(lb/fe)
N i+ Phoenix | 10.2
, ~ Santa Maria 8.37
- Fresno 3 6.43
: | o Medfold 4.37
" : ¢o  Seattle . 2.17
St Bismarck® 4.52

80

o0

Heufr fmim Solar

20

Percent of Total

Thermal Storage Heat Capacity
(BTU/®F ft§)




-§ i . . .
4. Hot Water Temperature. The two ‘the solar hot water system decreases by -
graphs below show the effect on the solar an. average of 5.8% for every 10°F in-
fraction of varying the hot water control - credse in hot water temperature for a
temperatpre from 120°F. In the range of - one-tank system, and by an average of
- 100°F to 140°F, the fraction of heat from 3.8% per 10°F fcir a two-tank system.
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" dom

| mg Pool I-Iealtelje

elderagjle'leeway inall paremetere exceply..,

The’ eompenentgf active seler ewin;; _' .

m;ng plml heaters are similar to those of
ic -hot watér and active epace.

“ heaters-of the liquid type. In generel all .

.employ flat plate c:elleetere and the heat
transfer medium .is m

tion-to water storage al
pumps.

hs by electric

. fmeelleetorewhﬁee eurfeeeseari exeeed
30-50%.
trad'f; T8
. thousard" gédllons of water only a few
~ degrees, to around 80°F, but operate et
“an efficiency of 70-80%.
Solar pool* heaters
-vantage of the fect solar’ colleetore
are more efficient wiEn working at low
tepperatures. Collectors nermelly need
rfot be glazed or insulated for swimming
pc:el applications, which results in a sim-
“pler design that is far.less expenswe than
coMectors for space and hot water
heating, which re uire glazing and in-
eulatlon to attain her temperatures
,,,,, Beetere, '
extend the Wi
oper ted durmg

"1

1us tei{e full ad-

ason, thev are
times of the veer

'ng

in mld wmter e‘nd when ambient tem-
peratures are reletlvelv high.

An ‘unheateds sw1mm1ng peol has a
‘natural yearly temperature cycle that
varies with climate andy geography. A

from' collee- . . - <
* v pool, and on t, e
" the cnlleet&:, In eddltmn,

Space heaters and’ hot water ,
pend .on' what part of the season is

heaters commonly extract water-at 140°F "

_"Sinmmmg peel heetere by eor;’,v_ |
-the temperature of several”.

comfartable three to four month swim- -

ming season can be stretched out to five
~or six months when a pool heater is ad-
- ded in northern California, and even

\il\nng‘er in soutlierdpCalifomia.. With a

solar pool heater, the seasop will- be
tended prlmanlv in-the & Spring, less e(?
the autumn! and thé pool temperature
. can be maintained gn an average of 10°F
_,eh we an unheated pagl’ The slmpl&rv

huilt-in efhclen(‘g of swimming pool

mpll(atlnns allows the designer con-
r * L :§ :

=]

84

. of ‘water to be heat

. “the ’tclleetor area should be equal ta g

“spring and autumn in a reaeonably,

- 4imum orientation is south, but wesp-

g

that of collector area.
ghetatee a. large .
, ect sufficient
gy -collector size
will therefore t thesliwe of the
onentet tilt of

aﬁo de-

pnmerﬂy to-be used for heetmg tiEpml
. % i

}-E Cohctor A:ea FAsa rule of thumﬁp

least one half of the pool surface eree‘
order to extend the emmmmg.eeeeondm

climate, given optimum tilt and orient

‘tion. In some areas it ma$ be necessaryto::
increase the collector area to equal the- "

entire eurfeee area of the pool..

2. Collector Orientation. The op.

facing orientations are .gatisfactory

long as the collector area is increasedtoa

imum of 75% of the pool surface area. *
acing orientations are marginal.

ions in warm clithates of,
ater will be used$o sup-
plement a gee -fired heatss for year round

ge quantity

8- "W lector Tilt. For “year “rotind
- heating apply
" where a sola

e

use,_the optimum tilt is equal to the

installation sie. For
the "tilt

latitude of the in
primerily summer heetin

For winter heegtmgi,”trlgle tllt ehould be
equel to latitude plus 10:15°. In shya

"ﬁﬁnﬁle where #7is desirable tq, install the .

¢ollector, horizentally, such as on a flat "
roof, the collector

roof, the collector a ea should be in-
_creased to 75% of the~pgol surface area.

. Since! all ew1mn§1ng pools require a
pump-afki gelated plumbing, the addi-
tion of a solar pool heater to an exfétlng
meta{leimn can be rElath‘é?‘%lm]ﬁé

.
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ES ig neg to keep the collec- ok The smmmmg pdcnl 1tself
, - tor pgg:elg ool and 1€ Operating at.a . mnal stbrage area, emplgyin
b ~ high &f ?j;fene.y, mid‘ Hecth shm:ld ; 'thermal storage medlu’ *

s pcml A south- fac:;rng roaftap can ‘be an’
: ideal installaffim site iri cases whefé«tﬁe
ronf structure can support th?addltmnal
veight - of, the water-filled - - dollector¥:

‘which can “be expect®d-to have. awooling : HE
effgct ip a'hot climate on the roof and the - in can_]unctlon w1th solar poc:l heaters Df
strucfure beneath. - ° _ the ECthE type. - - T ‘a
% ' 1 v . 2 11
ke £ i * ' 2 | B I 4 i - g 3 . - '.t»; - A
- . E . G u . - e
\ a i s, S . y % ,g
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jiﬁsk ied In them, thermal energy i§ -
. tramsferred from the collectors to storage

~ and subsequent]y from storage to the
: bmldmg ‘thermal control system" in, a
mple" ly regulated way by means of
* electridally powered pumps o;%ns that
o mnwe the heat-transfer fluid — liquid or
" air — throughout-the sys;em
t* « An alternate: approacht¢’ Solar spdce
~hediting is characterized by a reliance on

, natural convection and radlataog, and by ~

heat collectionamd storage areasthat aré

'mtagrated with the llvm? space, rather

most any b.ulldmg benefits
iféet solar gains, all.can be 5ald
. e pa'é.swely heated to som®®xtent. §
¢ ' when solat energy utilizatiffty becgmes a
" Mnajor- Qb’Jectﬂv&v of the arEhl‘tectural
design, and tihs when solar energy sup-
- plies.a major fractien Jof -t B ating res.
. quirements, thﬂJ, one would refer to the -
structure- ag.a %nlar heated bmldmg
The term "passive"
widespread use. Techmcally it-oks
preferable to. define a 'passive

or shalling’devices once or twicd'd day

can “still be considdfet!. passiVe By'.this

definition provided that the thermal
gnergy flow is by_ﬂﬁﬁfﬁl convection, con-

ductlbn or radiation. 'Sygem desxgns;

which-utilize small fans to assist circt

tion _should not be ruled out %1mpjy
-

because they afe nﬁt stnctly pasﬂe m

‘is*now in |
sofar™
heaf'hri:ir cooling system as (mc:;)m which
" fthe erergy flow s entirely -by¥ natural
. jmeans. Désignvhich utilize motorized-
or manually op&ated insulation parels’

n separatedﬁfrorn xtr It‘ has come tc: be ,

cases where the us ,:f a sm‘all amaunt of

_ auxiliary energy can materially decrease

mg Jeqmente

the overall ccmventlonal heaf.mg or gool- o
'ﬂmf &*a pssaive,

-"3: B i

':attgh

* fectiveness ' and «

.

