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A mathod of estimating the atandard deviation of cutput from an
active flat plate solar collector which uscs 1licuid as the hoat
transfer rodivm in prosentod. mhe technitque wag dovelopad as an
mxtension of the '£' factor pothod and is capable of estimating the
range of cutputs fron common solar collection systems by having a
nowledoe of the systoR dosign paramrters and the statistical
information about the woather. 'f' is the proportion of the hoating
load supplied by the collector and the deviation of 'f* is the
percentage change in output due to variations in weather. Since the
deviation of 'f' was developed using the 1§ factor method, the case
of calculation associated with the '€' factor method is also a

feature of the deviation of '£'.

The standard deviation of 'f' is dependent upon Y and the standard

deviation of y. Y is the ratio of energy collected to the total

heating requirement. The standard deviation of yisa function of

the variability of insolation and temperature and the dependence of

temperature on insolation. 'f' is also dependent upon X, the ratio

of collector losses to heating load. However, the deviation of x has

an insignificant effect on the deviation of 'f'.




of siqniticarce is the correlation coefficient which is an irdicater
of the depondonce of tepperature on incolation, The deqgres of
depondence is shown by the corrmlation ccofficient and this
dopendonce can increase or decreare the variability of 'F' depending
upon whather the correlation coefficient is positive or negative. A
positive correlation exists from April to Auqust, while the
correlation is nogative from Soptesber until Fobruary. The resultant
decrease in the variability of '£', caused by the cormlation
coefficient, is significant and is especially inportant hecause the
correlation reduces the variability of 'f' during the hoating season.

Graphs of the deviation of 'f' are developed which demonstrate the
effects of the deviation of temperature, insolation, and the
correlation coefficient on the collector output, In addition,

equations are provided through which the deviation of 'f' can be

calculated.




1.0 TNTRODUCTION

potiration of the
collection syntom using flat plate
developing analytical models for each of the syston's cerponents and

airulating pexformance using actual topporature ard inpolation data.

Howaver, the complaxity of these models coupled with the need for an
extensive weather data base, mandates the use of a computel. pue to
the extensive amount of carputer time necessary to nun a similation,
optimizing the performance of the gystom by varyind dosign

parameters and reruning the girmlation can only pe justified for the

largest systems OF for the development of a8 golar collector product

lml

The ‘f' factor design technique developed by Klein (Ref. 1)

provides a method of estimating the solar gain from certain cammen

solar heating systems without resorting to complicated computex

models. It enables the designer to calculate the fraction of heating

1oad ('£') the solar collection system will carry using system design
specificat‘ion. and average monthly inputs: of sun and temperature. it
is useful for optimizing the design of the collection system because

of the ease with which the output can pe calculated.




Using averaged data croates uncertainty in the calculated
value of 'f', This uncertainty has two causes. Firet, the desien
paramoters used in the calculation of 'f' may not vary proportionally

with the insolation and terperature cvor the entire load range and
second, insolation and tomperature have an inherent variability.
This poper deals mainly with deviations in energy output caused by
the socond type of uncertainty. It attompts to provide the designer
with an estimate of the range through which the actual collector

output can vary from average values on a monthly basis.

Because of the variability of insolation and temperature,
there is a corresponding statistical variation in the value of 'f'
about its mean value. In addition, the correlation between
insolation and temperature, where the variability of temperature
depends (at least partially) on previous levels of insolation, has an

effect on the variability of 'f'.




1.1 Purpose Of The Study '

The purpose of this study is to determine the extent to
vhich the nonmlly occuring randan variations of tespeature and

insolation will affect the cstimates of golar collector

per formance provided by the *f1 chart design technique. A brief
description of the *f' chart design mothod is given in the next
soction to provide background on how 1£1 {g determined.
Subsequent sections will develop a mothod for estimating the

deviations of 'f'.




The majority of active gyrtorn vhich are baing doziqnod
today are smller syaters. For theso gystoms, the use of a capputoer
simulation can not bo cost justified and thooe are tha types of
syntoms whore the '£' factor has widespread popularity.

Thore are two different classifications of active solar
systems for which the 'f' gactor has heen developed, These
classifications result from the type of heat transfer madium used by
the system - either air or liquid, Separate t§' factor tables must
be employed when using either medium. Only the liquid system will be
discussed since the model foruxeairsystmisthesamin

principle.

Figure (2.0.1) shows a detail of a standard flat plate

collector and Figure {2.0.2) shows the whole solar energy collector

system including the collector, primary heat exchanger and storage

system. Energy for heating is obtained from insolation which is

absorbed by the plate (1), and is transferred to a working f£luid

(usually an antifreeze solution) in the tubes {2) in contact with the

plate. The heated fluid passes through the primary loop (3) to a
As it is

heat exchanger (4) which transfers heat to storage (5).

needed,
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the stored enargy is doliversd to the distrilution systen and the
hoating load (1), mmm.hmosmmibm
configurations but the esoontial elomonts yomain the sape, A
collector, heat aechanger (8) , & stora@ and a distribution system.

2.1 The Development Of The 'f' Factor

The '£' factor was developed from camputer simulations
of typical collector confiqurations, Simulations were run using
the rodelling program TRSYS, developed by Klein (Ref. 1), and
the results were correlated against non-dimensional collector

loss and collector gain parameters.

Klein (Ref. 1) developed the non-dimensional parameters
from the basic equation for the output from an active solar
collection system which is given in Ref. 1 as:

(2.1.1)

Qu=AcFr' (S-UL. (Tin-Ta))

where:
u = represents the actual rate of heat output

from the solar collector excluding any




(mnmrorihﬁt:ﬁ)

s ﬂunmmtofmmmm_by'm
collector plate, aftor cover abeorption
and incident angle corroction.

( BTu/e-PE? or Wotts/’ )

_-ﬂninletwoﬂdnq fluid temperature
(%Por)

Tin

T, = ambient temporature ( %F or %)

U, = heat transfer loss coefficient from ‘the cover
plate(s) to the atmosphexe due to convection,
conduction and radiation. It is a function
of hardware, dimensions and material. It
also depends upon the operating temperature
of the collector

( Bru/r-5e? OF or watts/M” °C )

Ac = total collector area (E‘tz or MZ)

Fr' = heat removal factor. Represents the




heat transfer officioncy batwoon

the collector plate and the vorking
fluid, Fr' also coryects for the
variation in working fluld -terperature
potwoen the imntardout.‘lntofﬂn
collector. It is the ratio of heat

supplicd by the wuectortoheatuhid\

would be cupplied if all workirg £fluid
woye maintained at the inlet {1ower)
temperature throughout the collector.
1¢ also accounts for the efficiency of
heat transfer in the primary heat
exchanger and is always less than one.

1f the total heating load (L) for the month is divided
into equation (2.1.2) and the two terms in

separated, the yesult is:

f=y-X (2.1.2)
where:
(Qu)
£ = T

L
£ = the monthly fraction of the heating load

carried by the collector




A P () U N
[ T

(2.1.2)

y =
L

v = tho monthly total solar encrqgy absorbed by
the collector as a fraction of tho total
heating load

o = ronthly avorege daily xadiation
{ Btu/day or Watts )

N = muber of days in the month

1 = transmittance-absorptance product
corrects for cover plate optical cffects

AP U (T, -T ) At
gmie " % Tin =T (2.1.2c)

L

x = the monthly losses of the collector plate
and primary heat exchanger as a fraction
of the total heating load.

A further sinmplification is necessary before x, given
by Bquation (2.1.2¢) can be calculated. T, is a variable that
is a function of collector output, storage tank size, and heating
requirements. There are only two methods by which T;, can be
obtained, either through a computer simulation or actual field
measurements. Neither of these is acceptable if 'f' is to be an

inexpensive estimating technique.




