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ABSTRACT

Veqetah¡l e greenhouses i n the Þrov'ince of Mani toba are us ual ly

constructed as transparent structures w'ith a double layer of pìastic

covering material s so that necessary i I I um'ination can be ntade avai I -

ab'le to the p'lants. These coverjng materiajs have ppor therma.l

resistance characteristics a,nd the local climate.is sucli that qreen-

house operatìon'has to be abandoned for a perìod in vrìnteY llecause

hiqh heatìng costs make production uneconomic. Greenhouse heatìng

is probabl.y one of the most ineffjcient uses of fuel for heating

appl Í cati ons .

A numhrer of stucljes have been conducted in different parts of the

world wìth a v'iew to reducing heating costs for qreenhouse structures

and a number of different schemes have been proposect. A solution vall'd

for the cold Canaclian cljmate is.yet to be obtaìned. It has been

observed that at norther"nly latitudes, the north side of a çlreenhouse

receives little illumination durìng winter months. Insulatinç¡ the north

s'ide of the structure coLild result'in a substant'iai savinq'in heat lost

from the clreenhouse wíth little change'in natura'l illumìnation avai'lable

to the plants

This theoret j cal study was unclertaken to 'inves'lì gate the ef fect

of insulating the north sicle of a rtreenhouse. A nrathenlatical model t,,as

developed to stud.y the e'Ff'ect of specìfic chanç¡cs in creenhouse design

on the clreenhouse heat balance. In th'is nrodel a rrcre eccurate methorl to

determine solar radjatjon inciclent on a surface was ìncorporatecl. Vari*

ables studjed wey'e orientation, shane. sjze, a;lcl rJifferent levels of

north-sicle insulat'ion. l.Jinnipeq ,,,¿:ì5 assi.{yile.-i ¿s 1;he lr-ri:¡l'icn of the



qreenhouses and heat balance in qreenhouses was studied for tvro arbìtrarì'ly

selected summer and winter cond'itions. Gothic arch, gable, and circular

shapes were analysed w'ith two qround-bed sìzes (lf m x l0 m and zt)t) nx l2 m).

The greenhouses v/ere assumed to be orjented either east-west or north-south.

The necessary cl 'inlat j c data uiere obtai ned f rom the I ocal meteorol ogì cal

office for December 21,1974 and June 2),1974 represent'inq winter and

s ummer condi tions , respecti vel.y. The three I evel s of fj berql ass i nsul a-

t'ion assumed ìn the ìnsulated north side of qreenhouses v/ere R = 0.70,

1.41, and 2.ll (r2 K)/w.

In most cases, the north s'ide of a qreenhouse was found to be

contrjbutinç¡ less than 3.0 percent to the total solar heat ç1ain of a green-

hbuse on December 2l . A gothìc arch qreenhouse \¡/as found to be super'i or

to gable and circular qreenhouses with respect to heating and ventìlat'ion

requ'irements. An east-west oríented greenhouse maintained clreater thermal

env'ironment efficìency ìn comparison to a north-south oriented g.reenhouse.

Reductìons of almost 50 percent in heating requìrenrcnts on December 21,

1974 and at least 15 percent in vent'ilation requirements on June 2.l, 1g74

were predicted v¡hen the north sjde of a qreenhouse was jnsulated.
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CHAPTER I

I NTRODUCT I ON

Greenhouses are a means of assurinq year-round production of

certajn aqricultural products 'in areas of severe clirnate. For any qjven

region, design shou'ld consìder the local cljmate so that the greenhouse

operat'ion can be kept within perm'issible I imi ts of econonty.

The cljmate in most parts of western Canada'is such that green-

house operatìon has to be abandonecl for a period in w'inter because h'igh

heating costs make production uneconomic. Veqetable greenhouses in the

provìnce of Manjtoba are usually constructed as transparent siructures

.with a double la-yer of plast'ic-coverjnq materia'ìs. A nunlber of studies

have been conducted in djfferent.parts of the world with a view to reducing

heatjnq costs for clreenhouse structures and a number of different schenles

have been proposed to ach,ieve this qoal (23, 32, 35, 36, 42). An amicable

solution valjd for the cold Canad'ian climate is yet to be obtajned.

A clreenhouse .i s bui I t using transparent naterì aì s , such as q'lass

or plastic, to admit the 1ight necessarv for plant gr:owth. These materials

exhibit poor thermal resjstance characteristjcs and thus tremendous heat

losses occur, especjall.y at night. From a study of the contribìltion of

natural jllumination from the various sjdes of a transparent greenhouse

structure, 'it r's i nferred that the north s'ide of the stÈucture contri butes

little illuninatjon durjng winter months (.l6) rvhile the heat loss to the

atrnosphere from this side is comparable to an.y other side of the structure..

Insulat'ing the north s'ide of the structure could result'in a surbstantìal

sav'ing in heat lost from the qreenhouse wjth little change ìn natural

ìllumination available to the plants.

l--": :':.: |' '-.:



2.

For a clreenhouse wjth a 'length-to-wjdth ratjo greater than one,

the fraction of the surface area in the most favourable posjtjon to

receive incoming solar energy depends upon the orientation, therefore,

the Eurface area fac'ing north is also clenenclent on jt. Thus, the nlaclnitucle

of the effect of insulatinq the north sìcle of a clreenhouse wìil clepend

upon the orientation of the ç¡reenhouse.

A theoretical'study was proposed to 'investioate the effect of

insulating the north side of a qreenhouse on its thermal balance. A

mathemat j cal model was devel opecl to stud.y the effect of "specì f ì c

changes Ín greenhouse desìgn on the greenhouse heat balance. Intended

varjablesfor study were orientatjon, shape, sìze, ancl levels of north-

'siOe insulatjon of greenhouse. Cl'imatic conditions were arbitrarììy

selected for the model

The specìfjc objectìves of this thesis were:

l. to develop a mathemat'ical model which would adequateìy account for

specìfic chançles in greenhouse design on the thermal balance of the

structure,

to determi ne the contri but'ion of 
_

side of a oreenhouse,

solar .radiation from the north

to conrpare qothjc arch, qable, and

their heat loss property,

cjrcular oreenhouse shapes for

to conpare north-south and east-ulest orientations of greenhouses

u,ith and urithout ínsu.lating the north s'ide, and

to study thermal balance of greenhouses with and lvìthout insulatìng

the north s'ide in both winter and summer cond'itions.

-_.-...1
.,::.:..::-:l

2.

f

4.

5.



CHAPTER I I

IIEVIEl/J OF LITERATURE

2.1 S.ystenr of Units

SI (S.ystems InLernational d'unites) units have been usecl in this

thesis as far as' possible. l^Jhere the cgs svstem is r¡ore unclerstanclablei i.e.,
degreesCelsius(C)fortemperature,thissubstjtutjonhaslreentnacle.

A table for quant'ities used in this investjgation is qìven for the 
.

convenience of the reader wíth conversion factors fronl the British

system of unjts to the SI, Tabl e 2.1.

, TABLE 2. I

Conversion Factors

Unit in Conversion Un'it in
Quantit.y Brit'ish System Factor SI

Length , l,

Area, A

Temperature, t
Coeff. of Heat Transfer, U,

F (F-32.0) (5/e) c

(0.1714 x lo-8)

ft
f*

0. 3048

0. 0920

m

n2

( K=C+l/1. I S)

and Conductance, Co Btu/(hr.ft2.F) 5.6783 w/(m2.f)
Res. to Heat Transfer, K (hr.ft2.F)/Btu O.l76l (rnt.K)/w
Thermal Conductivity, k Btu/(hr.ft. F) 1.7296 w/(m.K)
Rate of Heat Transfer, 0 Btu/hr 0.2929
Specific Heat, C

p Btu/ (l b . F) 4184.0 J/ (t<g" K)

Intensity of Radìatìon, I Btu/ (hr . ftr) 3.ltïz w/nr2

(Stefa n-Bol tzmann

ctlnStant, ô )

Btu/ (hr. f t2 . R4 ) 33 . 07BB vt/ fu,. Ku ) ,

l'I

.t.

_ _A-
(5.6697x10 -)



22 Necessity of Reducing tnercy Intensiveness of Greenhouse

0perat'ion

A basr'c crjterjnn for desìç¡ning a qreenhouse has been that the

structure should admit the maximum possìble amount of sunsh'ine durinc¡

the months of lowest light. The structural system must have a mìn'imum

opaque area and a maximum transparent area, and.yet be strong enquçJh

to sLrpport itself and predicted wind and snow loads. The structure

must be made of transparent material such as glass or plastic to

supply the necessary light for plant grourth (2). Unfortunately, these

materials have poor therma'l resjstance characterjstics. As a resu'lt,

a great deal of heat will be requíred to maintajn the necessary temper-

ature Ín.side the structure in most regions of Manitoba. Excessive

heatjng wi'l'l render the whole qreenhouse operation uneconomical during

the most severe part of the winter. Greenhouse heating is

probably the most inefficient use of fuel of most heating appl'icatjons

(36 ) .

Durinq summer, a transparent greenhouse aclmjts more sun'light

than' necessary and, therefore, 'increases the ventilation requìrements.