. And at tHe present tim
~'interest 8

3
=

:téd

-

&

wall syster‘h or the (stor

f”*\

. solar<ollector, and ad¢quate soler ene

pleaa 'jaasxve salar
ave been bu!lt lntcr

number of ex
heatmg eonceptg

saving energy e of £h
discussed begmnmg ol ge |
despite,the publicity giver™ them these
degigns have not yet been w1deky adop-
ted. This has probably been dye to a
combination of skepticism abeyt ‘geir ef-
-lack of engiheering
¢riterid—there has™been {ittle quan-.
titative dssessment of thejr importamee.
an increasing
on%archltec it passive con-
“;continues to_ outpdee: the

“cepts  sti il

development of thermal cfﬂ;ena ta gmde
theu' use. »

" The: qu&ntltatlve prﬁbﬁ;n”"th passxve
Erea Df collec-

&

ins does not lie in gg
tion. €al ';latlcrﬂ of 80 .
window jreas is” well - understood and -
Toqumegted. A window is aiz'?gﬂ'icle

eollection cgmbmed with * propes heat ’
conservatigg

In-d passive design, the surface
wpecejvifig the solar flux can be co bmed
ith the thermmahstorage my
ot less integrated unit, as in *the dru
an  be
separate from the directly 1rradla{ed suf-

directiywen d to sunlight, or {there cap-:
i of stargglamasses diirec-

{

tly and irectly heategy by solar
S e 79
- i;f/ T = ::

face, ag wd;t?h mghsive internal walls hot !

ML

. ‘:.'
W%

o
3 h,

. measuresfé'h prnwde f'En- a &
- large fractidn of the ea;:mgs load  of a
' buﬁﬂu:;

i
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Y W N WY \\
radxatmn—the usual case ofa Kouse with\

large” south facing vﬁndows with “floor
areas furmture énd ' nternal Wﬂlﬁ,

hlc . the thers

-spce of the hmlﬂxng,
mdde. campat.xble‘? One approact™ M, to

huwé they be;

dse, as it were, irute force in the form of -
“such a large mass of heat capacity that
"' the temperaturz vanatmns are tolerabla, .

g] is directly heated by ° ~ - and this generally has been' favéred over
o the solar ﬂux wi prcmde for the highest 5 the alternative of inSulating the storage -
Y .. - lmn .of .passive ‘golar - heating, and . mass&‘rbm the living space. '
- Mimize Y .rahlemg,gf dayh;ne erately - effective - controls, have
, ' ,ov’e:-heatlng : § designed to deal with other
R 'T e challenge canfmntmg passwe » lems in passive deslgns and include
L tdésign is’one of. starage*’and rnc:vab? shading devices to control
at tq maifitain suitable com- , sunhgh " “movable insulation pa t@”
ards within the. bulldmg The reduce night-time heat lasses, an ven:
, rad?:xx;ca storage ofgensi- - “tilation ports to either d¥ign ient or red.u&e“ :
,’:equlres a' tefperat¥Bre Phange dEytli’% heating by means of naturél -
: ‘gé rhedmm and yet the Db_]é[:- convection. These, anddther'elements of .
' ungl cantrol is to’, ‘passive. designs which should be con- =
g constant tentperature. Thus, sidered 'from both garch;tectural and
: f the stm—aﬁe is'to be part of- the hvmg er‘igmeenng vxewpm "’a;e“ presented
oh , _ .'belcxw : ; o
a1 -
‘ El ents. cf Passrvely Solar Heated Bulldmg I'fesugn
% - - 0 s #
e f{ Element A A{phl‘:ﬁtmﬁ T £ _ \
R ‘ Thgrmal Ins@lati@n:‘ ’ Fﬁéd insula tm is used in deereasiﬂg natur _ _
M Hhaalt L energy flow" mamtambﬁlldmgm eriok.c _ ’
. EHL% Ry . eg., thermal insulation retains building mtermri . P
IS . 7 .- warm cold environment, and coolness in gw; D &" _
R oy ' gﬁ emﬁonme ! Movable insulation can be uséd 4 3 A
5 ' ;%&f ) = natun;{eqergy flow through windows Etdeslred ; T
! T ‘ ;5 while gwmg energy flow at other times. o ?\ -
"E: . j"TEerstratmn Windows act §s an effectlv‘e solar Qﬂnéqtﬂf Win- Boo®

dows can bé used to admit solar radiation éither to i
warmsthestructute onlor lighting. Window orienta- -: %
tion is extremely important, S‘Buth windows re eives: 4""-3 v
maximum winter.gains gnd minimum summer/gai -

Réqfﬂvefhangs and window awnings caﬂvhg’ ,esigned
to admit the low wintsr sun.and block out the high
summer sun’ Shading c&n bé combined wit
tion in the form ot drgpéa and shutters for windows. \
= Natural ,EE'EE can also be pmvxdegj by vegetation, v
.both deddueus and evergreen. Decidueus trees pro- ™ { . , .
’““dee o natural seasonal control of shadmg : R

| '.i
" The use of d:tfuse or spewlar reﬂec‘tars can sig-
nifieantly increase the total influx of solar gadia- , .- -~
tion thrgugh a window _In the ¢ooling rgqg  “high T e
emittance é‘xtermrgur&ces refléct visible radiation .
and rediate Reat-in theinfrared. % - " 7. - o

insula- . v

~
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e Elgmm;amassively Solar Heated Buﬂdngemgn (mtmued) R

-

o Building Structural ° Mase withixf the bmldmg provides natura.l thermal- ¢
}- . - or Added Mass: storage of sensnble heat i

T Thermal Radiation: ~ Thermal radiation is absorbed directly Efiﬂdlﬁfsﬂy

] . by the thermal storage mass of the passive system.,

The energy is mmﬂved by radiatien and convection from J
Lo heat the interior of the building. -

frmal radiation and convection cgn
remove heat from the building and also from .
p mass during the night time.

. Natural Convection: . In pasalvely heated syatems, natural con vgttio
¥ . i air cafi be used as a heat transport mechdhism (along, %/,
%‘th radiation), and to produce air mvamint (-vantll;\a X

on). Natural canvgctmn u\thuﬁl systema can be ;';
used th transport Wat also, as in therﬁumg'hon v/ )
y hot water heater. . : f s

= = #

’ Conduction: Matenal&nf hlgh mass and low thermarﬂiﬁ’ it
S (such d!dmary maaﬁm?y) can delay the amva ofa .