Klein (Fef. 1) remowxd T, feom Tomation (2.1.2¢) by
pultiplying x by:

T =T
n_a (2.1.3)

Tyt ™ Ta

whoros
Toor ® N arbitrarialy chosen constant cqual
to 100 °c (212 F)

which yields:

AL Fr' Uy ( Tooe -_'l'a ) &t
L

(2.1.4)

X=

In essence, a constant is being substituted for a
variable. This causes an erxor to be introduced which will be

discussed in a subsequent section.

over three hundred similations were run using TRNSYS

and the results were plotted against X and y for constant values

of 'f'. These are shown in Figure (2.1.1) for the liquid system.

In addition, Klein (Ref. 1) through curve fitting techniques

developed the following equation for 1EY:




F FACTOR FOR LIOUID SYSTEMS




2 3
£=1.020 ~ 065% ~ 245 + .0018x + 0215y {2.1.5)

for liquid systoms.

qo £ind the fraction of heating 10ad suppliod by the
solar collector, monthly average values of (o), U and Fx
are calculated, Monthly average values of insolation and
ambient tcrmperature are cbtained from organizations, such as
the National Oceanic and Atmosphoric Adminigtration (NOAA) in
the United States. Housa heating load can be estimated from
‘previous years' heating requircements or by calculations
approved by the American Society of Heating, Refrigeration,
and Air Conditioning Engineers (ASHRAE) (Ref, 3). These
values are now used to calculate x and y and '£' is found from
either Figure (2.1.1) or Bquation (2.1.5). ‘This process is
repeated for each month of the year where heating is required.

he advantages of the '£' factor approach lies in its
ability to calculate the fraction of heating load, supplied by a
solar collection system, using readily available data and design
‘information. Only a few straight forward calculations are
required to estimate the yearly performance of the collector.
Compare this approach with the alternative of calculating

collector performance on an hourly basis using camputer




sirulations and actual insolation and temparature data and the
advantages of the *£' factor aro ciwious.

2.2 The Effect Of Assumptions Used In peveloping ‘£

The assumptions used in the development of 'f' affect
the relationship botween '£' and x and y. This is evidentfrom
Bquation (2.1,2) which indicates that plots of x versun y should
be a straight line for constant values of 'f'.
f=y~-X (2.1.2).

(repeated)

Figure (2.1.1) shows that the lines of constant 'f'
deviate as the values of x and ¥ increase., The deviation. is
primarialy caused by the removal of Tin from the. equation for x.
Of secondary importance is the treameﬁt of hardware parameters

such as Up and Fr' as constants. Both Up and Fr' are indirect

functions of insolation and ambient temperature.




2.2.1 The Bffects Of aubstiteting T for Ty,

The rost important airplification wade in the
doveloprent of the *£' factor rothod was the recoval of the
Ty, toR: Mathematically, T;, wns eliminated from x by
using Byuation {2.1.3}. In sctunlity, this manipulation
romlted in substituting T, - for 7y . Without this
substitution, the '£! factor mothod would only be valid for
a limited murber of systems where the collector inlet
temperature romaing constant.

Tin is a variable that is a function of house
load, insolation, and storage capacity. It can vary
continuously when the collector is operating. T,.p was
chosen by Klein (Ref. 1) to be a constant of 100° C.

The substitution is valid at lower values of 'f'

and for systems with large storage capacity. When the

collector carries a lower fraction of the monthly heating

load, the inlet temperature will approach the temperature of

the house and remain at or near that temperature for the
entire nonth. The daily fluctuations will be minimal and

Tin will approach a constant value.




Even though this canstant value will b different
than the reference GEparature of 100° €, it will have only
a nlight effoct on ¢t hocause of the way she ' factor
mthod was developed. gt yag dovalopod by corrclating X
and y. While the value of x is aifferent than the valwe

3, they are p:apoztjmal by
Fruation (2.1.3). The correlation will campansate for this

proportionality.

However, vhen the collector is carrying a large
percentage of the monthly heating load Ty, can vary
aignificantly throughout the day and from day to day.

Under these conditions, Tgn is at least partially related to

T, and to the rate of jnsolation which occurred over the
for T, artificially

jast few days. The substitution of T e

renoves a portion of the variability of x, which reduces the

variability of £

The use of a constant in place of Ty, will cause
some error in our calculation of the deviation of 1£', The

error will increase as the value of 'f' increases and that

error will cause an under _px_:ediction of the deviation of

1g1, The error is jnherent in the method and cannot be

removed. However, the error is judged to pe slight.

- 16~




2.2.2 Variations In Hardware Pavameters

Tho hoat ramoval factor (Fr'), the
transmittance-aboorptance product (ra) and the losa
coefficient (U ) are the matcrinle and design variables

vhich affect collector performance. These are weak
functions of the operating temperature and incident solar
erergy. In actual simulations, they do have an offect on X
and y and therefore on '£'. As a result, the straight linc
relationship between x and y is slightly altered.

2.2.3 Variations Due To Heating mad, L

Several methods are available for calculating the
heating load. These include estimating heating requirements
from previous years' fuel consumption and the degree day
method contained in ASHRAE (Ref. 3). Regardless of the
method used, the heating load is a function of the ambient
temperature and deviations in ambient temperature result in

deviations in the required heating load. This affects x, y

and 'f'.




3.0 THE PARAMETERS AFFECTED BY VARIABILITY

The '£' factor mothod predicts the colloctor systoms' output
for the "average™ month. The method uses values of insolation and
temperature, averaged over soveral years, to calculate the collector

loss coefficient (U ), the heat removal factor (Pr') and the

residental heating load (L), The method also uses averaged valuves of
insolation and temperature to determine X and y.

Since it is rare that any month behaves like the average
month, it is also important to determine the range through which 'f£*
can vary because of variations in insolation and temperature. A
brief discussion of the physical causes of this variability will be
presented in this section. Subsequent sections will present the

statistical aspects.

3.1 The Variability Of The Sun

Solar gain results fram solar energy reaching the
collector surface and being absorbed by the collector plate. The

amount of energy absorbed is a function of collector design and




aré) ‘can bp eontrolled by tho designer, THe

paterials parasaters
is highly varisble and is

amcunt of energy reaching the gurface
hoyond the contrel of the dasigner.

In order o chtain a guod estimate of collector
i{nsolation rust bo accurately predicted.
jevels are location dopandent and axe

clood cover, airborne particles,

por forrance, the

flowever insolation
and.

lation to account for the trends ut no
for the randam component.:

component causes the
his estimate of inso
made to fully account

adjustment can be

The following sections give a prief description of the

causes of the variation in insolation.




3.2 Vaciations In Extraterrestial Radiation Caused B Tronds

The sun enits radiation in a sphorical pattorn and ae
this rodistion "spreads cut”, its intonsity is reduced in
sccordance with the inverse square law, Only a amll portion of
this radiation is intercepted by the carth because of the

relative size of the earth in corparison to the distance from the
tinl intensity of radiation is on

sun. The average extraterres
the order of 1353 W/n® (428 ptu/ft3-hr). This is referred to as

the "solar constant®.