At a time when energy is becoming more costly.and scarce, ìt is very

ìmportant to research ways so that the energy intensiveness of the

greenhouse'industry is reduced.

2..3 Techn'iques to Reduce Heat Losses from Greenhouses

Price et al. (36) have la'id çruidel ines to rninimjze thermal

wastage from greenhouses. Their most critical recommendations include
,leak-proofqreenhouseconstruct.ion'uSingadoublelayerinpìastjc

covered gréenhouses, and drawjnq a black curtain betr,veen the greenhouse

coverjnq and the plant canopy at nioht. Substantial sav'incls (20 to 25 oercent)

.::j:: i t:



5.

'in fuel are projected if these gu'idel ines are fol lor¡¡ed. The-y have

presented other suggestions whj.ch would reduce Ü,. enersy dernand of

greenhouses such as jnsulating the greenhouse durinq the njqht and

removing the insulat'ion clurinq sunshine hours; or usincl an opaque,

insu'lated structure with art'if icial I iqhtinq.

The use of curtains in greenhouses at night to recluce heaL

losses has also been studied by Amsen (3) and sìrnpkìns et al. (+z¡.

Amsen mathematically evaluated the effect of using curta'ins ìn green-

houses on radjative heat 'loss to the atmosphere. at niqht. He 'introduced

the 'curtain effect' ,¿vhich is definedr as: the radiat'ive difference in

net heat radiatjon from a p'lant canopy before and after a curtaìn, wjth

ä specified 'curtain factor' (¡ = üt - pt), is placecr between the

pìant canopy and the greenhouse roof. Mathematjca'lìy, the 'curtain

effect' i s:

o = 1.0 - 2.0 (2.1)

tJsing the above formul a, 'it is poss'ibl e to eval uate ancl compare the

effect of usìng curtains of different materials on radiatjve heat loss

from the plant canopy to the atmosphere. An alunrjnum curtain would '
q'ive a curtain effect as high as 90 oercent because of .its hic¡h reflec-

tance , ,.g.

Simpk'ins et al-. (42) concluctecl experimental studies to determjne the

coefficjents of heat transfer throu.gh the r^¡alls and roof of a double -

ì ayer ai r-inf I ated po'lyeth.yì ene greenhouse wì th an 'internal curta jn

added. Various materials and'installatìon techniques were studjed and.

several proposed curtain materjals evaluated. Tests were conducted in

,f*À,
t3- * ¡J



the resul ts of the'ir tests, thev ob,served tlrat conducti on due to thi n cur-

tains depends, Þrimarjly, upon the method and posìtion of fasteninq ancl

not upon the curtain material. A curtain fastened horizontallv from

eave to eave rras more effecti v.e than one fastened f ronr eave to peak. Instal -

l ing a curtain vtith the edqes sealed with no contact betu¡een the curtain and .,,',.,,:..,

the qreenhorise structure, except at the edoes, max'imi zed the acldecl resis

tance to heat transfer by conduction. It was also observed that a curta'in

with hìqher reflectivity saved more radiatjon heat loss. A highl''¿ reflec-

tive curtain fastenecl tiqhtlv from qutter to clutter, r^rith s'inilar side r^rall

and end r^ral I curtaì ns , coul d save hal f of the enerq.y current.l r¡ requi recl to

heat a douhle-laver air-'inflatecl mrrlt'i-sDaq polvethylene c,reenhouse.

. Both Amsen (3) ancl Sirnrrkins et al . (+Z) assumed that the curtains

were thin and, therefore, offered no apnrec'iahle conductive res'istance in

themselves. The observation of Simpl<ìns et al., that a curtajn with h'iqher

reflectivity saves more radiative heat'loss, js consjstent w'ith Amsen's

predictjon of curtain effect. The former researchers also note the

importance of the method and position of fastening the curtain to ach'ieve

better resul ts.

Perry (35) has devel opecJ a 'cl i con' system consi st'inq of päi rs of

m.ylar tubes. Half of the outer surface of each pair ís aluminjzed for

I i qht and radi ati on control . These tuhes can l-re i nf I atecr to make contact

as a ceifingat nìght or be partìally or fully deflated ancl hunq vertically
'in the day. The ' cl i con ' systern has been reportecl to have reclucecl ni oht

roof heat losses by 48 oercent. It minimum liqht obstruction is l5

per'cent at solar noon. It should be noted that the 'clicon' system

was adopted takjnq jnto consirleration, the climatic conditions at 343

6.
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latitude where a l5 percent reCuction i.n sunliqht coulcl be toleraterl.

Appì yi nq the 'cl i con' svsten at 50o or h j gher I ati.tudes , comnon 'in Canada.

woulà probabìv result jn an into'ìerable loss of sunljqht durjng winter

and earìy sprino. Dai'lv operation of either 'c.l jcon' or niqht curtain

yrould also add to the responsìbiljties of the operator.

Lawand et al_. (23) devel oped an env'i ronmontal 'l-y 
des i qned green-

house for colder recions, Fig. ?.1. The east-ulest oriented çlreenhouse

has its inclined north-facing wall insulated v¡ith a reflective cover

on the interior face. The angles of each incl'ined roof were des'igned

to perm'it opt'imum transmittance of solar radjation and maximum reflec-

tion of this radjation on the plant canopy. The shape of such a green-

'housè ìs very different from the tradjt'ional'l-v built symnretrical (about the

rjdqe line) .ereenhou,se shapes. Heat loss savjngs reported ar:e

prom'ising'in thjs greenhouse, but adoption by çlrowers would requ'ire

assessment of structural and economìc performance of thjs greenhouse,

relative t-o traditjonal shapes

Musarcl (:21 has carried out experimental ,tria'ìs with discontin-

uous fixed transparent screens located between the plants and the ceì1ìng

of 'the greenhouse. These screens must be cli scont'inuous to al I or^r for

ventilatìon. They could, however, be cont'inuous ìn a çlreenhouse. fjtted

with a forcecl ventjlatjon system. The screens in the trial were 1.5 m

wìde cut f rom 50 m'icron thi ck polyethyl ene f j ì m p'laced across the

llreenhouse span . Separat'ion between screens vari ed f rom l 0 to l 5 cm.

Installat'ion of the discontinuous screens ìs shor,rn in Fig. 2:2. RecordeC

temperatures uncler the screens were 0.7 Chigher than those recorded

above the screens urhen the control temperature was set at I 3 Cand I .2 C

wjth the control temperature set at l5 C. In the nriddle of the gaps
t : -:,i.-:
tt':..i

l:::i::
i ':' .:;
:.:'.,"'.:
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betleen the fl"lms, a djfference of 0.5 C between the temperature taken

at0.5m below the level of screen and at 0.5mabove had been observed

These. trjals, carried out in gìasshouses in France, showed that in sp'ite

of the reductjon in luminosity there was some savincl in he.rtjng and an

improvement in the yield of early tomatoes. The author surlgested that

three to four percent enerqv savinqs r{ere possihle r^r'ith such an arranqement.

Use of screens, as sugcested by t"lusard (32) resul ts i n a reduct'ion i n

solar radiation intensity at crop leveì that ma¡r not be tolerated in

Canad'ian wi nter condì tions . As wel I , these screens when 'i nstal I ed rryoul d

also restrict the cultural operation inside the greenhouse. Musard

also noted- that the improvement in the 'insulation of the r^ral ls exposed

'to the north or to the prevajlinq wind will resLrlt ìn a savinct of energy.

The suggested useof aclouble la.yer of plastic materials havjng ìow trans-

mission to lonclwave radiat'ion for qreenhouse walls and the use of carbon

dioxide between the two films of pìastìc instead of air should result in

a better g-reenhous e ef fect

According to trials carrjed out jn Great Brita'in (i), usinq black

polyethyìene screens durinq nocturnal periodsresults 'in enerqy consump-

tion savings of 33 percen't. Taken over the total cult'ivation period this

saving becomes 20 percent. If the screen'is not continuous and has a

gap of even one metre, the effect is almost completely lost.

2.4 Previous Stuclies on Greenhouse Thermal Env'ìronment

An anaìysis of greenhouse thermal environment was done by l4orris

(31 ) as earìy as 1956. Us ì ng a s'impl e cal cul at'ion procedure and a

number of simpl iryìng assumptions he computed des'ign ventjlation requ'ire-

ments for varioLrs sjzes of qable greenhouses. Since this jnit'ial urork,

there have been a number of studies which have resulted in more accurate
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and comp'lete analysìs of greenhouse thermal envìronment.

Results of their experimental work on the glasshouse cljrnate

j n Bri tai n urere reported by t¡lhÍ ttl e and Lawrence i n a seri es of foUr naoers

(52, 53, 54, 55). The.v stresserJ the need to site, orjent, anC des'iqn the

glasshouses so that the maximunr available natu.ral liqht v¡ould be admjtteci

dur'ing wi nters . Tvro irnportant observations were stated by the authors .

l. an east-u¡est oriented gìasshouse adm'itted 25 nercent more

winter ìight than a north-south orjented qlasshouse, and

2. wjnter temperatures r'iere consistentìy hìqher in an un-

heated unvent'ilated east-west orjented giass. house

than jn a north-south oriented glasshouse.