““; . o ‘ EA i < Y
4 AIr Stratification: Wa,rm air can be stratified at the ceﬂmg and re- ' t\ N ! -
- » o ~ moved b natural mnvectmn vthmugh vents to reduee . -
. . theair- ndiﬁfmmg load. Alternati r v

catmn cd be used to concentrate 1 warm gﬂ‘  for usiﬁg S ’

;. . ¥ AR b
- . . 'i, =~ ‘ ) / .. ‘

Evaporation:

yin .
Wporatiye coahng and canhavea - s -
fact “fhlgh can be ar:hxtecturally - ’

Thermal fpn ﬂnnrmg" storé sensible heat. Heat « =4 2
of fusmﬂ brph 'f',e change maten,als foer a prq;nmmg e
feat of fusion { . o

. materia faire smallgr ‘and volme requirdinents .

¢ - than sensiblg heat starag;?ﬁiie same heat capacity._ o

g and store heat withdut & change of témpgrature. In 7 b

e . - . : ¢ooling, phase change materials offer ?ommmg ’
. ‘ NN zhermalhentmk Hnwevart-hﬂe matesials ha U e
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Some Pgsswely

C The use Df passive deslgn elements can’
be best deni‘mstrated by<bpildirigs that .. -
"have stccessfully iheprporated- §hem F
Several existing buildi gs are digtussed 2
below in detail. They are grouped ac- ‘
corcllng to the types éat represent three *

major approaches to passive solar

heating: direct gain, ‘thermal storage
wgl}ﬁ, and roof panE

"L Direct Gain. The simplest ap-
préach’ to pasgive. space heating is
thrm;ﬁh direct gain of sola;yradmtmn by

meggs ofa gouth-facing expange of glagw .|
" This aﬁpmach works best whep:the south i/ -!f
‘window area is double glaz ab%nd where,
the building has conmderab e thermal
andss in the form of concrete floors and
a lls iRgklatedon the outsml‘e =0

What results is,/invgffect, a live-in salaz’
~ collector - thermal "storage unit. . If the
- south-facing* window area is vertical,

, seasopal température control*is basmﬁlfir
" automatic, as the interior spacg, of ‘the -

‘building is exposed ‘to a ilfhum

amount of sofar enérgy in the chd%mter

onths and to 4 minimum in the sum-
when the sun angles are high,
An a‘xam}zie of a direct gain qyst,e;‘ﬁ ig®.
. the Wallasey School located in Liverpogin
jland, ~at a Jlatitude’ of 53°~ north.
x! ,sxgned by A. E. Morgan and built in
1962, it was one of the first passively

- heated structures built i ‘mpderii times
. and'remains, at phis wyiting, Thé‘ fargest.

The basic cﬁna‘tructJ‘n is, of Dncrete

with roof, back and side walls and floor 7
- to 10 inches thick, and’_ex&jlor surfaces -
~ insulated with & inches of expanded

polystyrene.  The south-facing—dog

glazed solar wall is 27 “T¢et tall and—
around 230 feet lnng The nutqndesheet of
glass 1s clear separated by a spacsg
around 2 feet wige from the inside-sheet
o of “figured gfa -a type of glass that-
- refracts the sups rays in such a way that

f/

Aﬁ

-ﬁ‘:

®

hY

. , cellmg and floor of the strugture -are

-(", .ﬁ . & .

Saukvk '3 = o 4‘3) .
TCie SRR VAR Y

:Sdlar Heated Bmldmg Des1gns

¥ ahutter}b

4

~“winter of 1974-75 and 18

. shades the interior of the hnu e fmm the

sun; a’ncL the remamder
~heat given. fo by the llghtmg and
'~ the students. .

Angther direct ga;m systern is the
David Wright house.in Santa Fe, New
Mexico, located in ¢the pifion foothills of
the Sab_ge de Cristo mountain'range, at

elevation of around 9, fe(gt The

= %%gsm structure of adebe or earth. brick is’

D-shaped in plan- with the flat-side fac-
mg sagth ‘On the east side is an entry
area with an "air lock" door ‘arrangement-
;that !prevent; excessive infiltratign of

. cold air into the primary living space in”’

" the- winter. The gouth .face of the twby’
story house is a wall df double-glass that -

' : Tjses from a few ﬁeet abmre the ﬂpor to the’

callectnr system At nig
is 1nsulated by an &

wered from theiceiling.” A woed
fired F‘ranklm stove- SHBPIIEE bac y
' heat, o %fl
Th?thmk éia'be

7Ck la} D
etler areﬁa{so ?
drums fllléd wu:h wstgltare engbec ;
the banco — an adobe benfh’eh
teristic of southwest archite ,ure-ﬂ= u_'-
der the "South wmdows‘o iti
ass. Domestic hot water1s suppheﬁ by 7
colléctor_is locateg)

thermosiphon solar hez: lﬁe’
_ th sfop
outside Ftre-buildiffs %

on the

The house has Hen occupled gince the
erforming well.
During the charging peribd it tends:to .
overheat but excess heat can be vented
out through windows on the second floor,
They also serye for summer v ntnla‘tmn -
yT'he roof overhang on- the 4o _,\,,_

e

4:?\ ‘
‘-
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- summer- wun. My teﬁperaturenna-
- tions are chahctengtmally EOEF m the
dmstéu's of the house. -~ 3 4




S . .
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2. Thgrmal Storage Wall. The .- of the ‘cover panel is faced thh
‘second t of system uses a wall set aluminum sheets so that in its vertical
w ' directly behind single or dguble glazing closed position-it acts as a reflective in-
- for thermal storage. The: Jalt is usually . sulation.to interior thermal radiation —
painted black ar'a dark ct for-for good ab- while mﬁg ‘horizontal and open position
o sorptance ‘and'.can be of ‘masoyy / or of it reflectsSolar radiation on to the "drum
- *  water-filled containers. S walk." , |
. Ahexample of a storage W proach THe ends of the drums facing the in-
i ~[is the Stgve Raer house 16¥##d on a terio? are painted in hg{ﬂ;gxaﬂes to com-
B sﬁuth facmg slnpe m the sand hllls _ plement the decorating ¢heme of the’
) ¥y _ space they serve to heat. Vlsually, from
) well suited for ”gnlar heating. The inside the building, the "drum wall" is in- .

terpreted as an architectural screen, with
. the brightly lit spaces between the drums
g "durmg short periods, times-of el presenting a repetltlve star-shaped pat-
* cloudiness are relﬁtw;ly mfrequent “ ! tern.
&he solar ”he_atmg arid storage system C r e
. of '#¥e Baer house is centered around a ' ;o »
. snutii facing wall of water-filled 55-
gallon drums; stacked on & nietal rack in *
..~ a close-fitting horizontal array. ‘The .
w.t south-facing ends’of the drums are pain:
TP ted black and thustact as the collectti”
_surface” bekind ‘a- floor-to- ceﬂmg glass
‘'wall, %mg e glazed.
To,prevent heat losses from the‘"drum
wall" at night or durmyloudy periods,
- an insulated panel, hinged at the bottom,
csn be raised to cover the entife surface’
(;t the glass area. Furthermore, theﬂ_épsxde

' ... altiyde is approximately 6,000 fg
- though tke winters can be seve)




 'he 7_ tn th ﬂpﬂce by raﬂi&hﬁ} and con-- <

$tion. The capacity of the system is

'mﬂy calculated. Allowing - for filling
_volume, it ia.calculated that each drum

releases about 418 BTU for & 1°F drop in

the water temperature.