The solar constant must be adjusted to account for the
eccentric, but predictable, orbit of the earth about the sun.
The inverse square law predicts that as this distance increases,
the extraterrestial radiation decreases in proportion to the
distance squared, The variation in extraterrestial radiation
caused by the eccentric orbit is predictable and is given by

_ . 360n ,

where:
E = actual extraterrestial 'radiation

(Watts/m2 or Btu/hr—ftz)




gffectively, the sun
3.45 N iatitude durin

1atitude and 2
svdescribed”by:

this movement i

360
n— (284-1 )

§ = 23.45 si
365




vhoras

5 = angle of dcclination {pegrees)
4-15mrthmﬂ-is.muth

o = calendar day of the yeur (daye)

3.3 Actenuation of Radiation By The Atmosphere

Not all of the extraterrestial radiation incident on the

earth's atmosphere reaches the surface of the corth., As the

in the form of electromagnetic yadiation, travels

diffracted

significantly reduce the amount of energy available for solar

-gain.

Reflection, gcattering and absorption affect both the

cun's radiation and the longwave radiation being emitted from the

earth. Radiative energy £lows from a warmer body to @ colder

pody. Since the earth is, in general, warmer than the atmosphere

and a night skyr enerqgy will be emitted from the earth to the




atmoephore and space, This arcray can be interfered with in the

ganre panner as tho sun's enorgy.

Absorption, reflection and scattering can either have
proporties of a trond or be rardem, For instance, reflection of
the clouwds varies with the type of cloud and the amount of cleud
cover, neither of which can ba predicted; whereas, the roflection
of a given location on the earth's surface romains relatively
constant for a given time of the year bocause the characteristics
of the earth's surface do not changn drastically. The former
results in a random change in energy, while the latter results in
a pr ctable reduction in encrgy which depends upon the time of
the year. Feflection, scattering and absorption will be
discussed in a general nature before discussing their interaction
and effect on the temperature of the earth.

The wavelength distribution of radiant energy
emitted by a blackbody is a function of its temperature. As
the temperature of the body increases, the percentage of

enerqy emitted as short wavelength radiation increases. The

predominant wavelength is given.by Planck's Law, which is:

- 23~




] 3,74 x 10 71 .30
R B U1 Y 3.3.
Ab (e 7 =1)

A

whores
E, p = enorgy por unit timo,

area ard vavelength ( Watt/e m )
A\ = vavolength (@)

The sun, with an effective blackbody temparature
of approximately 5760 %K, cmits virtually all its energy in
the 0 to 2000 angstrom (A) wavelength. Colder bodies, such
as the earth, emit energy at predaminately longer
wavelengths. This is important since a particle, a molecule
or a surface's ability to absorb radiation is a function of
the wavelength of the radiation incident upon it.

As enexgy from the sun enters the atmosphere, a

‘portion of the energy is absorbed by the constitvents of the

atmosphere. However, because the ability of a molecule to
absorb radiation depends on the wavelength of the radiation,

only certain wavelengths of energy are attenuated.

Attenuation of the sun's energy by absorption
occurs mainly by ozone and water vapor. Ozone is a strong

absorber of radiation in the 0 to 300 A range and accounts




for the almost total attonuation of radiation in thie band.
vator vopor has skrong absorprion bando at 1000 A, 1400 A,
1800 A and 2300 A wnvelengths. Barry, atal (ref, 4) fourd
feot of water vapor and ozone rosult in
an ejghteen porcant annual, decrease in energy reaching the

murface of the earth.

while absorpticn has a significant effect on the
attenuation of the direct enexgy of the sun, it also effects
the long wave radiation reradiated from the surface of the
earth, Due to the temperature of the carth radiation
emitted by the earth is predominately longwave or infrarcd
radiation. While enexgy £rom the sun was, for the nost
part, not absorbed by the atmosphere, the longer wave
radiation being emitted by the earth will be frore
susceptible to absorption in the atmoshphere, and this
absorption will increase the temperature of the atmosphere.

Atmospheric moisture and CO, are responsible for

absorbing the majority of longwave radiation in the

atmosphere. Water vapor is a strong absorber of radiation

in the 4,000 to 8,000 A range and again for radiation longer

than about 16,000 A. This coupled with the effects of COZ'

which is a strong absorber of ‘radiation between about: 13,000




to becone signifjcantly
that if absorption by the

o (70°0) .

There is a xange petaesn 8,000 and 14,000 A where,

except for a slight absorption by ozone, no other
This is knoWn as the

awx:ec:.able absorption takes place.
natmospheric windw" qhis window occurs near the

predominate wavelength of the emittance gram the earth and

does allow the earth to reradiate a large percentage of its

energy to space.




3.3.2 Reflection

Prers {Ref. 5) found that about thirty percent of
the extratarrestial radiation is reflected huck to spoce.
Clovd cover lo responsible for the majority of this decreass
and roflection from the surface of the carth is the second
largest source. Roflection eccurs when energy from the sm
strikes a dust particle, gas molecules or other surface and
in deflected avny from the receiving surfaca, which in this
casa is the earth.

The amount of energy reflected by the earth is
dependant upon the earth's surface. For instance, a freshly

fallen snow will reflect more radiation than earth covered

with vegetation.

Fine dusts and gas molecules can scatter or




diffuse the energy from the sun, When light hits the
pcattering particle, the Light 15 diffuscd in all directions
and tho intensity is lepscnod dun to the wsproading cut” of
the light. Depending upon ihe 1iteratune, there are BO
genaral tixories. The firat boing that tho light is forward
geattorody that is the principle direction of the scattored

gpherical pottem with equal intensity in all

directionsa.

1£ the forward gcattoring theory is applied,
scatterixygdoesmtcaumanylossofenergy&mﬂnm.
However, this enexgy is no longer concentrated in the sun
beam. Rather, it is "spread out"” over a wide area; and
since only a portion of this energy can be collected (i.e.
finite collector area), scattering reduces the enexgy
available for solar gain; however, it has little effect on

the energy reaching the surface of the earth.




Clouds, moisture and the atmosphore are the major
causes of the random variation in inselation with water vapor and
clouds causing most: of the variability. Both vary randamly from
day to day. Clouds atteruatc insolation through absorption,
scattering and reflection. The type of cloud, the thickness of
the cloud and the anownt of sky covered by the clouds all
influence the variability of insolation. For instance, a sky
totally covered by thin clouds may transmit more radiation than a
sky partially covered with thicker clouds. Moisture vapor relies
mainly on absorption to attenuate the sun's energy; however,
moisture vapor can also reflect and scatter the electromagnetic

radiation.

Finally, there is the atmosphere which. attenuates
radiation through absorption, scattering and reflection depending

upon the costituents of the atmosphere.




in recent history, the snmoal variations in the average
tarperature of the carth have boen measured to be on the
ordor of tenths of degrees. Those minor variations suggest that,
on an annual basis, an erergy balance exists batween energy
recoived ard emitted by the carth, This enargy balance is token

over the entire earth for a period of one year. Howewox, at any
given lccation at any particular time, this enexgy is likely not

to be in balance and these ocations are either heating or
cooling.

"me- enerqgy at any location is in a constant state of
flux, with locations in the northern hemisphere heating from
February to August and cooling during the remainder of the year.
The energy to heat the earth comes totally (ignoring small
contributions from the combustion of fossil fuels, etc.) from the
cun and this energy is attenuated by absorption scattering and
reflection as discussed previously. The effects of absorption,
scattering and reflection of the sun beam are cbvious because
they effect enexgy in the visible spectrum (i.e. we can see the

effect of clouds by the darker sky) . However, their effect on




the longuave rodiation in lesa evident but of eual impartance.
The cooling of the carth is accepplished sololy by the emittance
of longuave radiation by the carth, the atrosphare and the
clouds, and this longwanx radiation is interforred with by the
various constituents of the atrosphere through the same processes
of obsorption, scattering and roflection that attenuate the sun's

energy.