In the dìscussìon, the second observatìon was consjdered to be a result

of the first observation. As a result of their work, an east-west

orjented glassliouse was recommended over a north-sou'Lh oriented one in

order to get' a more favourabl e cl imate i n a ql asshouse. Adequate venti -

lation was recommended to reduce temperature fluctuatjons and also, in

summer, to reduce the peak temperature

Jenkins and wa'lker (22) prepared nomographs to deternrine heat

and ventilation requirements and estjmatinq annual heat cost.for qreen-

houses. Heat requ'irements were determined by neg'lectÍng aìl but con-

duction losses through the exposed greènhouse because other heat losses

þ/ereconsjderecltobesmallcomparedtothesu.faceheatloSSeS.Vent,i

lation requìrenlents vrere determjned by the rate of air chanqe depending

upon the crop to be grolvn and the h'ighest temperature that could be

tolerated in the qreenhouse on a clear da.y.

l'lccune' and sti pe (26) proposed rule-of -thumb values for

cleterminìng heat'ino requìrements in single and double v,,al ì plastìc
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CD
greenhouses as 4.47 w/n' and 3.29 w/n', respect'iveìy, oer degree

Celsius temperature difference maintajned. Heatinq requjrements of a

plastìc qreenhouse are jnfluenced by such factors as sìze, type of

construction, orìentation and locat'ion of greenhouse, temperature to

be maintained, and the outside cl imatic conditions.

tlalker's (49) steady-state heat balance of a heated and

ventilated greenhouse sunrs all the major components of the heat

balance. Greenhouse temperatures predìcted with this heat balance uiere

found to be reasonabl,y c0nsistent wjth observed temperatures. Statjstical

analys'is jndìcated that there was no s'içlnificant difference between pre-

djcted and observed values. The ana'lysis thus permits the determìnat'ion

of heat'ing and vent'ilation requirements'in greenhouses and the stud.y

o't the total greenhouse heat balance with varying insjde and outside

climatic condictions. l^lalker's anaìysis, ìn ç¡eneraì, is found sat'is-

factory for representing energy balance in greenhouses (5).

Further studies in the control of greenhouse environlnent reveal

that it is not suffic'ient to maintain a specìfìed temperature ins'ìde

a clreehouse because p'lant leaf tenrperature can cliffer fr.om inside

a'ir temperature apprec'iably on a sunny day or on a clear sky nìcht.

Plant performance is related to leaf temperature nore than to air

temperature (+S1. A qood air c'irculatjon system js, therefore, very

necessary'in order to minjmize th'is temperature djfference (50).

Shaw (40) empìoyed tJal ker's ana'lysis to desiqn greenhouse heat-

ìng and ventilatjon s.ystems under Manitoba condjtions. Desígn values

were reliable when compared to measured fuel consumption.

There have [:een recent studies of qreenhouse thernlal env'ironment

whjch consider transìent heat transfer (43, 45). l-hese advanced studjes
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are primarily utiIjzed for predictìng crop response to various

environmental parameters. It is poss'ible wjth this approach to pre-

dìct temperatures jnside a greenholrse more accurately at any point in

time. The complex'it.y involved ma.ynotbe,justif iable for studìes on the

effect of structural alterations in a greenhouse on its heat balance

or determinìnq heatinq and ventilation requìrements. An approach

sim'ilar to that usecl by l,Jalker (49) may be more pract'ical for the in-

tended app'lìcations. Informatjon js available to deternljne accurateìy

all components of greenhouse heat balance in t,rlalker's ana'lysis except

solar radiation.

Barbee et al. (8) have reviewed the work done over the past

30 years in the field of pìant envjronment simulators and have cate-

gorìzed en!¡Íneerìng desìgn techniques. This reference can serve as a

starting poìnt in lnost of the studies related to environnrenta'l control

ì n greenhouses .

2.5 Solar Rad'iation in Greenhouses

Solar radjatjon constitutes a ver.v important part of the total

greenhouse thernlal envjronment (48), therefore, a reasonabìy accurate

method for predictinq it ìs necessar.y. Several ana'lyses are available

whi ch predi ct, r¡r'ith varyì ng success , the quanti ty of sol ar energy i nc'i -

dent on a gìven surface. l4ost of these methocls are restrjcted to clear

sky cond'itjons (6, 28,34,44,46,47) and onìy a felv have consjdered

the diffuse component of solar racljatjon (6, 34, 44, 46).

Moon (28), jn 1940, ¡rub'ljshed proposed standard solar radiat'ion

curves for enqineerjng use. He presented a method of calculatìnq

direct solar racliat'ion on a surface normal to the sun's rays clur.'inçt

cloudless days',f,-or any elevatjon and for var.yinç¡ amounts of water i..- -
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vapouì" and dust'in the atmosphere. The basìc atmosphere cons'idered by

Moon for the purpose of calculation cons'isted of ozone, rvater vapour,

and clust particles. The effects of ot.her atmospheric constituents on

the recluction of solar radiation passinc through'it v¡as neqlected

because of their smal I rnagnìtude. 0bviously, lrloon's curves are not

applicable under conditions other than clear-sky. Also, these curves

do not account for the monthìy varjations jn soìar intensity caused by

chanqes jn the earth-sun djstance and by the varyìnq averaqe mojsture

content of the atmosphere.

G. V. Parmelee (34) was one of the first investjgators to

develop curves to predìct both diffuse and djrect solar radjatjon for

cloudless days. These curves were based on experimental data. Hjs

data indjcated a.relationship exists between clearness of the atmos-

phere and direct and dfffuse components of solar radiatjon. l4ore

recent analytic solutions of Moon's equatìons have been carrìed out by

Threl keld and Jordan (47) using a redefined.basìc atmosphere. ASHRAE

(6) has adopted these data for cal.rlutin"q the value of average direct

sol ar rad j ati on under cl oudl ess day tjme conc.li ti ons .

It is ext.remely difficult to approximate the cloud variables

as the clouds are nonhomogenous by nature. It seems reasonable to corre-

late the solar radjation measurements with a parameter such as percent

possibl e sunsh'ine (9).

Morris and Lar,rence (29) presented a mathematjcal model to pne- 
I

dict total solar radjation incident on any surface. Percent of possible

sunshine, which 'is generaì1y recorded at weather stations, has been

used as the pararneter for spec'ify'ing atmospherìc sky conditìons. In

this model deterrnination of ditfuse solar radiati0n on'inclined surfaces
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considers the isotropíc nature of the diffuse rad'iat'ion. Results of

investigations by Norrìs (33) jndicate that the distribut'ion of d'iffuse

radiation probably averages, over a long period of time, to near ìsotrop'ic

conditjons. In a .further stud.y, Morris and Lavrence (30) inval jdated

the assumption of the'isotropìc intensity cjistrributjon of diffuse radia-

tion for actual weather conditjons. Drummond (.l4) has stated that trLre

ìsotropic sky conditions practica'll.y never occur even wìth the densest

cl ouds

Investiqatjon by Morris and Lawrence (30) revealed that ciear-sky

'intens'it.y clìstrjbution of diffuse radjation could be represented as

emission from two superìmpos.ed sources. The sources have been defined

'as (i) the circumsolar region centred about the su.n and extending

radially outward, and (ii) the total hemisphere of the sky vau1t.

Because the sun must be the ultimate oriqin of energy jn both cases, these

two sources are not cornp'lete'ly independent of one another. The diffuse

radiation available from each source, regarclless of the dìrectional

nature of the radiatìon or its ultjmate jncidence angìe is 43 percent

from the hemispherìcaì diffuse component and 57 percent fronl the'cìrcum-

solar diffuse component

Most researchers in the greenhous.e industry have used either a

rule-of-thumb (49) or a semiemperìcaì approach (37) to determine the

contribution of solar radiat'ion to the qreenhouse thermal environment.

Manbeck and Al dri ch (24 ) deveì oped an ana'lyti cal approach to determ'ine

direct visjble solar enerqy transmjtted by riqjd plast.ic ç¡reenhouses.

This approach, thouqh quite precise, is valid onìy for clear sky

conditions and computes onìy the ctirect component of the solar rad'iation.

It reljes on Moon's solar radiation curves and.therefore, the inherent
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I imi tati ons of Moon ' s a.na]ys i s are present. The approach does not

appear to be suited to cletermine total sojar.irradiation'in greenhouses.

An important fqctor ìn comput'ing solar jrracljation in a green-

house is the optjcal propertìes of the qreenhouse-coverinq surface.

Part of the total solar radiation'inc'ident on an.y surface js reflected,

part is absorbed and the rest'is transmitted either directjonalìy as

in clear glass or diffusely as in most plastìcs. The solar heat ga.in

through a greenhouse surface consjsts of the transmittecj component of

the'incident solar radìatìon and the part of the solar radjation ab-

sorbed by the surface whjch ìs conducted into the qreenhouse (6). The

optica'l properties of greenhouse-coverjng materials are a function of

'incidence angìe. l^Jalker (5'l) evaluated the transmiss jon versus jncìdence

angle characteristics of commonly used qreenhouse-covering materìaìs.