.

While the "drum  wall" provideg-

heating for most of the building, the

" kitchen is fitted with a Baer "sky dome,"

g large akyhght ﬁtted WﬂzhL rotatmg in-

kplnst;cedgme A s;mple frecn fllled :

‘balanced control that requires no exter-

‘nal power senses the direction of radiant
energy flow and opens the louvers during.
~ the day and allows radiant

into the space. Iif the evening when the

- flow gtarts to reverse, the louvers close off - |,

the sky dome.

A second storage wall approsch is ex-
emplified by the well-known [Froembe-
wal} houses constructed in the sol; Com-
munity near Odeillo.in the rench
Pyrenees by* F‘Ehx Tmrnbe and kis

cclleag‘ues

l_

" south-facing cor

nergy to flow -

surface of the concrete is painted black,
and is double glazed in such a way to .

- provide an air-passage space betwgen -

glass and concrete, and the air paslage”
is connected with the living* space by -

~means_of openings in the can@te wall _

near-tfloer and ceiling. -
In. the: heét.i, 8
strikes the black-painted*co
" face. As heat collects, a

sswe concrete
wall. is slowly accumt atmg thermal

At the same time the

energy as thie portion. of solar Feat not

‘removed by’ convection diffuges into the

concrete to be storéd there. At night the
convective loop j& closed off, and the

Rl

Pt is a massive !
‘The exterior,




LTy mncrete s@rage wa& acts as a lowf
1 temperature radi;
living space. The
loses sheat to the ‘environment, bu{ ‘the~
doulﬂe glazing reduces these losses to an

< acc.epta‘iﬂé level.
Data. taken from a Tmmbe wall
building constructed ‘in 1967, in’ “which
- ~ the walls are two ‘feet thick, indicated
ikt roughly 36% of the solar radlatmn
nt on the south wall during winter
hs-
j the heating season, around 70% of.
Mieating load was provided by solar
.. with the remainder by a cénven-
| "Shermostatically controlled aux-
IIIEI}F system.. Of this 70%, about -20%
was transported into the living space by

P

., convection through the vents and the..

;g_mammg 50% by conduction throughfs
wall

“In the summer, the overhanging rogf

. shades the glazed concrete wall £rég

sun. Vents at the: to Df the glazipg #lg

the living spac:e, és indicated ,by the

dashed arrows in the sketch on page 85 ‘

r ragg is on the roof rat er thah
MEauth- facmg' wall. The shify/from vert Cal
GO 'ectmxlsmrage to hor;lz gtal resﬁlts n
a systemr that can be Tset

cmlmg as ‘well, as for wintér heatingy ?

* The Skytherm syst.ern as first tested
in “one-room structures in_ PhoeniX,

- Arizona, and has been recently evaluated
P m a full-scale test house espeeiglly
/j désignied faﬂt‘the system and buijltgin
. - Ataq dero, ‘California. The sitp hasga
- Cymdie, (1

slgere climate in térms of heating
requgments than ‘the original Arizona

test site, and the test has 4 ndicated that
N it is ‘possxble to have ecomomical solar
& heating and might skytooling with an in-
X tegral Skytherm system. - '
( ii The thermal perf;)rmance of . the

is transferred into the house/ -

nt héating panel to the
exterjor face of the wall . - .

",
R

M”y h

= system suﬁplled 100% of the hea;

f reported lev
-ﬂi“) Without' %the indoor temprrature
ve

. in‘an }arthquake aréa. The deowig

he >1ns t on;pane
mechanis functmneck well.

e

imp ve. Thg
l‘ei ing and 3‘5‘1

brealﬁdown
tional per ;
went shove 79°F or k
doof * temperature
cycled less than’ 4°F . dail;
temperatu.re stratxficatmn in the
i less than*ﬁ“’F in the-

hly average heatm

load hand]eé‘hy 1e system, was about

. . 24,000 BTU/day i February. 'fhe largest

monthly average cooling load was about

168,000 BTU/day durmgﬁuly The ex-
pénmentgl house- had an overall heat
transfer Fo8fficient of about, 500

" BTU/degrge-day (excluding roof) and an
eqailibriuth | emperature. (ambient tem-
peraf‘uf‘e;{é'& Which,no heating ot cooling

s reqnﬁed) ‘ofabout 62°F. The collector
- area was about 1,100 ft?, about the same

depth of the roof ponds was about 8.5 _
"ches, for a total of about 6,000 gallondof .
wetér ~The system was operated with®
thermoponds both unglazedrand glazed
with an inflatable -clear” plastic cover. .
\'The,cover proved Deces é/aary inJorder to

keep the in oor{emgh aturg”up to the
uring/the wir qt'era,ganths

as the figor drea.--The average W}ﬁr

would ha opped to fiear 60°F.in th
‘early morfiing hours.

- The we;ght of the rqo , nds g
no major problems, EVEH ffg a sitelo

=P

erm.is amenabfe to prrfabrr

" Skythe
*w cthuiel :Ea

! Eddltmna‘l wﬁter= .
ow being studied.~ |
and EL*DITIB‘ZIC




Yy daxj in mgger, the mejf, 7
pnnels slide back and expose. the
] ';_"apﬁnds At night or
ode thagﬁieuletgen

¥ transfe!.te the’living space is thue by
', ‘radiation agd eenveetmn '

..._n‘

Durk the winter months, the thermg .

ands act ag azlarge thermal storage mifh
th af average temperature above that

j ge aveiage emblent temperature

. red fo the cooler thermoponds. At
¢ ’*nlght the panels slide.open, exposing the
thernigmnde to the sky. and the heat
they h#dve cellected from inside the;bﬂuse

- ctmgact Nﬂth the ' metal ceﬂmg heat

trlme' hEEt. ‘inside the heﬁee is

Thue, in the mmmeg mgde,!,fhe t,bermo- .

- ponds act as alarge thermal storage mass

with arr average temperature below that

| A_—‘of the emblent tefn) erature.

. It was necessary IP spmmer to deflate
!the ‘clear+plastic covers of the thermo-

. ponds-in order to keep the living space

temperature’ below '80°F. However, bet-
;:ter ventllatmn of the thermoponde and

pmbebly have allc:wed the e‘yetem to be

- operated with the' covers inflated.

.4 Therg are some geographical limita-
tions o the SkytHerm system. T*the
south, for example, the high humidity
would hgmper night radiation from the
exposec thermepende to the:sky during

. the summer eoelmg mode. For locations
. of high latitud

in the north, some kind
vould be necessary to
inter sun on to the
oponds,

of vertical refle
direct the lov
_horizontal the:

: @ehefgg by: radlatmn into, {Th‘é“sky K
, K
| Movable insuldié
(moves over carp r
when roof e
gor 1] P B . Sy
Living € R |
quarters -
S FEr o - Metal ceiling- :
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" square foat of glazmg r :

A greerfhnuse

- direction of William and Susan Yanda. .