As with incident solar radiation, clouds havo the
greatest impact on the longwave radiation. They can, depending
upon size, act as black bodics absorbing all incident radiation

fram the earth and atmosphere, ircluding radiation in the

since the clouds become wammar than
the atmosphere, they effectively reradiate a portion of this

 During the day clouds prevent

This results in lower levels

of insolation on earth than would occur under the same conditions
on a cloudless day. However, at night, the clouds block
radiation from the earth and atmosphere £rom being lost to space,
resulting in more heat being retained by the earth than on a

cloudless night under the same conditions.

whether cloud cover is more likely to cause a net

increase or decrease in energy on earth, when compared to a clear




day deperds, in part, on the length of the day and energy levels
at the leeation. Durirg the winter with longer nights, cloud
cover will help the carth retain pore heat; vhercas in apwer,
cloud cover will cause a not reduction in the carth's energy when

compared to a clear day.

3.6 Discussion Of Relationships Batwoen
Temperature And Insolation

The purpose of the previous sections was to describe
the major causes of the variation of insolation, to determine
whether the effect was random or a trend, and to suggest the

poseibility of a relationship between insolation and temperature.

For the short term, any major effects on
extraterrestial radiation can be considered to be trends. Their
existence can be mathematically determined and their effects
modelled. In general, they have a period of one year. Other
effects such as the absorption of radiation by ozone and CO, can
also be considered a trend since these absorb all radiation at
particular wavelengths and the quantity of these gases does not
change appreciabely in the short temm.
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Cloud cover and water vapor have the greatest ef fect on
radiation caltted from both the mm and the earth. Cloud cover
and water vapor are xandosi. Their influence, on a daily baslis,

Ingolation is vesponsible for providing all the energy
nocoasazy to maintaln the tesperature of the gorth. It is also
at least partially responsible for tenperature increases at
certain locations during certain periods of the year. In
addition, the effects of clouds, moisture, and the atmospherc
cause vapiability in both insolation and temperature. This
suggests that insolation and terperature may be correlated, which
t the variability of one variable (temperature) could

means tha
be, at least partially, influenced by the other (insolation) .

The correlation will change the deviation of 'f'. If
the variables have a positive correlation (i.e. the variability

of temperature increases with the variability of insolation) ,

then the deviation of '€ will increase. However, if the

variables have a negative correlation, the variability of 'f'

will be reduced.

tund ( Ref. 8) examined daily insolation and

temperature data in the Massachusetts area and found that the




relationship betveen daily insolation and torperature varied from
zonth to zonth, He found negative correlations of insolation and

correlations during the rest of the year.




The staff at Lehigh Univernity collected golar insolation
data for the Bethlchem, Ponndy v
pothlehem, a city in northoostemm pennsylvania, is at
40°36' and a longitude of 150231, It is 118 moters (389 feot) above
gea level. The climate and rainfall can be considered moderato;
however, the climate is somewhat modified by the 500 to 1000 feot

high South pountain.

Total radiation on horizontal and vertical planes wos
inteqrated over fifteen minute intervals £rom geptenbor 1975 until
September 1978. This data along with wind speed and direction, taken
overthesamtimintemlmﬂfmthe came time period, is

available through Lehigh University.

The solar insolation was gather by Eppley pyranameters
located atop @ 9.1 meter tower gituated on the roof. of Packard

Laboratory. The pyrancmeter is a differential themmocouple made of

48 plated, copper on constantin junctions jocated radially around the

pyrananeter. The hot junctions are coated with a stable black

campound while the cold junctions are whitened with non-hygroscopic'

parium sulphate.




fhe data from the pyrancreter vas Integrated by an
Esterline-Angus rodel D2020 sarple data soruisition aystem and
intogrator, 'The osulting data was meorded on mognetic tape using A
Yennedy incromental tape recorder. Thia data was comverted from
FICDIC to ASCHI characters. Both the original and convertod data are.
stored on magnetic tope at the Lehigh University computer facility.
Table 4.0.1 contains a listing of available data.

4.1 Processing The Solar Data

The solar insclation data was summed for each day this
information was availoble and caiplete. A day's data was
considered complete only if all data points for that day were
available between the sunrise and sunset hour angles. The
sunrise or sunset hour angle is the angular displacement of the
sun, east or west of the local meridian, which results in the sun

beam being parallel to a horizontal collecting surface. When the
beam is parallel to the collecting surface, no energy is incident

upon the collecting surface and no energy is collected. The

‘sunrise and sunset angles are given by:




1-31

1-23  1-1
26-29 16-28

TABLE 4.0.1
mww

Nov  Dec

1 1-25
4-30 29-31

1—-6 1"31
23~30

N/A - Not available




o scos~ (-tan ¢ tan 8)

wg = swrise or mmnsct angle {Degrees)
s = latitude (Dogrees)
5 = declination angle (Degrecs) given

by Equation (3.2.2)

This daily data was then procossed to £ind the monthly

average daily value, vhich represents the moan daily insolation

for the month under congideration. The mean is defined by Bowker

(4.1.2)

Data grouping can significantly influence the
the data. For the remainder of this

as average daily data, all the

statistical properties of
paper, when data is referred to
data will be grouped by month regardless of year with each day
constituting one data point. Statistical‘properﬁies will be

determined for the average day of the month. Monthly average

daily data results from averaging all daily data from a given
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renth of a given year and obtaining a single averags value for
that month. ALl like pemths, for instance all Jamaries, are
then evaluated to determine the statistical properties of the
aversge day in Jamary. The mean values of these two growpings
will be eual, liowever, the standard devintion of data in the
first grouping will be significantly larger.

The average daily insolation for cach month it wos
available is shown in Table 4.1.1. Table 4.1.1 also contains the
monthly average daily radiation for the four years of datn.

No temperature data was taken at the Lehigh University
facility. Therefore, temperature data recorded at the Allentown
Bethlehem Easton Airport and made available by the National
Oceanic and Atmospheric Administration was used. The airport is
locatéd in close proximity to the Lehigh University facility with
a latitude of N 40° 39" and a longitude of W 75° 26'.

The mean daily temperature was detexmined using the

generalized form of Equation (4.1.2). Table 4.2.1 shows the




1975

1976

1977
1978

Average

Average
(Ref.1)*

Jan

5994

6993
5948

6312

5987

TABLE 4.1.1

‘Total Ir lation On A Horizontal Surface

For Bethlehem, Pennsy lvania
Month

I:‘ebHarAprMayamJulM

9399 12226 16676 18788

9161 13245 16858 20287 18618 19606 13873
11137 12556 16121 14190 19742 19856 11875

9899 12669 16552 17233 19174 19776 10841

8665 12238 15998 18576 20166 20030 17546

* - Taken from Duffie for the Allentown Area

Sep
11227

13021

oct

8707

8423

8571

10509

Nov  Dec

6550

4132

5347

6449

4314

5392

4836

4847

4885




1975

1976

1977

1978

Monthly
Ave

Monthly
Ave *

% - As Published In Duffie, etal (Reference 2)




, month and the ronthly average
2 made available in puffie

"a ig defined in Croxten, otal, (Ref. 10) as:

N
L

2 i=1
g = ]-.'im — (4 o 1’
Nae N

( a - a* )2

The ‘square root of the variance, G,/ is
called the standard deviation, vhich is a measure of the
dispersion of the variable "a". Using this formla, the standard
deviation of insolation and temperature can be calculated.
However, in order to obtain the appropriate standard deviation,
jt is necessary to establish the frequency of data collection

The standard deviation of. insolation and. temperature

will vary depending on the jnterval chosen for data collection.