Gopffarth (19) used the followjng relatjonship to estimate trans-

mittance of a system consistinq of more than one ìayer of a transparent

material when the reflectivity of the material ìs knoln:

. I -ov=--
I + (2S - l)p

(2.2)

where S 'is the number of the transparent maLerial surfaces

A mathematical model to compute total solar radiation .jncident

on a surface, Ijke that proposed by Morris and Lawrence (zg), combjned

wjth the optìca'l properties of the surface shoulcl adequately predict the

solar heat ga'in through the surface. l,rlith th'is t,ype of model , the solar

heat gar'n in a greenhouse consìstìng of a finì!e nurnber of such surfaces

can be deternrined.

Aldrjch and lnlhi te (2) experìmental ìy determined relatr'onsh'ips ..

between structural form and qua'll'ty and quantity of transmitted solar

l:;:.
l.-.*

;_:;..:
i:.: -:)
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energy in rjgid plast'ic greenhouses. The greenhouse shapes stucljed

were: (a) mult'ibarrel cylindricaì vault, (b) hyperbolic narabolojd,

(c) segmental dome, (d) sìngìe-barrel vault, (e) qothic arch, and

(f) qable greenhouse. There appearned to be a correlation between

solar energy transmission and build'inq shape. The ç¡oth'i:c arch shape

was observed to have transrn j tted max'imum sol ar energ.y duri ng the perì od

near the winter sol st'ice.

The quantit.y of solar liqht is qu jte often the I imj t'ing factor for

plant qrourth in greenhouses durìng wjnter months above aboilt 40 degrees

north latitude (l). Friend (ì7) found that at 5l degrees north latitude,

east-west orjentation of a large span greenhouse resulted'in more even

transm'ission of direct radiation in winter than north-south orientation

of a similar structure

--:r¿r! ¿ !.. Á:!.-:-u. ì t. .' ¿!ãì;;-7:;.j - : -a-
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THERMAL BALANCE OF GREENHOIISTS

3.1 Overal.l Thermal Balance of a Typicaì Greenhouse

Fig. 3.1 represents. schenratical ly, the thernral envr'ronment of a

qreenhouse. All the components of the thermal environment can be

expressed by the followjng equation (qg):

..:..:::1r

Qt, * Q, * Qu * Q, = Q. * Qt * Qp * Qg * Qu (3.1)

l,

At any gÍven time, oneor more of the terms in equatìon 3.1 may

be equaì to zero
(

3 .2 Bas j c Assumpt'ions

The following assumptions were made in determinìnq the therrnal

balance of ç¡reenhouses:

l. there is no crop in the greenhouse; theiefore, heat transfer

due to photos.ynthesjs and respíration can be neglectecl,

2. there is negìigìb'ìe evaporation fronì the soil surface jn

the greenhouse,

3, there is no condensatjon on the jns'ide of the transparent

covering¡ therefore, transmìttance of the coverinq will be constant,

4. atmospheric emissivity is a funCtion o'f dewpoìnt tenrper-

ature onì y,

5. lreat I ost f rom the clreenho.use 'is pos i ti ve,

6. boundaries of the greenhouse are assumed to be perfectly

I ected,

7. thernlal storage'in the çlreenhouse structure and the ground

bed i's iqnorecl to al I ornr steady-state heat transfer cal cul atÍon,

i7.
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B. reflection and reradiation from the surround'ings are

neol ected )

. 9. homoqeneous and isotropic temperature reqimes ex'ist jn the

structure at al I times ,

.l0. there is no mechanical operation go'inq on inside the green-

house; therefore, the heat released by equipnrent can be negiected, and

ll. solar radjation transm'itted by the greenhouse pìast'ic

surfaces'is in the form of djffused rad'iatjon; therefore, the rvhole
l

transmitted solar radjation beconles a part of the cìreenhouse thermal

envi ronment.

3.3 Steady-state Consìderation

The majn ljmitatìon of a stead.y-state approach ìn heat transfer

is its inabjììty to account for thermal storage in the system (+S¡.

There are two effects of thermal storage ín a system:

l. a reduction jn the peak amplitude of the thermal wave

enterinq 'int.o the system, anq

2. a phase djfference occurring between the two thermal rryaves

outside and insjde the s.ystem.

Heat storage in greenhouses has been taken into account'by u '

number of jnvestioators (43,45) tn tfreir bid to simulate plant growth.

The resultinq models have been quìte compìex. The heat storage consìd-

eration is unavoidable vihen the thermal environment in qreenhouses is

analysed from the þo'int of view of optìmìzation or sìmulat'ing plant

grourth, but it would be a'lrrxury when the effects of various design

alternatives of qreenhouse components on the thermal balance are to be

stud'ied.
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Steady-state heat transfer models have been reported to be

adequate 'in the analysis of greenhouse design (5). Carso,n et gl . (13)

founcl a steady-state model to be adequate i n the anaìys i s of sr¡ri ne

performance. The steady-state approach rrras adopted,'in this study, for

the analysìs of heat balance in greenhouses

3.4 Modjfiêd Thermal Balance tquatìon

l¡lal ker (49) discussed the contribution of the heat of resp'ira-

ti on and the heat ut j.l i zed j n photosynthes i s 'lo the total heat bal ance.

The magnitude of these components vJas found to be negìigibìe compared

to that of other components of the heat balance. Morever, in the study

of the effect of greenhouse design change on the tot.al thermal balance,

presence or absence of a crop shoulcl not make a sionjfjcant difference.

Therefore, jt was assumed that no crop tntas present for purposes of this

study. It.was further assumed that no mechanjcal cperation was go'ing

on 'inside the greenhouse uncler consideration thereby el'imìnat'ing the
'

heat released by equipment from the analysis.

E'ither heatjng requ'irement Qh or ventilation requ'irement

Qv of a greenhouse wjll be zero at any instance dependìng on whether

the greenhouse is being ventìlated or heated. The s'ign of any component

'in the heat balance equation will be negative or pos'itive accord'ing to

assumptt'on no. 5'in Sectjon 3.2. trl'ith these consjderations, Equation

3.1 can be revrritten as:

[0, ]

ir:] 
= Q, * Qt + Qs + Qc (3'2)

ual components on the riqht hand side of Equation 3.2 can be

ed using appropriate relationshìps.

|: :1::l':1j

Individ

eval uat
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3.5 Sol ar Heat Gain Determination

For this investigation, a mathematical approach was requjred

v¡hich would predict the total solar heat qain through a surface under

any amount of cl oucl cover. The surfaces to be consider.ed ma.y have any

set of optical properties, may have an.y inclinatjon and vralI azimuth,

and ma.y be locatecl orr any latitude. Input quantities should be eas'i'ly

accessjble and few 'in number. Accordingìy, the model presented by

Momis and Lav¡rence (2g, 30) which al lows cons jclerat'ion oF the an'iso-

tropic nature of d'iffuse solar radiatjon was adopted to predict solar

rad jatjon 'incident on any surface. The foì lovrìng moclif ications were

made to the above-¡nent'ioned model z

L a sìmp'ler and nrore accurate equation, used by Ari Rabl

et al. (4), was adopted for computing.the solar decl'ination angìe on

a part'icular day. The sun's declination angle does not change signì-

ficant'ly during a day, and

2. the actual and apparent values ofextraterrestrial solar

radiation intensities ,normal to the sun's rays, RA and I0 ,

respective'ly, were expressed in the form of equatìon5 so as to minÍmize

the input data wh'i1e procrammr'ng the total'anaìysìs.

Solar transmittance of the greenhouse transnrjttìng surfaces as

a function of incjdence angle were experimentalIy determ'ined. RefIec-

tance and transmì ttance of a surface r//ere rel ated as fol I orrrs (l 9 ) :

I - il.,

': (3.3),u ., +úu

and, absorptance of the surface becomes:

L!:.1;i:?a:

..1
,.1

''Ì

lt'r¡-1 '- j

l--, -.-.._.

r¡=l-il.,-Pu 'u u
(3.4)
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As djffuse solar radiation appears to be conrìng from alì points

of the sky, a síngìe value of incidence ang'le cannot be assígned to

the diffuse solar rad'iat'ion incident on a surface at any time. There-

fore a constant transmittance of a transmittjnq surface, irrespectìve

of the solar incjdence ang'le,'was assunrecl for the d'iffuse solar radia-

tion. The value of the constant transm'ittance was chosen to be equal

to the normal transnrittance of direct solar racliat'ion.

Total sol ar heat ga'in through a transmi tt'incl surf ace i s gi ven

(.l0) by:

ìl
r,i

qu(.j) = IT(i) + IA(i) * Nj (3.5)

(3.6)

(3.7)

ihere,

I,l. = h./(h. + h )r l' , o'

Therefore, total solar heat of the whole greenhouse structure ìs,

n

Q, = 
_._. 

qu (i )

.J- |

The set of equat'ions used to compute transnlitted and absorbeil

components of solar radiation for a surface is gìven be:low:

Requ'ired i nput:

D, L,.KS, T,0, 0, r|,u(e)

Equati on :

sin(d) = sin(de) cos(2¡. N/365)

(3.T<?.4)

(3.8)

(3.9)



sin(Ar) =

Y =IA,

cos(cl) sin(-H)/cos(e)

- al
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(3.il)

(3.12)

(3. r 3)cos(o) = cos(ß) .