. 4. Attm‘:hed Sglm: @eﬁhause. A
. combmaﬁé‘ﬁ, of dlrect aif"and thermal
_storage yall f:qpcepts "o be fnu{nd in the |
solar? gr&nhﬂu‘a'e, in wbleh lﬁfglsze

gain 'Df ar tadiation, wi er
storage in “the south- facing H] e wall: ;. <t
of the building to which it is At 'chei

Some twenty solar greenhoydes ¢f this
type have been built in regént years by

the Solar Sustenance Project under ‘the

The goal of the project was to reduce sub-
" stantially” the convential space heating
requiremients of the buildings to which
- the greenhouses were attached, while
"also providing an indoor growing area
during 'the winter months. The project \
emphasized construction . techniques 3 X4
within the reach of the hdmeownephd :
moderately skilled in ‘carpentry giugnto
"Materials costs gveraged aroun*dkﬁ 5O ~ <.
per square f : L oe
Under thl;)(%)r()]ect greenhouses have’ - g:;:;‘
" been retrpfitted to mobile homes and =~ 7
ghQUSEE of frame, pumice "block, and :
adobe construc‘tloﬂ in New M&}EICD For _ i
hmﬁea “of ngassive Constructmn,, the:  Cool 7Ail"‘]
‘ %Tacmg wall to which the from Home
greé¥irhouse was attached was®uséd . as L S . -
heat- stordge, while for Houses of - o 3 .

v

' ‘11 tweight . construction it was found'.

sary 'to add the storagé mass to-tHe | B"lé andq‘ Gre nhgusgd )@,
greenhnuse area in, the form of water- - ) ¢ Ty *gn
: ‘b

filled drurgs or stone floors. In order to L v
- l - . L oo b L
maintain temperatufes 30 F. ‘above out. T T T - ‘ .
door lows in winter, it wa!?est;maned that fh{m.}gh autumn. They were built against .~
. existing door and ’mdﬁw Qpenings tmﬁ

the greenhouse ahuuldﬁggntam‘ a stprage
mass the.eequivalent of about two gallons
of water or 80 pmmdq of concrete per

. a‘llow mrculamon of the warm Hir fmm the

The g'reer;hn ses were double glaze—d

with tltra-violet\resistant fibexglass péns, ; o

eling- on the. oulside and Lg%xﬁslg&antn Y ro .

p(llVEtth%& f‘l\i (}ﬂ\thE‘ qude and Wﬂ!’e - ﬁ i -re-feren(; by per ’

of the auth . FrYand nY "

de&%lgned ', a BBIILEI E‘-ﬂll[% c ached Holar Gree se, (in Engl Vaﬂmsi?;?g o

ﬁverhangt' minimize overheating s rln Fé The Fikhtirg Thee. 1976, pp. 3.4. %
| | S N T '8

. e . ' S
88 .o ) Y ) .
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* solar heating.system. &
- model is shown on page 90. The operation -
- of it is simulated py a digital computer °

e energy is positive, it is added tp storage. .
The. thermal load is calculated either .

= gysfeni’ een"be “hiredin

analysis using actudl we
data, and a mathematical.model of the
schematic of the

code on an hour-by-hour basis.
At each hour the net energy which can

* be extracted from the collector is '
calculated, This is determined from solar

radiation, collector dee;gn, outside tem-
perature and wind speed, end ‘the inlet
fluid ternperature from storage. If this

from the outside temperature (for space

' heetmg‘j or a fixed eehedule (for water‘:‘

heating).’ Energy is extracted From‘
storgge to satisfy the thermal load. -At

. tignes ‘when storage eennot satisfy the

dodd, auxiliary heat i$ added as requlred
te maké up the. dxffererlee The cKange in

" .skorage tempereture over the hour is the

‘pet energy edd@ froml the, collegtor

‘minus. storage heat. losses minus  the.

‘energy extracted*By the thermel load,
divided by the storage hedt Capacity.

. This calculation is repeeted far each of "
_the 8,760 hours of the year, All.Le

rgy
flows are- eummed hour- by ho
both mnnthlv and yearly summaries are
prmtedﬂut A typical year-long calcula:
tion requires only 34 seconds on the Los
Alamos CDC computer, making it feasi
ble to study the effect of ehanges in many

design parameters. .
,. ﬁ . 1
(l’“ ‘ ‘ 1

* - s - % . 3 (

‘\ b — L;,,;

tﬁer end solar

mand

=

-;a-* %"’

;’"Lsa

' “iamed from the elmulatmn anelyele aré”

presented here for- Freene; CA. The "solar

" heating deelgn year" chosen is July 1957

~ through June 1958. Dmly solar radiation

. ‘parameter, for example the effect of a

< mamnece.

and tempereture data are. ehewn on page

€N.

in winter are shown on
91, while mmulg jon

é'Whtire year are s
page 92. A t ble of the ,menthly energy

" balance’ it on page 91
The table on page ! s the results

~ of computer simulations for the standard
lleiulfi system forseveral ye%re in- ?reene

F‘or Fresno, the elmuleted reepense ofa
sta;aderd hquld system,_for' seven con:.«

ppendis Ai-Eetermmatlon of Perhrmance
, | By Slmulatlon Analysm

-on

It can be-used to estimate year-to- year . ‘

;.variatign im solar performance as well as
to estimatg the. average seler perfor-
The 'average pereent solar
" heating is 75.2%+with grstandard devia-
tion of'2.4%. The sel&tion pf 1957-58 as
the desiy year wag.based on the percent
of solar h

} eating belnguelgeeet to the 75.2 %
, long terqa, average. o

The graphs and 'tables given in this-

hendbook are-all .based on the. results of .

'this type of simulation analysis. In order!
to study the effect aof ehangmg a -

‘;-ﬁ,diff'erent thermal stoMage mass, several -

““wear-long computer sir
. magle gach with a different value of tHer-
_ mal niass. These résylts are then plotted, -

uletxene were

as in-the graph on page 40, to show the ef;

fect on annudl percent of solar heating.s
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< ::.Dgtﬂd“d.. Lﬂiiﬂ B!IG!!] i! Fﬁﬂﬂ _A!‘ T

J-n. 15'21. 1955'

SRES smr radiation . S
‘ ;..‘ 7 ! T _"_—:
.I‘t. . *S . , -
‘;;; . = S0 B Ambisni te:nparﬁtura =
e za*sm 0 80 100, éﬂ'lé@gé@’l&@ ' B ;
N e = Haurs .
s ;x!‘i’ff w . B E
- MONTHLY ENERGY BALAI\ICE FDQ FEESNG
. Total energy flows fnr each month are shown bélmw for one ft* of
cnl]ectar The sum of the solar heat collected phus the au:nllary heat
used does not necessarily add up to equal the building load, beeause’
there is some carryover from the heat in storage from month to morth.
. Initial stdrage tem perature is set at 150°F for the simulation code. The
percent solar heating. for em:h month.is calculated by ‘dividing the
building Toad minus the auxnlrary heat by the bulldlng load. -
! ‘Building Solar Heat Auxiliary  Solar
i Load Collected Heat Used Heating
-+ JYeir Month ‘BTUMv BIUMo BTUMo' % e
a . * w ,
1957 ° July - «.-B5 — 1262 0. . 100.00
- August 1954 2146 0’ 100.00 _
- : ~ September. 2484 2781 \ 0 100.00 ) - }
——, October 8289 -8876 ° 0 . 10000
J ' November 18819 16534 1631 - 91.33 .
December 26043 10439 15575 40.20 -
1958 January 24879 . 12857 12597 49.37
February 15247 ™' ' 13490 . 1939 87.28 ~ .
. ‘March 19029 17308 2185 88.52 ]
v Aprll 11104 11380 C 1434 87.09 ~ ~
May . 417 4742 0 100.00
June 2487 2885 _ 0 100.00 .
. / )
= ‘ Li% )
\ “ .
- .