Insolation data was integrated over f£ifteen minute intervals. If
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any other mmmmmmmmmas&mm
ronipulated to £ind an average daily jnsolation, the means of the
two saples would ha the saw, Hesever, the standard deviatien
could differ significantly.

pBoth insolation and torperature apes continuous
fuctions. By moming them over a period, they are tyoated as
discrete functions, Unless anta is gathored continuously, gome
of the variobility will be lost. This is because & single value
i{g used to ropresent, in our case, fifteen minutes worth of data.
puring those fifteen minutes, insolation wos varyings however,
this information is represented by an average value and the user
has no knowledge of the variability during the period. The
fifteen minutes worth of data is taken as a single data point and
i, either knowingly or unknowingly, assumed to have no
variability. Therefore, finding the standard deviation of daily

insolation using the fifteen minute data periods will show 1ess

variability than the geviaiton determined using continuous data.

The period over which the standard deviations of

i{nsolation and temperature are calculated must be the same as the

period for which '£' is calculated. Since 'f' calculates the

monthly average daily collector output, the deviation of '£' mist

be the deviation in the monthly average daily output. Therefore,
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&

the appropriate peried to use in the caleulation of deviations of
inmolation and tusperature in ona rmonth.

4.4 The Correlation Cootficient

The cxistence of a relationship betwoen insolation
and tenperature was discussed carlier. If a rolationship exists,
its existence would be shown by the correlation confficient,
which is given by Croxton, etal (Ref. 10) as:

N

L (a -a) b -b)

(4.4.1)

r=
N N
(o - ah? & -b?
i=1 i=1

where a and b are two randam variables.

The correlation coefficient is the ratio of the
explained deviation to the total deviation. It shows the:degree
of ‘agreement between groups of data.. The correlation coefficient

is also a function of the slope of a linear curve fit.




The correlation coefficient can Le aithor positive or
negative depending upen vhother terporature varies directly or
invorsely with insolation. A coafficient of zero would indicote
that the varisbles are totally independent, while a value of 1
indicates total dependency.

1deally, for this study the correlation confficient

should be obtained on a ronthly average daily basis for each
mmthofﬂnyearasmm for the standard deviation. If

data wero available for several Januaries, a correlation
coefficient could be cbtained for January. However, since data
was available for only three years and in some cases data gaps
reduced the available data to only two like months, a correlation
coefficient for monthly average cdaily data would be misleading.
This is cbvicus when one considers that the correlation
‘coefficient is derived from the slope of a linear curve fit and
if only two data points were available, the correlation
coefficient would show a perfect £it, even if no relationship

exists.

With the amount of data available for the Bethlehem

area it is possible to obtain a correlation between insolation

and temperature on a daily basis. This coefficient varies widely

for like months; however, some of this variability is reduced




vhen all the data from 1ike rontha is cambined to fom &
correlation coafficient sor that ponth (L., all the days from
the thyeo Januaries are considered data pointa ard are veed 0
form a single correlation coefficient for the ronth of Jarwary) »
To distinguish this contficiont, it vill e reforred to as the
scorvelation cosfficient for tha ronth®. The reduction in

variability i caused by an incroasc in sanple nize. The
correlation coefficionts for daily data for individual months

that data was available are ghown in Teble 4.4.1.

qable 4.4.1 also shows correlation ccefficients
ocbtained by Lund (Ref. 8) for plue Hill, ‘Massachusettes using
twenty years of data. These coefficients trend in the same
‘mannex as those obtained for the Bethlehem area except for the
summer months where mich of the data for the DBothlehem arca is

missing.

4.5 Effect Of Sample ‘Size On The Correlation coefficient

The correlation
property when evaluating the gdeviation of '£'. -

the standard deviation, the grouping of data will significantly







influence the correlation confficiont.

ave beon to £ind A

temperature and {nsolation. Howover, this would have required
soveral yoars of data and this asount of data is not available.
mhorefore, the only way tha correlation coofficient could be

caployed in this stidy wns to use the correlation confficient for

tha month.

he use of the “daily coefficient for the month® will
cause some exxor to be introduced since the daily valuves will
have more scatter than monthly average daily values. This will
cause the coefficients to be marerically lower, or show Jess of &
correlation than vould have occurred had the monthly average

daily correlations been available.

Using the wrong data base to establish the correlation
allows us to acconplish two chjectives, it establishes the
existence of a correlation, and it allows the use of the
correlation coefficient in the calculation of the deviation of
1§ for illustrative purposes only. However, it mast be
recognized that the “"monthly average daily correlation
jent" will be of a greater absolute valuve than the

coeffic

"ecorrelation coefficient for the month". Using the "correlation

coefficient for the month" will underpredict the effects of the

correlation.
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5.0 THE STANDARD DEVIATION OF X XD Y

To fully characterize data, information about the awrago

and the scatter of the datn is nocessary. Knowing the scattor can be

,mimﬁmxtmmunmmpaixmﬂﬁmtmwmﬁ
inforrmation on the range through which the variable hag varied,
Using average data will prodict the average collector cutput for an
average month, However, since rarely will an actual month hehave
1ike the average month, a bond exists around the average 'f£' vhich
predicts with cortain confidence intervals the expected minirum and
maximum values of ‘€' for a specific month, This band is caused by
the deviations of insolation and temperature and is referred to as
the standard deviation of 'f£'.

The standard deviation of 'f' is difficult to evaluate
because '£' is a function of x and y, which in turn are complex
functions of -insolation and anbient temperature. In addition, there
is the possibility of temperature being a function of insolation
which further complicates the calculation. Any correlation between
temperature and insolation will affect the deviation of 'f'.

For this reason, the correlation terms must be included in

the development of the standard deviation of 'f'. The correlation




will directly affect the standand deviation of y since y in a
function of inmolation and teperature. X doas not include an
insolation torm and o corrolation term exists in the deviation of x.

This does ot imply that x is independent of inmolation, since if
terperature ard insolation are corralated, insolation is irplicity

included.

5.1 Calculation Of The Standard Deviation of XAnd ¥

Bjothxandyamompoeedofanavemgeqmntityand
the randam camponent which can be oxpressed as follows:

x=x + A% (5.1.1)
y=y + 8y (5.1.2)

where: )é* = mean valve of x

*
y = mean value of y

Ax = perturbations of x about the mean

Ay = perturbations of y about the mean




fcause the torms x and y are coRplex nonlinoar
functions of inrolation and terperature, the calculation of thelr
standard deviations is more difficult and it is nocossary to
approxirmte the doviationo of x and y arcund insolation and
varperature using a Taylor sorles.

A Taylor polynomial approximites a function by
expanding the Function about the point of interest. The order of
the polynominl indicates the nurber of dorivatives taken to
approximate the function. A higher order polynondal will be more
accurate; however, it will also require increased carputational
effort. Therefore, it is advantageous to koep the order as low
as possible while maintaining sufficient accuracy.

The first degree Taylor polynomial was ‘found to be
sufficiently accurate for the Bethlehem data since there was, a

maximm of a ten percent difference in the deviations of x and y

when campared to a second order polynomial,

The large error occurs during May and September when
the residental heating load approaches zero. Since x and y are
both functions of the reciprocal of heating load (L), they
approach infinity as the heating load (L) approaches zero. With

the low heating requirements, small changes in T , cause large




changes in x and y and resulted in the large differonce hatuoon
the first and second order approximations. Incroasing the order
of the Taylor polynomial will improve tho accuracy of the
doviation of '£', MowovBL, to chtain a sufficlontly accurate
eptimate the order rust approach infinity to accorodate (L)
approaching 2erxo. Thorefore, the errors encountered when
calculating the deviation of 'f' can b2 quite large for months
vhen heating lond (L) approaches zero. Howaver, there is no way
to acoount for these erxors. This does not invalidate tho

solar collection &Y
percent difference between the First and second order
approximations.