TR=(lZ/r).cos

cos(y) . sin(O) + sin(g) o

-l [{sin(t-) - sin(d)}/{cos(r-) " cos(d)}]

cos (O)

(3. l4)

RA=

I0=

JC

KT

KC

t 353,0{t .0 + i).0335

t'160{(l.O+ 0.033cos

0.37 + 0.622 KS

0.28 + 0.45 KS

1.6(r - KT)

l.415JC -

0.75;

1.492 KÎ - 0.492;
t

exp{0.935(KT)'}-l;

ru365) Ì

(0.38 SJcf 0.80)

(JC'" -0¡ 80)

(1.60 : KT _. 0.83)

(KT < 0.6)

cos (2r,

(zrltlxs)tZ

(3. t5)

(3.16)

(3.r7)

(¡. le)

(3. t o¡

f-:
i'i

KDr = 0. 384;

KD2 =

(¡. zq)

(3.21)

(s.zz)

(3.23)

(3.24)

( s. zs¡

(s.za)

(t.zt¡

(3.28)

H0 = (Za/r\

(n-n
RA {cos(L) . cbs(d) . sin(n . TR/]2) +

TR/12) . sin(l) . sin(d)Ì

IDH, = {KDt . H0}/{?(12 - TR)}

IDHZ = {KD, . H0}/{2(12 - TR)}

at = -sin (ßru*) ' '¡sge {Inlll lq.6 n' sin (ßru*)}

a, = -sin (ßru*) " toçte {T,n¡n/().6 I0 ; sin (Oro*)}

In¡¡l = I0. exp {-a.,/sin (e)l

Itnl2 = I0 ' exP {'ar/sin (ß)}



IOI = IDNI. cos (o)

IDZ = IONZ cos (o)

ID = (l - KC) Inl + KC roz

IDT = (l - Kc) In¡ll . lþr(o) + t<c " Inruz ,þu(0)

rr(ür) = q,u(o)

IDA=(l-KC)

rDl = IDNI/RA

{l - úr(o)} / {l + ú,,(o)}

" Iot¡ ' o, (ü, ) + KC Inuz u,u (Uu )

(0.45 < r^.)
-UL

24.

(3. 2e )

(3.30)

(3. 3l )

( 3. 32 )

(3.33)

(3.34)

(3.35 )

(3.36)

(3.37)

( 3.38)

(3. 3e )

(3.40)

(3.41 )

(3.42)

(3.43)

(3.44)

(3. 45 )

(3.46)

= 0.2710 - 0.2939 'r,

= 0.33 (l - ,OZ)

.1

:l

Bz= Go2/ro2). sjn(g)

I¿r,l = Br IoNr

T -n . r'dh? "2 'DN2

MS = F(0)

MH = F(0)

t¿i = (0.43 MH + 0.57 MS) I ,, -' 0nt

i- -' -....'.

'Dz = IDN'/RA

tdr

'dz

Bl = (r0.,/tor), sin(ß)

'02

l!j-,:aa:r"?j:r::f.)

TdZ= (0.43 lvlH + 0.57 l'{S) iOf,Z
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Id=(l-KClIdl+KC "Idz

IdT = ,l,u(0 = 0) IO

IdA = or(úr) I¿

I=IO+IO

IT=IOT+idT

iA=IDA*IdA

25.

(3 .47 )

(s.4s)

(3.4e )

(3. 50 )

(3.51 )

(3 . 52 )

3.6 Thermal Radiatjon Exchange Betleen Greenhouse and the Atmosphere

The net thermal radiatjon balance between a greenhouse and the

atmosphere wilì be equal to the summation of the thermal radjat'ion

emi tted by each body w'i th proper s'ign :

Qt = A, . ô FS . ü1 [e, . r.O - .u tuO] (3.53)

Because the greenhouse was assumed to contaìn no crop, A- was
S

simp'ly the greenhouse ground-bed area. It was assumed that jn case of

multiple layers of coverìnq materíal, the successive layers would trans-

mit the same percentage of radiatjon striking'it as the fìrst ìayer (49).

,4, quadratic equation fit was obtained for the effective atmospher ìc

emìssivity values suggested by Bliss.(fo¡ as a firnction of atmospheric

dew-po'int temperature

The 'ASFIRAE Handbook (6) I ists equations to cal cul atê dew-point

temperature of atmospheric air numerjcally, if the aír temperature and

relatjve humid'ity are known. The equations in the ASHRAT l-landbook are

in the Britjsh sysLenl of unj'ts. After convertinç1 ìnto SI unjts, the

equations are:
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pws = 0. 76 exp l_2.302G i I 0. Z9596 (l - x ) +

5.02808 lo9l0(x) + 1.50474 x lo-4 (l - l0-B '2s6s2(l/x-l ) 
)+

0.42873 y l0-3 (104.76955(l-x)-l) - z.z1es9a3]l
(3.54)

where pws is in the temperature ranqe of -50c to l00c

x = 273.16/(273.16 + tdp )

pw = RH'x pÌ^ts

Then, for a tenrperature range of 0,C to 65.5 C

(3.55)

(3. 56 )

( 
,¿p = 102.6956 + 24.6988 log.(pw) + 1.0496 {109.(pw)},, (S.SZ)

and, for a tenrperature range of -50 Cto 0 C

t,- = 79.6565 + 17.4615 log.(pw) + 0.4959 {ìos.(pw)}2 (3.5s)
u)AP '-Jg\Hvrl

The structural frame of a greenhouse makes up apþroximateìy seven- percent 
i

of the total covering surface area. it'is difficult to account for 
i

Ithis area urhen calculating the shape factor of the ctreenhouse jn

relation to the atmosphere as it requires.integration of ínvolved ],,-..-:.

functions. It ,'was decided that the structural frame of the greenhouse ',,',l,,,l,l,,tjl,t,'',

:'.-': -.:'-:.::'_:

r"louldbe.excludedfromthecalculationofshapefactor.

r¡Jhennotvallisi,nsulated,nopartofthegreenhouserad.iatìng

surface, the ground, i s obscurecl fronr the atmosphere. The val ue of 
i.: : . ::

, r. .':,_.:.-
shape factor for this case will be 1.0. Under conditions other than th'is i"''"''""

i.e., when some part of the qreenhouse coverjng surface is opaque, exact

determination of shape factor requìres the evaluatjon of double integrals . :

(15) which is often tedious. shape factors for a large nunrber of geo-

metrical arrangenents have been eyaluated and can be found in various :,-,,''':
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texts. deal ìng w'ith heat transfer. 0ne such arrangernent is shown jn

Fiq. 3.2. use of this type of desìgn a'icl al lows shape factors to be

determined for a greenhouse with any of jts sìdes insulated. The expres-

sion for evaluatinq the shape factor of this arranqernent is (15):

,F-. 
='tz) ton-l (ot + ( z/ 4t: )ì o.ou{ (9"2+62+ z')z' /

(g' + b').(öt + z2)I + (p.r/lO . 7t logu{(p., + [r2 + zr). nr/

(.s' .-b2).(t? + zr)\ - (O/qz) ìoc" {(r.t * b, + zr) . b, /

(t-,+bt).(bt+z2)Ìl ( 3 . 5e )

This expressìon gives the shape factor of the end surface ìn reJa-

tion to the base. For an end surface wh'ich js not rectanguìar, Az .is

the area for that partìcular end surface. In a symmetrìcal greenhouse

construction, i.e. opposìte sides of greenhouse are equaì, the shape

factor should be equal for both ends and also for both sjdes. Sjnce the

sum of ,shape factors of all the four s'ides of a greenhouse 'is equal to

un'ity; by knoviing the shape factor for one sjde, correspondìng shape

factors can be determined for any of the other three sides

3.7 Heat Transfer with Greenhoúse Ground Bed

Heat transfer with the greenhouse grouncl hecl consjsts of heat

transfer jn vertical dírection Q, and lateral heat transfer ,l*

The lateral heat transfer component depends upon the type of

foundation construction and is directly proportional to the inside-

outside air temperature djfference (++¡. Deep ìnsulated foundations can

resul't'in recluced heat transfer. This heat trarrsfer through the green-
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house founclation walls can be represented as:

Q*=P.f.(tr-to) (3.60)

The value of f was adopted fronr the Canaci'ian Farm Uuilclinq C¡de (12).

Steacly-state heat transfer with the çlreenhouse floor jn a

vertical direction'is g'iven by:

0 =A'vy (tr - rq)/Ry (3. 6l )

greenhouse fl oor af ter excl ud'ing a 1 .0 m

(3 ' 63 )

surface constructions are calculated
IJ.