 Temperaturs °F

“ o L o VDaiI'y max & mimjméiénf'famp
P 40 80 120 |e.¢; »2@@ :zaa’ zao 320 36(3 4009«:;,3‘

' SIMULATION RESULTS FOR THE “S’TANDAED“ 1IQUID SYSTEM
- FOR SEVE’RAL TEARS IN FRESNO ° \

YEAR*  BTU/yr fi** BTU/yr fve** DEG—DAY % SOL
- - 1 T -
. 1952 683422 19366 2589 81.74
1953 672515 - 774268 2550 84,88
. 1954 © 627851 698473 3092 69,42
1955, 643081 731670 2650 80.57
1956 591320 " 664500 2723 71.52
1957 - 560946 614067 2622 . 73.79
"1958 578257 639456 2097 78.77
v ; 1959 566323 . - 626296 2467 - 78.53
o 1960 © 532529 =y 577985 - 2817 66.41
T 1961° 545994 587525' ) 2988 59,76
GO . 1962 636553 711595 - 2567 80.49
* T 1963 606957 663720 JE11L ~ B4.50
“AVERAGES 604229 673626 . 289 75.20
A
"ThE vear begins July 1 of the year listed and extends thrﬁrugh
. e “June 30 of the following year. ) ¢
/ **Measured on 8 horizontal surface. §
’ *=:Calculated for a tilted collectbr surface. i’
| ; A
: 99
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/ Air sper:tﬁc he\ﬁ: = ‘24 I °F
| »T‘Txerefare, the heat losd is

 (:0785)(16,000)(. M)BTU hr E‘Fr ST @
- =288 BTUr °F = 692 B’f'wde;m &ay R
The total load is then . o

20,688 B’T‘U/degrﬂeﬂdgy :

@ f or .
" fokr iled 103 ~BTE -
P ented. \\\\ : bulldmg area,
o g \ . Lo : o :
— R ldiu Lnxdf 'The- bujldimg loacl is- ‘ C‘;oﬂgctﬁr Area. For the p urpose ";f'ili K
j gwem\m units of, ETU/degiee -day- ‘This . lustration, Spokane is ch, sen as the
figure can be obtained from knowledge of * desired location to implement the design.
the building construction ubing the A liquid space h ating / syatem with
ASHRAE Hﬂndbcf@k of Fundamentals. ~* single-glazed: coller:f:s ig/ assumed. If a
The ASHRAE, .Hendbook comtains 50% solar heating system is desired, the
numerous "U" factors or overalbwall heat load/collector ratio can be obtained from
trsnsmlssmn caeffii‘:nents for vajmns wall ‘ the table for 18 chlfg coast cities on
and roof types. : page 61. The required collector area can
For this study, we will assume the - be found by dividing the load by the
folluwmg bmldmg ch&raeterlstlcs _ L load/collector ratia. In tllis cgﬁe, ) L
Single Story, 8t ceiling o ' '
Floor Area = 2000 ft’ (40 x 50 ft).
Walls, frame with RI1 blanket insulation
_Ceiling and Roof, R19 blanket insulation ~ ' .
Windows," 20% of wall area with dnuble -
panes. - - ' _ e :
From the ASHRAE Handbook, the.. . - Parameter Variations. The
following values are found (BTU/hr ft? parameter curves may now be used to ob-,
°F : : v - tain corrections far deviations from the .
Uwall =.08 S _ . standard system. There are no
_U windows = .70 ; parametric curves for Spokane, However,
U floor = .10 Spokene with 6,655 annual degree-days
" U reof = .04. ’ of heating lies between Medford with 5,-
" Theareasare A g . 275degree-days and Bismarck with-8, 484 B
Awall = 11626t L degree-days. In terms of annual horizon-
A windows = ‘288 fi? . tal radiation received, Spokanerwith an
A roof = A'floct-= 2000 ft*. - average 0f 483,837 BTU/yr fi? is similar
The overall produet of U and surface area | to Bismarck which receives 478 758
is then ' BTU/yr ft?. It would be expected
UA = 5’74 ETU/hr °F = 137‘76 BTU/degree therefore, that a gystem in Spokane
day. would show similar.performance ‘varia-
In addition, thére is a heating load due tiorts as & system in Bismarck, -
to infiltration. For one change of air per \ The first effect to besexamined is that
hour, o . - of decreasing the thermal storage by &
Airdemsity (68°F) = .0751b/ft? - factor of 2. THe thermal storage for the
Air volurme = 16,000 ft* - ' standard system is 15 ET‘U/"F\ftg or 1200

=
1

100 | N 93

fx
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) The mntghly hat water lgad ist ealeulatg;l
faﬂﬁws. o o

‘Byint lstlcm, ‘the effect, on yanominal H&t ,Wa_t*g’ V - (Ga]]cms/Day) (834-
v ﬂ‘Pﬂ @ “\ a m\m Sl lhigallan\) (1. BTU/L °F)- CF

o 50’% system can be fcu:ncl ES\EDHM | o tempeﬁm rieh(Number
S T‘hsrnllEmga o EﬂPengnt sﬂhﬂ- ‘ PR ﬂf dngs per mnth) '
I BTU/‘TI% w0 System .
’ T - : A usage ratio af SO gallnns per da;y and.
S 15. f S B0 ; . a temperature rise of E)"F (@E‘F ﬁ‘
1.5 ' - 444 7 120°F) is assumed.