From Bquations (2.1.2b) and (2.1.4), x is given by:

(5.1.3)

Ac Fr' U (Top = Ty €

X=
L

and y is given by:

Ac Fr' (ra) Hp N

L

y=‘




pefore expadieg X ard v around inmolation and
tepporature, all ters in x and y vhich could be functions of
irsolation and toparature pust bo identified, These ave the
pyaters hoating load (1), th: collector loan coefficient (UL_)_. and

tha collector efficiency factor (Fe*) .

Fr' and U will be considored constants, ‘Thare is oome
error introduced by considering Fr' ard U to e constants;
however, Klein (Ref. 1) judged thio error to be slight, and cur
analysis showed that this angurption doas not aignificantly
affect tha rosults provided that the ranges over which the
furctions can vary are 1imited,

'rmmning‘loadmmisomtaimd in both % and y and

it is calculated by using the degree day method described in
ASHRAE (Ref. 3). -'mis method calculates an overall conduction
coefficient for the house and using the avea of the house, a loss
coefficient~area product is determined. This loss

coefficient-area product is a function of the house design,

materials and size only. To #ind the total heat loss, the loss

coefficient-area product is multiplied by the degree days, whexe

degree days are defined, by the United States Weather Service, as
the difference between 66° F and the mean daily ambient

temperature, with only positive values included in the




coepilation, This allows beuse heating leads to be troated as a
function of the ambiene barperature.

Usinyg the ASHPAR mthod to dstorning load, Byuation
{2.1.4) bocores:

b F?' UL ﬂmf - Ta)
U Ay T = Ty

And Equation (2.1,2h becomes:

(5.1.5)

=

Ac Fr' (16) ﬂrﬂ
Y= .
Up By @ = T

Removing all constant terms (and those assumed constant):

{5.1.6)

(Tref ~ Ta’.

Xx=K- (5.1.7)

(Th - Ta)




whoret
ac Pr* () N _
- {5.1.10)
% M
mpanding x ard y around
using the first ordar Taylor polynomial:
= Ta *) dx |
ref )y — . (5.111)

X‘K-—-—-——"-"f (T &
(Th".-r , dT Ta.Tﬁ

C=

{nsolation and touporature

(r -T ) — (5.1.12)
a  ‘a ok ods
ar |1, =1,

Taking the appropriate derivatives and evaluating both

equations around the point of interest yields:

(T,
X = K-—-——-——--—"‘ef + I

(’I‘h - '1’ ) i=1

_ x
Ko T ]
: *

v O X
N E((Tai—'ra) (Tref-Ta)

N
(Th_'Ta,)




o, Moty -t
y= ] * e
ﬂ‘h - Til ) i=] ﬂ‘h - Ta }

* #
g Chy Ty ~Ty)

3 , (5.1.14)
=1 m - 1::)2 |

Equations (5.1.13) and (5.1.14) are of the same format
08 equaticns (5.1.1) and (5.1.2), respectively, Further
investigation of (5.1.13) and (5.1.14) indicate that the first
terms in each, when evaluated at the mean values of temperature
and insolation, give the mean value of x and y or to be more
gpecific, x and y*. The second tems in equations (5.1.13) and
(5.1.14) are the residues or perturbations of x and v,

respectively.

The variance, given by Bowker (Ref. 9) is defined by;

(5.1.15)

N (a a“)2

i=l  (N-1)

By rearranging BEquation (5.1.1):

X =R—x (5.1.16)

the perturbation is determined and the numerator in Equation
(5.1.15) is solved for. Rearranging_ Bquation (5.1.13) to conform
with Equation (5.1.16) and substituting Ax into Equation




{5.1.17)

(5.1.18)

N |c i) w (T ',
0.2 nf s {f * ad (5.1.19)
Y qm1| M, =Ty '

N - 1)
After performing the mathematics and some.

gimplifications, the resultant equations are:

2 2 . : L]
KT =T) N (T,-T,)
ref h T al & (5.1.20)

2
g - =
» - * 4 .4
(Th Ta ) i=l

(N - 1)




W * *
2H, (T, =T ) Uy ~Hy)
P Tai” o s B (5.1.21)
T =Ty )
M-1)

ince the variability of x and y are caused by
the variahility of insolation and temperaturc, the standard
deviation of % and y should be a function of the standard
deviations of insolation and tenperature. The variance, which is
the standard deviation of insolation squared is given by:

e Hpy = Hp

=

a : (5.1.22)
T (N = 1)

and the variance of temperature is given by:

N *
E (T . - T ) .
i=1 al a

2 (5.1.23)

o - 1)
substituting Equations (5.1.22) and (5.1.23) into
Equations (5.1.17) and (5.1.18) and taking the square root -gives
the standard deviation-of x and y:
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(5.1.24)

Replac
(4.4.1) with jnsolation and temperature and recognizing that the
. is a function of the standard deviations of

insolation and temperature, Bquation (4.4.1) becomes:

T @y =T g

j=1 @ a “r_i By

r= -
B-D Gog) log

Rearranging Bquation (5.1.26) ,-we obtain:

N *)
=1 ai a ; ’Ti

= (N -1 UTa UHT

Substituting into. Equation (5.1.25) gives:




C
gyx = s T ra #*
ﬂh'ma) ﬂ‘h."ra’

., 1/2
o * |2l T o TiE (5.1.29)
® i LA
(Th"Tn)

pruations (5.1.27) ard (5.1.28) can be simplified by

using Bquations (5.1.7) ard (5.1.9) to:

(5.1.29)

(5.1.30)

~'I'"

The standard deviation of x is a function of the

standard deviation of temperature only. whereas, the standard

deviation of y is a function of the standard deviations of both

temperature and insolation. -In addition, there ig ‘another temm
in the deviation of ¥ which reflects the correlation of

temperature and insolation. If tempexature and insolation are

= 61—




indepardont of each other, this term drops out. Howoner, if a
dopendency exists, the torm gots proportionately stronger as the
dependency incroasas. This term can either increase or decreasd
tho standard deviation of y depending upon whether the
correlation has a positive or nogative slope.

5.2 The Standard Doviation OF 'E

Calculating the standard daviation of '£' is
accorplished in the same manner as calculating the gtandard
deviation of x and Y. 1§ is composed of a rean value and
perturbations about '£'.. In equation form:

g s £+ Af (5.2.1)

Klein (Ref. 1) used a least squares cuive fit to obtain
an equation for 1£¢ in terms of X ad Y, which is:

‘gt = 1.020y - .065% - 245y% + .0018x° + .0215¢° (5.2.2)




wpxwﬁmﬁmnf the actual
'§' around the point

7his equation is an
simlation data, Expanding the equation for
X oquals x? and y equals y*, using the first degree Taylor

polynemiale

w4 x-x) 3 | + y-y) af (5.2.3)

* *
dx. 1x=x dy |l y=y

Baquation (5.2.2) with respect to
) to solve for Af, the following

Taking derivatives of
x and y and using Bquation (5.2.1
is obtained:

N * *
b= T |06 - x) (065 + .0036K) ¥
i=1

* : * *2
(yi -y) (1.029 - .490y + .0645y .)J (5.2.4)

The standard deviation squared of 1§ is described by:

p (Af)2 (5.2.5)

2— I ——————

g, = L
£ 4o -1




substituting Af into Buation (5.2:5) ond squaring
yields:
| N N o

R

N . : . »
i=1 byy = y"12 (1.0588 - 1.008y" + aney” 2 -

ey 3+ Lo0atey” By T ) by - ¥)

* kD *
(-.0668 + 0318y - ,00419y + 0037 -

* % * k2
L0017x y + .000232% ¥ ) (5.2.6)

Portions of the first and' second terms of equation
(5.2.6) can be put ifto the same form as Bequation {5.1.18) and
canbereplaoedbythestandarddeviationofxandy
The third texm, however) requires scme

consideration. This is the correlation term between x and Y.

x and'y are uncorrelated, this term drops out. However, any

:r_elationship between X and y will cause thi

respectively.

s term to influence

the deviation of V£1.