,:]I

.l

where O, is the area of the

wide str:jp alonc the edges. This js because jt is assumed that thjs 1.0

of ground bed area contributes to the lateral heat transfer component

'through the foundatìon walls. Total heat transfer with the greenhouse

ground bed is then:

0 =0 +'q 'x (3.62)

3.8 Heat Transfer From the covering Surface of the Greenhouse

Heat may be transferred from the qreenhouse surface by a'l I three

mechanisrns; conduction, convection, and rad.iation. The surface heat

transfer coefficient values g'iven by ASHRAE (6) 'inclucle the effects of

both convect'ive and radiative heat transfer. An expressjon for the heat

transfer from the covering surface of a qreenhouse under steady-state

0-y

cond'it'ions is,

A (t. - t )

^ - S''l 0'q.- --ql
Val ues of R for

e

by the expressjons

various greenhouse

given ìn Appendìx



CHAPTER IV

EXPTRIMENTAL DETTRMINATION OF

SOLAR TRANSMITTANCE VERSUS INCIDENCE ANGLE CHARACTERISTICS

FOR COMIqON GREENHOUSE COVERINGS

4.1 Inìtial P.reparation

4.1.1 Determination of Geographic Directjons at the Experinlental Site

The experìment was conducted in an open space south of the

research greenhouse at th.e University of Manitoba. No shadovrs were

present to jnterfere vrith the expei^iment and observations could be

,taken from sunrise to sunset w'ithout disturbance. A temporary p'lat-

form was set up as a work bench to support the instrulnents and allow

observed data to be recorded in the field. Ageocraphjc meridìan was

establ i shed on the p1 atform wi th the procedure gi ven b.el ow ( I I ) .

A pole wìth a pointed end was erected on the levelled nlatfornr

and the endpoi nt of the po] e's shadoþ,, was marked on the pl atform at

approximately 20 minute intervals from 10.0 a.m. to 2.0 p.nr. The

po'int where the pole stood was marked on the pìatfornr. A smooth curve

was sketched through the shadon marks. hlith the po]e mark as centre

-and with an appropriate radius, a circular arc v/as swung to obtain two

intersectìons,, p., and p, (FiS. 4.1), wìth the shac{or¡r curve. A I ine

from the poìe mark through po, the midpoint of plp, r,rì1.l approxìmate

the geographic meridian. 0ther directjons. were deternlined vrith this

meri d'ian as the reference base.

4.1 .2 Experìnrenta'l Equi pment

A model SR spectroFtld'ionreter (Zt ) was ava'ilable to take observa-

tions in thís experiment. A framewas fabricated to tilt the spectrbracJio-

t,'
l: ì

[;.

30.
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meter at any incljnation angle rang'ing from 0 to 90 degrees and to hold

the spectroradiometer at that part'icular tilt anqle. The frame was

calibrated over the range of 0 to 90 degrees'in fjve decree jntervals. A

franle and sljde arranqement nrade ìt possible to hold the covering plastjc

films paral'lel to the djffusinq screen. Locatjon of the diffusinq

screen on the spectroradiometeris shourn in Fi g. 4.2 " l,lith thjs arrancte-

ment, greenhouse-coverjng pìastìc films could t¡e tjl ted at a partÍcular

inclination angìe and the observatíons could be recorded.

4.1.3 To Compute Solar Incjdence Ang'le on a Surface at any Time

Incidence ang'les of the sun on a surface u/ere computed with the

fol I ov¡i ng i nputs

ì ) date of the observations

íi) local watch time at which th.e incìdence angìe js to be

computed

iiÍ) wall-azimuth of the surface

iv) inc:lination angle of the surface

Local watch Lìrne had to be converted to the local civil time which in

turn was used to compute the i nc'idence angì es . The fol 'lowì ng set of

equatìons l{as programmed on the computer for" the cbrnputatìon (Appendix 'l .3) :

T = F(TL)

H=r.T/12

sin(d) = sin(de) cos(2n.. N/365)

(4.1)

(4.2)

(4.3)

sin(e) = sjn(L) sin(d) - cos(L) cos(d) cos(tl) (4.+¡

s'in(Ar) = cos(d) . sjn(-H)/cos(O) (4.5)
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Fig. 4.2 A Model SR Spectroradiometer

Fì9. 4.3 The Experimental
Incídence Angle

Set-up to Determine Solar Transmittance Versus
Characteri s ti cs



y = lA, - ol

'),L

(4.6)

cos(s) = cos(ß) . cos(y) sin(O) * sin(ß) cos(q) G.7)

l
TR = (12/r) " cos '[{sin(t) sin(d)}/{cos(l-) . cos(d)}] (4.S)

4.1.4 Greenhouse Coverjnç¡s to be Tested

Seven çlreenhouse covering systems using three different plast'ic

materials were usect in the experìment. They were:

i) U.V. Poìyethy'lene, ll02 u (Canad'ian Indust'ies Limjted),

ii) Fabrene-TM (Dupont of. Canada Lìmìted),

i ì i ) Fi I on (Att as Asbestos Company) ,

i v ) two I a,yers of U . V. Po'lyethyì ene,

v) tv¡o layers of Fabrene - IM ,

vi) top ìayer of Fabrene-TM and a lower: 'layer of

U. V. Po'lyethyì ene, anci

vii) top'layer of Filon and a lourer layer of

U.V. Poìyeth.y'lene.

Slides of these seven systems were preparecl to fjt in the frame

and sl ide amangement described in Secti on 4.1 .?.

4.? Experirriental Procedure

The spectroradiometer mentioned in Sect'ion 4.1.2 indicates the

intensity of solar radiat'ion at a preset wavelength jn the range of

380 nm to 1550 nm. It was assumed that solar transrnjttance of greenhouse

piastíc coverings renrains constant with respect to change ìn wavelength.

Thjs assumptìon was based on the observation of curves of incident and

transmitted solar radìat.jon for several p'lastìc materjals (is¡. Thjs

faciIjtat^ed the experiment with the spectroracliometer as incident ancl
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transmitted intensities at a partjcular wavelength for a surface azimuth

and incl ination r,/ere the only data requ'irecl.

Fig. 4.3 shows the scheme by whjch the data were recorded. The

experiment was conducted on sunny days under cloudless sky cond'itjons.

The spectroracliometer and the tiltingframe assembly v/ere set ìn a pre-

determined direction which correspondecl to the wall azimuth of the

pìastic surfaces to be tested. The d'irectìon was deternljned fronl the

po'int of view of getting a wide range of incidence angìes as the spectro-

radjometer was tilted from 0'to 90 degrees

To take a set of observations, the spectroradiometer was set to

read at a part'icular wavelength. Local r.ratch tinle was noted at the
(

beginn'ing of the experiment. The ìncident and transmìtted intensitjes

of solar radiation for a partìcular incljnation angle of a greenhouse

cover,jngSyStemwererecordedasfollows.Th'ejncidentjntensitywas

recorded with the slide of greenhouse covering materìal off the diffus'ing

screen and the transmitted intensity was reçorded by placing the sl'ide

over the diffusing screen. The ihclination ang'ìe of the surface was

changed from 0 degrees through 90 deqrees at clefinite intervals. It r¡ras

denceassumed that the intensìty of solar radiation and the solar ìnci

angle did not change apprecìab1y during one set of observatìons, an elapsed

time of about five minutes. Table 4.1 shows one such set of observations.

The procedure uras repeated for d'if ferent systerns o F coveri ng material s

and djfferent wavelenqths (400 nm, 600nmand 1250 nm)

4.3 Data Processing

Transmjttance values were computed by takinq a ratio of the

transmjtted solar ìntensity and the solar ìntensÍty at normal inciclence.

Incjdence angìes for a set of data were computed as described in Section
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TABLË 4.I

A Set of Observations for the Experiment

Date: June lB, 1975; l^lalì-Azimuth: 250 degrees

þlavel englh: 600 nm

36.

9.43 a.m. 0.0
.l0.0

20.0

30.0

40.0

50.0

60.0

70. 0

80.0

90.0

ì 38.0

I 90.0

203.0

212.0

218.0

214.0

206.0

190.0

I 64.0

'l 30.0

122.0

I 75.0

IBB.O

t 99.0

205.0

200.0

I 93.0

I 73.0

1 46.0

114.0

Code: I

2

3

Local watch time

Inclination angle of the test surface

Intensity of solar radiation with the. test
surface off the diffusing screen mw/(cm2.nm)

Iñtênsity of solar radiatlon tiansmitted
through the test surface (U.V. Polyethylene
in this case), nw/ (cm2.nm)

it. .. ...
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4.1.3. The transmittance values were then correlaterl urith the conlnuted

ìncjdenceangles.Thesecorrelatedtransmittanceandincidenceangle

values at clifferent wavelengths were grouped for each.svstern of coverinq

surf ace and a polynomi al f ì t was obtai neci for the transnri ttance as a 
.,,,

functjon of jncidence angle. The th'ird-order polynonìia'l fit obtajned for ..1,t,

the Fi I on and U. V. Poìyethy'l ene combì ¡¿l j 6¡ '.{âs

?atn
úu(o) = 0.3571340 x l0-'(O') - 0.4347968 x l0-'(0') +

0.4119053(0) + zs.e124 (4.e)

where the transmittance (,trr) is'in percent and the 'incjdence ang'le (e)

ís'in degrees. Detajled r"esults of the experjment are gjven ìn Appendìx

2. It was observed that at jncidence angles qreater than approximateìy

70 degrees, the output .from the spectroradionreter became constant. It
was assumed that th'is was due to the fact that cliffuse radiation inc'idence

, on the surface was dominant beyond about 70 degrees incidence. As

discussed jn Section 3.5, it is not possible to ass'ign as s'ingle

value of inc'idence ang'le to the diffuse solar rad'iation fall Ínq on a

surface. Therefore, it did not appear possìble to correlate the trans-

mission of diffuse solar radiation throuqh a surface with ìnc'idence

angle. As a result of the above dìscussion, it was assumed that a constant

fraction of the jncident diffuse solar radìation, equai to the transm,ittance

normal 'incidence indicatecl by the transmissìon characterjstìcs for 
.a

' particular surface, would be iransmitted by the surface.

i .. 1..

i-l^.,.1
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CI-IAPTER V

ANALYSIS AND COMPUTATION .