© 7~ “if the tables at the- end of this APPEI‘!‘-

Therefore the system capacity is reduced - dix are used for heatmg degree-days, the

to 44.4% by using one-half of thﬁf‘%mal - following mcmthly énergies result for

‘storage, mass. _ Spckane . ‘
The effect of usmg smgle glazed collec- } T

tors with selective surface can be found - . ‘

from the collector area/load curves on '

‘page 53. A collector area/load “of 1/31 =

Space Heating Hot Water : ) Total
Month  milllons of BTUs  millions of BTUs milligns of BTUs

i

1,032 ft* DD/BTU shows a 456% solar 1 2547 124 . 8J1
heating fraction for the Bismarck or- : . _im Hh
dinary single-glazed system and a 55% 4 10.99 i 1207 . 12.19
solar heating fraction for the selective- 5 oo o, 2 -
surface. The ratio of these values is 1.22, 7 0.19 124 1.43
so the Spokane selective surface system 8. | ‘& a0 R
can be expected to improve to . W - Y T Y

B 11 18.18 1.20 1938 |
- , . 12 22 9R - R24 2162
Spokane Percent Solar, Selective =- -, Total 137 .68 1460 : 152.28
(1.22)(50%) = 61%. ) : : o -
_ ‘ The solar load ratios and functions X for
Combined Space Heating and Hot a system in Spokane with the 667 ft?
Water Loads. A good estimate of the re- ~ collectors can now be found using the
quired collector area or solar heating monthly radiation tables m th15
fraction of a combined space and hot Appgndlx . o
water heating system can be obtained us- : ‘
ing the solar load ratio method. This can ‘ ,
be done by adding the hot water load to . -
the building load so that the monthly ) o
solar load ratio is - '
(S'nlar Colfector Aﬂ‘.‘ﬂ) (Tu[e;l_Radiatic:n on Tiltﬂ , . v ‘ . " \
SLR ;‘ (f*) " Surface (BT U/ft?) / : : - . ]
Bmldlng Load (BTU) + Hot Waf:rl oad (BTU) . - ' -

o 101




The. annual solar heating fraction is
then found by using the total mont,hly
load rather than degree-days in the for-
mula on pﬁe 60. This gives

1 Annual solar heating fraction = 70.46 x 10° " =51.2%

Space heating-only 137.68 x 10° |

Annual solar heating faction - =

Space heating & domestic hot w 152.28 x 10¢

‘The space heating fraction " is not

precisely 50% as predicted due to round-

off of theload/collector ratio of 31. When -

domestic hot water is added, the annual

78.02 x'10° = 51. 2%

sglar percentage is unchanged. This hap-. -

pens because the load is distributed more
evenly throughﬂut the year. The solar

heating fraction is smaller turing the’

winter heating months; but all of the ad-

ditional hot water load is provided by

solar epergy in the summer season.

~ Thus the tptal soldr energy utilized is
increased from 51.2%. of 137.68 million

BTU/year or 70.46. million BTU/year to
512% of 152.28 million BTU/year’ or
78.02 million BTU/year.

‘Domestic Hot Water Only. A
separate domestic hot water system can

be sized for locations other than the six

o

f

The dﬂmeéﬁlé bot wate?r @E@ﬁarh&d

i curves for bothone and twotank systema,

on pages 69 Bi}d 70 i in fact show sumlar o
~ behavior. =
For a 60% solar Eractmn dgnstm hgt
water system in Spokane, the Eisn:r ck
curves muld beused giving the following -

ratios. . , j
' Collbctor Area/Load
| Wealay)
c)ﬁE Taﬂke - » 0-35
Two Tank 0.60 .

-

, For-an 80 ga]lcn/day hcxt water,use rate,
the requlred cc;llect@r areas Wcu]d be

¥

Area (ft*)
T
- One Tank 60
48

* "TwoTank

It is furthemm-e expected that these
results would be at least somewhat con-
servative due to the milder climate m
Sp@kane
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observer on thegmund atdxfferént* :
tnnes of the- day and indifferent-seasons;
ThlS can be dﬂne with charts or w1th aset
t;ens The pmblem With the charts is
that a different chart is needed for each
latitude. Charts for latitudes of. 32°N -
(roughly Tucson, AZ), 36°N (roughly
Fresno, CA), 40°N’(roughly Red Bluff,
CA), 44°N (roughly Eugene, OR), and
48°N (roughly Seattle, WA) are given on
“the following pages. The charts show the
" position of the sun in the sky (azimuth
and altitude) for different tlmes of day
"and times of year,

The charts are given in terms of "sun
time" which is measured relative to local
solar noon—the time when the sun

- crosses over the zenith. Local solar noon °
“is usually different than local, standard
time.. To make the correction use the
equation: -
Sun Time = Standard Time + Equation of Time
+4 (Standard Meridan-Longitude)

The standard meridian for the U.S, time
zones are as follows: "

Eastern Time Zone ' 75)@\7\7 '
Central Time Zone 908w
Mountain Time Zone 105°W
Pacific Time Zone 120°W

The "equation of time" is a correction for
the non-uniformity of the earth rotation.
It amounts to a correction of a few
" minutes. The "equation of time" values
are as follows for mid-month (in
minutes):

Jan ~8 May +3 Sep +5

Feb =13 dJun 0 Oct +14
Mar -8 Jul -5 Nov +14
Apr 0 Aug -4 Dec +3

" Declination =23.45° sine (360

S Tifth

- When calculating sun time, remiember *

\to subtract one hour from-clock tiffe to—
t standard tlme lf dgylrght gavmg g
' effect A
T‘he equatmns used to. (}&lculate sun X

wh;ch need tobe defined These are as

follows: = o

Solar Altitude: The angle of the sun

above the horizon, measured by.dn obser-

“ver squarely facing the sun (the meaaure—v

ment mdde by a sextant).

Solar Azimuth: The rotational angle of -

an obsérver squarely facing the-sun,
measured from due south. (the mgasure-
ment made by a compass, earrétj,
‘magnetic variation)

Latitude: Latitude of the observer. -
Declination: The angle between the
plane of the earth's rotation around the

“sun and the earth's equatorial plane in a

ed for |

direction facing the sun. . »
The declination is easily calculated by
one of the followmg equations: .

284 + day afr' Far
365

e
(less accurately) by:

Declmatmn = 973.45° sine (30 x rncmth + day -
111) 8

The equations are as follows:

sine -(solar Eltitude) = cosine (declination) x
cosine (latitude)
x cosine (15 x solar hour)
+ sine (declination)

~ » x sine (latityde)

cosine (solar azimuth) = cosine (declination) x
o sine (15 x solar
hour)/cosine(solar
altitude)
Other useful relations are as follows:

4 = - : - o
cosine (15 x sunset hour) = tangent (declination)
x tangent (latitude)
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Appendl D—ﬁConversmn to SI Umts

-
'Thg following tables express the defini- _
tioms of miscellaneous units of measure
as exact numerical multiples of coherent- -
SI units, and provide multiplying factors
_for converting numbers and mis-
cellanevus units to cgrrespcndmg new
numbers and SI units:
To Convert from: To Convert to: . Mujeiply by:
Foot! (ft?) Metre? (M?) 0,09203
Pound (Masa)/l:'cx:t’ (1bm/ft*) N Kilogram/Metre® (kg/M?3) 16,01 846
British Thermal Unit (BTU) ) Joule (J) 1054,35
BTU/Fgat’- Hour (BTU/ft'-hr) Watt/Metre? (W/M?) 31548
“F {Degrees Fahrenheit) °C (Degrees Celsius) °C =5/9(°F.32
°( (Degrees Celsius) °K (Degrees Kelvin) K =°C+ 213,12
. LBM KG 045359
Inchof Water (Pressure) Newton/Metre? (N/M?) 24884
Foot® (ft}) Metre! (M?) 002817
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Sources of Informatlon "
I. ‘Uhnited States Govemment Sources
f
National Solar Heating and Cooling  Services:  Provides free solar heating
Information Center e : and solar cooling technical
P.O. Box 1607 N information

Rockville, MD 20850
Phone: Toll ¥ree 1-800-523-2929

2. Solar Energy Books '

Daniels, F., Direct Use of the Sun's Energy. Ballantine, New York, NY: 1974 271

pp, about $2 A general introduction,
E-

Duffie, J. and W. Beckman, Solar Energy Thermal Processes. Wiley-
Interscience, New York, NY: 1974, 386 pp, ahout $17. A technical text.