Por the uncorrelated care the last temm of Bquation

{5.2.6) good to 2ero and the following is cbtaineds

Py ’E-Wﬁzz - .ooomx’ + 1.3x10’5x‘2) @xz *

’ s o 32 3
(1.0588 = 1,008y + 3728y ~ -~ 063y " ¥

-
00416y ) oé]

For the correlated case using the definition of

correlation given in Pquation {5.2.2) ¢

| | * w5 %2 2
o =[(.00422 - .000234x #1300 o+

* . *2 *3
(1.0588 - 1,008y + .3728y * - .0832y © ¥

00416y o_y? + 2 (~.0668 + :0318y" -

* 2 * x K
.00419y © + .0037x - 0017Txy +

1/2
*x % 2
.000232x y ) T oy oy]




Ultimately the standard devistion of '£' can be traced to
the standard deviations of insolation ard terporature, since the
standard deviations of x and y are functions of the variations and
correlations of insolation and terporature. By evaluating the effect
of the variabllity and correlations on x, yand 'f', it will be
possible to detormine which hag the greatest effect on 'f' and
whether any effects are insignificant,

6.1 The Causes Of The Variability Of X

The standard deviation of x is a function of the design
parameters and the mean and standard deviation of ambient
temperature, Therefore, the standard deviation of temperature
causes all the variation in x for a given system design during a

given month.




6.2 the Causes Of The Variability of b4

The doviatien of y shown in Bpuation (5.1.30) is
dopendent upon the dosign parwstors, the means and standard
doviations of tesperature and insolation ard tha correlation
betwoen insolation and terperature,

Equation (5.1.30) contains throe sources of
variability. These are the romralized temperature doviation:

I
Ta_ {6.2.1)
T =Ta

-which is caused by the variability of temperature.

The normalized insolation deviation:

Oy

Hy

which is caused by the variability of insolation; and:




12
.
J7a T (6.2.3)

M
T - Ta) Hp

vhich results from the corrolation betwoen insolation ard

2r

temperaturc.

An order of magnitude analysis of these terns using the
1 area weather data irdicatus that, in the calculation of
, the order of magnitude of the

resulting from the variability of temperature and insolation for
the colder months, These months include Novesber, pecerber and

Janvary, & major portion of the heating season.

As the monthly mean insolation and temperature
increases, the tems resulting from correlation and the
yariability of temperature increase at about the same rate while
the term resulting from the deviation of insolation remains
relatively constant throughout the year. Therefore, as the
months become warmer, the variability of insolation becames less
significant and the variability of temperature and the

-correlation predominate.




The standard deviation of insolation is relatively
conatant throughout the yoar, liowever, the daviation of y 12 @
function of the mmuwd aoviation of insolation (cbtained by

 insolation by the average
i:mlat;lm) , which docronses with incroasing ipsolation. This
mumunawiatiwof insolation to have 1oos impact on y a8

the insolation increases.

Mswrdmmofmpuammmam
ly constant throughout the year. mhe doviation of ¥ is a
function of the normalized deviation of temperature which was
cbtained by dividing the standard deviation Of temperatuxe by the
difference between the house temperature and ambient temperature.
c:onversely, the nonmalized temperature distribution given by
Bauation {6- 2.1) increases with increasing ambient temperature.

This causes the relative jmportance of the deviation of

remperature on the deviation of y to increase as the ambient

temperatuxe increases.

The correlation coefficient is a product. of the
deviations of poth insolation and temperature. It is of the same
magnitude as the deviations of temperature and insolation.

Therefore, all the texms used in the calculatlon of ¢ y are




6.3 The Deviation Of 'F'

The same approach used in detcrmining the relative
nffects of terms in the calculation of the standard deviation of
ycanbeusedindebaminimﬂntem! effocte on the standard
deviation of '£'. It can be seen from equation (5.2.8) that the
standard deviation squared of 'f' is a function of the following

three terms:

(.00422 - 000234 #1310 %3 o 2 (6.3.1)

o x *2 *3
(1.0588 - 1.008y + .3728y - - .0632y ~ +

.00416y™ %) gyz




(-.0668 + 318y" - 0019’2 + .0037" - LCOLTKY " +

000234’y ) x o, 0 6.3.3)

potermining the contributionn of cach of these teoms to the
deviation of '£' will show the relative importance of that tem.

pefore begining an order of magnitude analysis, some
discussions of the term due to the correlation of x and y shown
in Equation (6.3.3) is necessary.. This term is different than
the correlation of insolation and temperature and would exist
even if insolation and temperature were urcorrelated, since x and
y are both functions of the residential heating load. Changes in
residential heating load will cause both x and y to vary and,
because of this, a correlation will exist.

Expanding:

g 5, = %) (g - y)
X, = X Yi -
i=1 1 1

(6.3.4)

from Bquation (5.2.8) and using Equations (5.1.13), (5.1.14),
(5.1.15) and (5.1.16), the carmplete texmdue to the correlation

is:




) ®
-1 [
cx T = h [‘r T,

_ 3 x,
M, = Ta ) T =T !

E: T ﬂm] u%l (6.3.5)

vhich can be reduced tot

:| (6.3.6)

The first tem in Bouation (6.3.5) is due to the

depetﬁencyofbothxarﬂyontemcrature.whﬂeﬂnsecordtem

results from the correlation of weather data.

Of particular interest is the effect of this

correlation on the geviation of '£'. The first part of Exquation

(6.3-3) :

*. k2. *
(-.0668 + .318y - .00419y “ ¥ .0037x -

* . % * 2
.0017x y + .00023x ¥ )




shon calculating '£'.

in the deviation of *F caused by the first term in Byuatien
{6.3.1) an well an for all positive values of the oorrelation of
insolation and temporaturd. This is opposite the effect the

corxelation had on the value of 'y'.

An order of magnitude asgoscpent of the three tenas
chows that the deviation of y has the greatest influence on the
deviation of '£'. This tem is shown in Bguatioa (6.3.2), and as
montioned proviously, is a function of the insolation,
temperature, and ‘the correlation of insolation and temporature.
The effect of the correlation term shown in Bquation (6.3.3) is
one order of magnitude less than the deviation of '£' caused by
the deviation of y; however, it is one order of magnitude greater
than that caused by the deviation of x. Thus, when estimating
the deviation of '£', the most significant temm is the deviation

of y, followed by the coryelation of x and ¥. ‘Finally, of little

importance is the deviation of X.

The small effect caused by the deviation of x does have
a physical explaination. X is the ratio of collector losses to

house heating load. Both numerator and denominator are functions

of the difference between the respective operating temperatures




and arbient temporature, Changes in azbiont temperature cause
hoth the collector losses (mrmerator) and the heating load
(denominator) to change, Mowovar, the changea ‘tond to cancel.
Therefore, slight to moderate changes in aebient tasrporature
cause tho standard deviation of x to ba inaignificant. That any

devintion at all cccurs ie attributed to the different operating

tamporatures (L.e. Tpoe = 100 % T, = 20 %),

6.4 Applicability

The deviation of '£' can ke calculated by suming
Bquations (6.3.1) ¢ (6.3.2) and (6.3.3) and taking the square
root. Due to the muber of variables, a sinple chart, as was

developed for the '£' factor, cannot be developed; however, the
equations can be rearranged to facilitate calculation.