5.1 Scope of Analysìs

In order to fulfill the objectives estabjished in Chapter I, the

anaìysis of heat blance was restricted to the following cases on1y.

Three shapes of greenhouses were considered in the anaìysìs:

i) Circular

i'i) Gabl e

iii) Gothjc Arch

These shanes were chosen because they are comnìon in commercjal use. The

rnethods of the anaì.ysis could eas'i'ly be extended to other shapes.

Two dif ferent sizes of greenhouses r^/ere considered:

i) 15.0 m x .l0.0 
m

ii) 200.0 m x l?..0 n

The sizes are referred to as small and 1arge, respectiveìy,'in the text.

Heat balance calculatjons were carried out for compìetely transparent

greenhouses, and greenhouses with their north side jnsulated. Three

levels of insulation were considered in the north side.

Two weather conditions, winter (December 2l) and summer (June 2.l.),

were consìdered to allow evaluation of the model under ,extremæof weather

and at minjmum and maximum solar radjation. -l-he requirecl weather data

used for the two conditions were for the.year 1974 and urere acquired

fromtheAtmosphericEnvjronmentServjce,l^lìnn.i¡reg(27).Thesedata

were, by no nreans, exceptìonal based on a record of the past 30.years

and , therefore, 'vret'u representat j ve of the weather cond j Li ons under

cons i derati on.

38.
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' The g"."nhorses uJere considered to be orìented either east-west

or north-south. Further, eìther clear sky or completeìy cvercast sky

conditions were adsurned. The greenhouses were assumed to be located

at l^iinnìpeo, l4anitoba.

5.2 Descriptìon of Greenhouses for Analysis

( i ) Ci rcul ar Greenhouse

The basic shape of a circular greenhouse is i'llustrated jn

Fig. 5.2 An encl section of th'is greenhouse is a semjc'ircle with a

diameter equal to the wl'dth of the ctreenhouse. The surface areas rel ated i:;,r:,,:.,i.,:t'
to this shape of çlreenhouse are given in Table 5..I.

TABLE 5. I

Area of the Surfaces in Circular Greenhouse

)
Area, m

Surface

Smal l 'Larqe

Ground surface

One end wal I area

One side wall area

I 50.00

39.27

117 .7 5

240t).00

56. 55

I 884.00

(i'i) Gable Greenhouse

The hasìc shape of a gab'le greenhouse is j.llustrated'in

Fiç1. 5.'l. The roof slope vras arbitrarily chosen as 30 degrees. Surface

areas were calculated based on ground bed dimensions and assumed hejqht

of vertical sect'ion of the side wall. Table 5.2 gives the calculated

were used in the heat balance analysis.
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Fig. 5 . I Goble Greenhouse

Fig. 5 . 2 Circulor Greenhouse

Fig.5.3 Gothic Arch Greenhouse
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TABLE 5.2

Area of the Surfaces in Gable Greenhouse

)
Area, nl

Surface
Small* Lârgs*'*

Ground surface 150.00 2400.00
_..:..'

$ne end r^lal I area 28.50 4l .50 ..ì.::,;,.r,
'''i--:; : -:
'.:j

One side wal'ì area: a) 30" inclined surface 86.55 1386.00
ii.'"i'¡'1"

b ) vert'ical surface 2l .00 340.00 r'1:r':::::'|':'1'

:he'ight of the vertical section of the side r^rall was assunled as
. 'ì .4 m.

**height of the vertical section of the sjde wall was assumed as
1.7 m.

(i Íi ) Goth'ic Arch Greenhouse

The basic shape of a gothic arch greenhouse is illustrated

in Fig,5.3 This js not a classic gothic arch shape. In this case,

the arch was assumed to consjst of a lower curved portion and an upper

flat portion. The flat portion was assumed to be incjined at 30

degrees wi th the hori zonta'l and to beqj n a+. the poi nt vihere a tangent to

the lower curved pòrt'ion was inclÍned at 30 degrees wjth the horizontal.

The curved portiòn was approximated bv an arc of a cjrcle with a r"adius

equa'l to ,
b/z

r = -.-...-
cos(20)

(s.t )

The tangent at the bottom of the arc made a 70 degree angle

with the horÍzontal. Table 5.3 ç¡i:ves the necessary parameters for the

gothic arch greenhouse.

...t. .. .r:

l'":'. r'-

'- i:.. .1

-:-:'.: a:'::

l¡:.-¡:,.j rr'
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TABLT 5.3

Area of the Surfaces in Gothic Arch Greenhouse

"2Area, m

Surface

Srnal I Large

Ground surface

One end wal I area

One side wall area:

I 50 .00

27 .21

55.72

43.30

24C0.00

39. l8

892.00

692. 00

(a) curved portìon

(b) flat portion

5.3 Greenhouse Constructìon and

The qreenhouse construction

Assumptions for Anal.ysìs

was assunrecl to meet the followìng

constraints:

i) foundatjon walls are of normal concrete and are

uni nsul ated,

ií) structural members of5 cm x l0 cm size spaced at

60 crn constitute the supporting structure of the

greenhouse )

iiì) transparent covering is composed of a layer of filon on the

'weather side and a layer of ultiaviolet resìstant polyethylene

on the inner side of the greenhouse. Still air was held at

atmospheric pressure in betr^leen the plastic'layers

ìv) for opaque north walls,1.0 cm (3/8") plywood sheets

were used on both ìnside and out-s'ide. surfaces, and

v) all 'insulation was fibprqlass. 'lhree levels of

insulation are assumed jn the anaì.ysis; R = 0.70,

R--l.4l ,andR=21l (r2 K)iw. ¿
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The follow'ing assumpt'ions vrere made 'in the anaìys-is:

i ) the i ns i cle s urf ace heat trans f er coeff i ci ent 'is for zero

air velocìty,

ii ) the outside surface heat trans:lÎer coefficient is for an air
velocity of l2 kmph in sumnlers and 24 knrplr iñ wjnters,

.. rt ' '
'r n ) ins'ide tenrperature of the greenhouse is 2l c throuqhout the year.

'ív) thermal resistance of air spaces of z.s cm or greater in

thjckness is constant at 0..l58 (m2 K)/rv for all sjtuations, i:,J=l
t.:.-...

ano

v) solar absorptivity of a sinqle skin pìyrvood surface js 0.9.

,5.4 computation of the Indiv'idual Heat Balance conrponents

5.4..l Solar Heat Gain

A computer program was written in IJATFIV,using the equat'ions .in

Section.3.5 to compute incident solar radjation on a flat surface, A polv-

nomial equation of solar transmittance versus inciclence anglelfor the

assumed greenhouse covering (FÍ'lon and u'!traviolet resistant polyethylene)

as determinecl experimentally, was includecr ìn the cornputer pr0gram. Solar

heat gain through a transparent surface r{as calculated as:

(5.2)

The transmitted component for an insulated surfa'ce becornes zero and,

therefore, soìar heat gain for this surface is:

9u = I'û)u'Ni A

To be used for curved surfaces, the above mentìoned computer proqram was

modified. A curved surface was assumed to consist of a number of equaì .

arcs. The slope of the tangent to each arc at jts mìdpoìnt was used to

designate the inclination angle. Thus, the curved surface was approxì-

qu=IT+IA Ni A

:::tlì:
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mated by a series of flat srmfaces each jnclinecl at the jnclination angle

of the corresDond'ing arc tanclent. If the eguation of a curve .is,

Y = F(X) (5.4)

then the slcloe of the.tanqent at a snecified point (xy) on this crrrve is
found as:

Í-i-lr=*o = tan (e)

The curves used jn this invest'ioation were seqments nf a circle, there-
for, the equatjon of the curve:

x2*y2=12
and

/c r\ ::.
\ J. J,t .:.::

:.i::_l

o = tan-' t-VI 2v2\-^,

(5.7) 
I

I

.i

(5. B) i

ì

These equat'ions \'tere proqrarnmed al onq r,vi th some other necessarv

arqìrments and are given in Append tx 1.2. For the cjrcles r^rjth 10-12 m 
i
:

di ameter, used j n thi s anal vs j s, arcs of l0 to 'lS cleqrees arc angl e \{ere

assumed to be strajqht lines. Thjs assumptìon resultecl in reduced conputer

execution tìme

5.4.2 Thernal Radiat.ion txchanae

Equatìon 3.53 was usecl to cletermine the thermal racliation exchanqe

hetween a qreenhouse and the atmosnhere,

Qt = A, ô FS ütl.es ,rO -.u toO] (3.53)

Shape factors were evaluateC us'inq the information qiven in section 3.6

(see Table 5.4). Thermal transm.ittance of the clreenhouse olastic coverjnct

was approxjnatêd as (ag):



û,q

TABLE 5.4

Shaoe Factors for Greenhouses with North Side Insulated

Shape Factor, FS

N-S 0rientation
Shape of

Greenhou s e

Circular

Gabl e

Gothic arch

Smal I Si ze Large Si ze

0.9'l I
0.940

0.943

0.992

0.994

0.995

E-l'J 0ri entati on

Snrall Size Large Sìze

0. 582 0. 508

0. 560 0. 5q6

0. 557 0.506
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üt = (üt Filon),(ü, u.y. poty. ) (s.s¡

where üt fi.,on = 0.12 and üt U.V. pol.y = 0.708 (51). Therefore,

rl,t 0..l2 x 0.708 = 0.085

. A val ue of 0.95 was adopted for thermal em'iss i vi t.y of the clreenhouse .

emitting surface, the qround becl in thjs analysis (Sa¡.