Many new books on solar energy are now appearing. Current lists of available
~ hooks can be obtained from:
'"FARS. Published by: Environmental Action Reprﬂt Service

2239 Fast Colfax
Denver, CO 80206

Inter national o ki Bablished by, =

Soloa Sclence Ilndusaies, Ine
10762 Tucker St
Belt s\ ille, ML) 20705

Buookh 1o vicwve aan fa bshed o cunnent pertodicals featuring solaf €neryy.

3 HMaunt b ity o aud House 1 heqpaal Deslgn

Rl B N O P R N L A RV Ty YN S YAy W 4 publlzln::d b:, the Anscalean Dluus‘l,g
ol Heating Reltigaaling and Air Conditionmy Engineers, New York, Y 688

P

AMMICALR (Lt A s 0 e o L B stes Loy Application.

( 1974), Eqapisent Jh .

i
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4. Lists of Solar Equipment Manufa cturers
Solar Energy Heating and Cooling Products, ERDA, Division of Solar Energy,
ERDA-75, 1975, " . '

Solar Energy Industry DLTECtGFjI and Buyer's Guide, Snlar Energy Industries .
Assoc., Inc. 1001 Cannec‘ﬁcut Ave.,, NW, Wsshmgtcm D. C. 20036.

Solar Energy Manufacturer’s List. Published by: Total Environmental Action,
Inc. 1975, 12 pp. about $2.

Survey of Solar Energy Products and Services. May 1975, Committee on Science \
and Technology, U. S, House of Representatives, 94th Congress, .Ist Session, H45
Pp. ’

’ i?meeecﬁlings of Solar Workshops -
Passive Solar Heating and Cooling. Albuguerque, NM: May 18-20, 1976;
published by The Los Alamos Scientific Laboratory. .

AS‘C‘/AIA Forum 75 - Qlar Architecture. Tempe, AZ: November 26-29, 1975; «
published by ASC-AIA /College of Architecture, Arizona State University.

; = - 3 g B 5 = - = .—f—.
Solar Ereergy Storage Subsysterns for the Heating and Cooling of Buildings,
Charlottesville, VA: April 16-18, 1975; published by ASHRAE, 191 pp.

Solar Cvoling for Buildings Los Angeles, CA: Feb. 6-8, 1975; |J. S. Government
Printing Office. Stock No. s800-00489, 231 pp.

Wourkshwps vn Solar Collectors for Heating and Cooling of Buildings. New York,
NY: Nov 21 23, 1974; National "nleme [ﬂ'nundatnm and RANN Document NSF.
RA-N-75-019: 507 pp.

Solur Energy Heat Fungy 9, stems fur Heatuny and Cooltng Buildings. University
Park, PA: June 12 141975, published by ERDA Document C00-2560.1 Con
7506130 248 pp

0 uss st Ues todloals Featuring Solar Enesgy

Aoty oure o uf Baverg, FPubhohed L asenthly by A S ) ﬂt 2, Boa oA

Milaca, M1l 56353 Suabscripuon rate in U S $5/yr.

ASHRAE Juwriews! Publitshed woothily by the Amencan Soclety of Heating,
Refrigerating, and Air Conditioning Engineers, Inc. 345 E. 47th St. NY, N.Y.
10017 Subscription rate in US| $10/yr
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B N '7 .Ni _ 'i _ - . -
Popular Science. Published monthly by Times\Mirror Magazines, Inc. Subscrip-
Non requests to: Popular Science-Subscription Department Boulder, CO 80302.
Sgbscnptmrx rate in U.S., $6.49/yr or $.75 for single copies,

Sc?lar Age. Published monthly by Sc:lar Vision, Inc., 212 East Main St., Port

Jervis, NY 12771. Subscription rate ifi U.S., $20/yr and $2.50 for back: issues.

Solar Energy. Published bi-monthly by Pergamon Press for the International *

‘Solar Energy Society, P.O. Box 52, Parkville, Victoria, Australia 3052. Subscrip-

tion rate for qrganizations $65/yr or for individuals, $25/yr.

: ngineering. Published rnontlaly by Solar Engineering Pubhshers Inc.,

843%71\1 Stemmons Frgeway, Suite 880, Dallas, TX 75247. Sub%c-rlptmn rate in

U.S., $10/yr, or individual copies and back issues, $1.25/each.

7. Bibliographies
Solar Therma! Energy Utilization, 1957-74, echmlugy Applications Center, Un-
iversity of New Mexico (1974), Two Volumes (updated quarterly).

Solar Erergy, A Bibleography, 19/6, U 5. Energy Research and Development Ad-
ministration, TID 3351-R1PL, Citations, $13.75; TID-3351-R1P2, Indexes,
$10.75. Available from: National Technical Information Service, UUS. Depart-
ment of Commerce, Springfield, Virginia 22161. Updated by Solar Energy
AWt racts, Published quarterly by ERDA Available from: Superintendent of
Documents, (]S Government Prinung Office, Washington, D.C. 20402, $119/yr.

o I2hecloiles

Sulus Ei;ifgxg Lre oon o a b ey of Dotticotee wnid Indcinalional Farna L
volved in Solur Energy O aterline Corporation, Phoenix: 1976.

Iﬁ.fui meul [2eeatlon y sf iFs, Ul geaiibesalttiin wred F\‘fuplg’ lilgf‘,,lll.fifgl Lﬂ tf;g Sl ['ls;u.iéi;b
of Buildings Shui hit W A Cambiidge MA: 1975

The Sobwr Lioia Lhrcate ., f it D0lue Borec gy biedeistr , el Data Heausiplo,,
NH. 1975 '

.
(979 Solur Lie. . LONERRYRTY P O astdbuted iy Bus 11ON i wislaal Adilon of
Colorado University ( clorade 11U H4th St Deave, CO B0702 aboat 200 1. p.

and $15



! L 3 Drgamzatmns

American Institute of Architects
© 1735 New'York Ave. NW
Waah{ﬂgibn D C. 20006 : o ) ;o

345 EJ 471:11 St. ’ ' o ‘ oo
New York,pNY 10017 2\ oo s .. :

International Solar Energy Society L : ;
- American Seftion , k}:
" ¢/o Florida Solar ‘Energy Center "
300 State Road 401 ™ A .
" Cape Ganaveral, FL 32920 - 77
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