Fquation (6.3.1) can be rewritten as:

: * , -5 * 2 k.
% term = (.00422 - .000234x + 1.3x10 "% ) x °©

(Treg ™ Ty) Ora

2 2
(Tref = T @ - Ty)




fxuation (6.3.2) can b rewritton ast

-ymm"L”“'lmwfénnmfz-.muf3+

2

! | &,
oone ) v —Dm ¢
(_Th"'ra)

Fid 2 r +) “
i . i e (6.4.2)
By By 0y =Ty )

Finally, Bquation {6.3.3) can be roewritten as:

o , « % 2 *
Xy ‘term = (-.0668 + 318y -~ .00419y ~ + ,0037x -

X ¥
2)

* & . * %
L0017x y + .000234x ¥y Xy

: O ro. @
[ B+ ’“m] (6.4.3)
(T, = Ty ) (, - T) By |

o’f'= (x term + y tem + xy term) /2 (6.4.4)

In this format, the equations are readilly calculable.
and ave shown to be functions of x and Y. Only three additional
terms are needed to calculate og. These are the normalized
deviations of temperature and ijnsolation and the correlation
term. Finally, a good estimate of the deviation of 'f' can be
abtained by taking the square root of Equation (6.4.2). This is

at least one order of magnitude greater than the other tems.




€.5 Remlts

The mothod prasentod is capoble of predicting within
certain confidenco intervals, the variations in the monthly
output of active solar collection heating systems. A series of
graphs have been developed which illustrate the effects of
variations in insolation, temperature and the correlation

coefficient, The graphs were developed using correlation
ccefficients of =.5, 0, and .5 for values of the normalized

temperature and insolation gtandard deviations of .1, .2, and .3.
These were done for values of 'f' of .4, .6, and .8 and are shown
in Figures (6.5.1) through (6.5.27). The x's depict the range
through which '£' ¢an vary for one standard deviation of 'f£'..
According to Croxten, etal (Ref. 10), a standard deviation of one

has a confidence interval of 68%.

The graphs are useful for demonstrating the effects of
changes in the deviations of insolation and temperature as well

as changes in the correlation coefficient. As the variations in

insolation and temperature increase, so does the variability of

11, This can be seen by comparing Figures (6.5.1), (6.5.4), and

(6.5.7) . These figures have the same correlation coefficient but
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FIGURE 6.5.7
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FIGURE 6.5.11
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FIGURE 6.5.12
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FIGURE 6.5.15
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FIGURE 6.5.10
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FIGURE 6.5.17
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FIGURE 6.5.28
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FIGURE 6.5.24
F FACTOR FOR LIQUID SYSTENS

x
DEVIATION OF F ABOUT .8

SIGMA TA=0.2 (TH-TA)
SIGMA HT=0.2 »HT
CORR= e

I 13




F FACTOR FOR LIQUID SYSTEMS
DEVIATION OF F ABOUT .8

SIGMA TA=0.3 (TH-TA)
SIGMA HT=0.3 #HT
CORR= -0.5

(B 13




FIGURE 6.5.26
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the values of the nomalizned doviations of inselation and
tarporature are .1, .2, and.3, respoctively.

The effoct of the correlation coofficient is
significant. This can be seen by reviewing Figures (6.5.1),
(6.5.2), and {6.5.3). The negative correlation, which occurs as
the particular location on earth is cooling, causes the deviation
of 'f' to be less than the positive correlations. This is
important since it lessens the deviations of 'f£' during the time
when residental heating demands are at their highest. The effect
of the negative correlation coefficient during the heating season
demonstrates the compensating effect of the carth. When heating
demands are high, the earth has a buffering effect, On days when
levels of insolation are higher, the ambient temperature is
lower. While the higher insolation results in more heat
available from the solar collector, the lower ambient temperature.
increases the need for residental heat. When lower levels of
insolation occur, the ambient temperature tends to be higher.

Less energy is available for heating but the requirements for J.t

are reduced.

Figures (6.5.1) through (6.5.9) show the deviations of
'£! about 'f'=.4, (6.5.10) through (6.5.18) show the deviations
of 'f' about 'f'=.6 and (6.5.19) through (6.5.27) show the




deviatione about '£'=86, for various valuas of the standard
doviations of insolation ard temporature and the correlation.

The deviation of 'f' about vg'=,4 when compared to the doviation
of ' about '£'=.6 and '£'=.8 show that for the same doviaticns
of normalized tewperature and insolation and the same correlation
confficiont the deviation of 'f' s about the samc.

mmmmmmemmdmwme
graphically illustrate the effect of changes in the standard

deviations of insclation and temperature and the corrclation

coofficients on 'f'. However, the grophs cannot be used to

estimate the deviation of 1£* due to the number of variables
The deviation of 'f' must be calculated as




7.0 Conclusion

A method has boen developed to prodict the deviation of 'f'
using common statistical techniquos. The method relies on the
variability of insolation and temperature to detonnine the
variability of '£' for an active solar collection system using liquid
as the heat transfer medium

The variability of '£' ag a function of x and y was examined
and it was dotermined that the standard deviation of ‘£' is a
stronger function of the standard deviation of y than of x.
Although, x influences the standard deviation of *£1, its influence
is two orders of magnitude less than the effect of y and can be
neglected.

The standard deviation of y is a function of the standard
deviation of insolation and temperature and a correlation between
insolation and temperature. The effect of these temms varies fram.
month to month with insolation having a greater impact on 'f ' during
the colder months and the deviation of temperature and the

correlation having greater importance during the warmer heating

months. All terms are important and none can be neglected.




cloud cover is responsible for the majority of the
variability of insolation and at loast partially vasponsible for the
variability of tamperature. Clouds can absorb most of tho short wave
radiation from tha sun as well as the long wave radiation omitted by
the carth, Due to the capacitence effects of the earth, the effects

of changes in cloud cover are less noticable on the anbient
temperature than on the insolation and the capacitence effects of the

earth tend to reduce the variability of temporature.

The correlation coefficient is an jmportant term in the
variability of '£'. It can be positive or negative. A negative term
will reduce the variability of '£', while a positive term increases.
the variability. Correlations are negative from October to March and
positive for the rest of the year. The sign of the correlation
coefficient indicates whether that particular location on earth is
heating (positive) or cooling (negative) and depends mainly Upon the

length of the day and cloud cover.

The correlation coefficient measures the dependency of

temperature upon insolation. In the winter, temperature tends to

vary inversely with insolation, which results in the negative

coefficient. Days with low insolation levels tend to have higher

ambient temperatures. As the insolation decreases, the need for heat

also decreases. One effect compensates for the other and the




reducod, During months with positive
the cppodite ocours and the variability is

variability of Tt is
corclation coefficionts,

increased.




.0 Becormendations

o Data collection rhould be continved so that a represcntative
data base is acquired. The data bago used in the courss of

this vork consisted of three jears. Thin is not sufficient to

accurately datermine the gtandard deviations of insolation and

temperature or
and tomperature.

the correlation cofficient botween insolation

The correlation coefficient ahould be accurately determined
for each location insolation and temperature is collected in
order to cbtain an accurate standard deviation of '£'. The

results presented in this paper used a correlation coefficient

that was obtained from a different data base and used a

different sample time pericd. It was the best available data
and the data was only vsed to show the existence of

correlation coefficients.

After an appropriate data base is established, the standard
deviation of '£' should be compared to outputs of active

collector systems to verify the accuracy of the standard

deviation.
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