' The average value for the effective atmospheric emissivjty for a

24 hour period v¡as calculate¿ basecl on average atmospheric dew po'int

temperature. This resuits in:

. e . = 0.836 for June 21 , 1974 under cl ear sky cond jt'ions
ct

e. = 0.746 for December 2l , 1974 under clear sky conditions
d

e- = .l.0 for all dates under overqast condjt'ions
a

The daily value of ,u.O uras calculated by summing the fourth pourer of
hourly absolute temperature values for that day,

,un = 0.1742, lol2 t<4 for June 2ì, 1974

t-4 = 0.1096 * lol2 14 for December 2l , 1974
a

Temperature of the emjttíng surface t, was assum,ed equal to the

temperature ma jnta'ined insicle the greenhouse 'itself , 'i .e. 294.16 K.

5. 4. 3 Heat Trans fer l,Ji th Greenhouse Ground Bed

l-leat transfer wìth greenhouse ground bed consists of heat transfer

through greenhouse foundation walls Qx and vertical heat transfer

wìth greenhouse bed Qy.
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i 14 r, : I :.1 ?;\". ! ; ::. :tan?ì :-"];-iù
l:;: r't ':.i:
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To evaluate heat transfer through greenhouse foundation walls,

.a value of 1.42 w/ (m.K) was adopted for the edqe loss factor as 'in

equation 3.60 ( I 2) . Perimeter P for smal I and I arge greenhouses

were 5C nland 424 n,respectívely. Hourly values of 1.his heat t.ransfer

based on the hourl.y outside temperatures rvere sumned to çtive daiìy

heat transfer values.
.,

The soil resistance to heat transfer was chosen as .l.76 (m'.K)/rv

in order to calculate the vertical heat transfer component (lS¡. Deep

soil temperature an was taken at l0 Cyear round based on the measure-

ments by Shar,r (40) under l^Jinnipeg conclitions. Ground bed aneas were

set at ,
(

tl
A^ = (15 - 2) (10 - 2) = 104 m¿ for small greenhouses 

i

isl
A^ = (?-00 - 2)- (12 - 2) = l9B0 mZ for large greenhouses. 

,g
l

:

5.4.4HeatTransferfromGreenhouseCoverjngSurface
I

Therrnal resistance values for different wall construct'ions i

i

encountered in this invest'igatìon were calculated as shorvn ìn AppendÍx

3, and are l'isted in Table 5.5. The following values v/ere assumed for '',,r:.;;.;'¡',;¡

' the quanti ties usecr in the above mentjoned equations (6) . 
::'::l

:.-: , .-.''- .-' :: ...,:;:

',::r.'..::: ; tt :..1 .:.

k = 0.12 w/(tn . K)

t= 6.31 wl(m' . K)

ho (w'inter) = 34.07 wl(n?'K)

ho (summer) = 22.11 wl (n? ' K)

hi = 9.Og w/(m2 . K)
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R"ply

D

lns

= o.oe (m2 . K)/w

= 0. zZ (nz . K)/ (w . cm)

Thernlal 'resistance of pìastic filnls was neglected in calculatjng the 
,.,...,;,,

overalI thermal resjstance of, the greenhouse walI section. The three 
.'.'::r¡:

levels of fjberqiuss insulation assumed in'ìnsulating the north side
tof a greenhouse were 0.70, I.41 and 2.1I (m' . K)/vt. For the convenience 

.,,
'in reportÍnQ, the insulated wal I sect'ions have been referre<! to in the text '1: ,'ì"

i 
tt

by the amount of f iberqlass insulat'ion they have. An insulated wål I 
i,,.::r,:.j:;

section havíng 0.70 (n2 ' K)/w of fìberg'rass insulatìon, for example, l::ilrrf 
-':

has been referred as R = 0.70 section
t 

--a-,Thermal resistance of an a'ir space depends ma'in'ly upon: 
i

i ) thickness of the air space,

..\ ..-"" .--:" 
"'-'-: . ;

ii)positionoftheairspace(horizontalorsloping),
.. r\'lll/ dtrection of heat fìow, i

I:.
iv) mean temperature of the air space, 

i

v) temperature qradient across the ajr space, and 
ì

vi ) thermal emissiviity of the enclosÌng surfaces.
'. .at.:,t.

of
;.1:.: t::.

' l:1..: : :: :l:ajr spaces are gi.ven by ASHRAE Handbook and shìrtl iffe (6, 4l ). The :',.'',.'

tab'les listed jn the ASHRAE Handbook (6) are onìy appìjcable for the

specìfic cases described. Thjs information js not suffjcjent to deal

wíth the entire range of cases encountered 'in this analysis. Extra- .,..,,::i,.,'- 
.: 

:. ..:... r. -

polatìon or internolatjon of the available values would involve a

considerable amount of computation without much ìmprovement ìn accuracy

rted

that,the ther"mal resistance of a'ir spaces, both reflective and non- ..:ur_ 
i..ì...i-i.
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reflective, becomes practica'lly independent of thjckness for a'ir spaces ,'.,

thicker than 2.5 cm (at¡. Therefore, considering the magnìtude of the

thermal emjssivity of the enclosíng surfaces, the range of temperature

differe¡ce, and the mean temperature of a'ir spaces, a fixed value of
.) 2

0.16 (m' K)/w (ca 6.31 w/n' K) was assumed for all cases of aìr ,'''''.
spaces thicker than 2.5 cm 

I ;:'i:"''.
:¡ i i'i: :':j

I

Heat transfer from greenhouse coverìng surfaces can then be

computed by summíng the heat transfer values for cljfferent wall sections 
,:,..,.

of the covering surface calculated r^rjth the he'lp of Equation (:.Og). t'.,;.,,,,,,,

0 = A (t. - t )/R'c s'] 0., s
(s. 63)

TABLI 5.5

Summary of Resjstance to Heat Transfer

from Greenhouse Coveri nq . Surfaces

Heat Transfer Resjstance , (^2.K)/w
Cl 'ímati c Type of

Condì tìon l,Jal I -section
fra nspa ren t

Insul ated

R=0.70 R=l .41 R=2. I I

tlinter End wall

Side wal I :

Círcular
Gabl e

Summer End ural I

Sicle wall:

Circular
Gabl e

Gothic arch 0.31 l.l9 l.B4 2.43

0.32 1.20 l.86 ?.45

0. 33 1 .20 ] .85 2.44

0.33 i.lg l.B5' ?.45

. Gothic arch 0.33 .l.20 1.86 2.45

r
fr
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5.5 Economic Considerations

The folìowing approx'imate analysjs. has been performed to determjne

the economjcs of insulatinE the north side of a greenhouse urith respect

to its enerqy sav'ing capacity. The perìod fronl 0ctober to Aprìl in any

year was assumecl to be the heating period and from May to September the

ventilatjon period. A small sjze gothjc arch ç¡reenhouse with the north

side insulated (R = 0.70) was arbitrari'ly chosen for the anaìysìs.

The insulated area for the chosen greenhouse ìs 99.0 ln2.

0n December 2'l , 1974:

Heating requirenrent for the insulated greenhouse = 398.47 kwh

.Heat'ing requ-i rement for the transparent greenhouse = I 87. 82 krvh

Therefore, the heat saving due to insulated north side = 2f0.65 kr"¡h

Heat saving for unit insulated area ='210.65/99.0

= Z.lZ kvh/n2

If only 50 percent of this heat saving was achieved throughout the

heating period, then,

Heat saving in one year = (2.12 x 212)¡2 = 225.5 kvh/nz ,,:i,,'li
'.' : :.: 1,.

Similiarl.y, ventilation saving on June 2'l , 1974 = 953.24 - 791 .62 = l6l .62 kwh ij:.,.l',,..,:

ventilatìon sav'ing for a unit insulated area = 161 .62/gg.0 = l.6l kwh/m2 
;:¡";':;''::;'

If onl.y 50 percent of this vent'ilat'ion, savìng was achieved

throughout the ventilation period. Then,

yearly vent'ilatìon sav'ing = (1.6,l x 153)/2

= 124.9 l<wh/m2

If the costs of heatjng and ventilation are assumed equal at l.5dlkwh,
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then yearly saving in heating and ventilation due to insulating the

north side is,

{(225.5 + I 24.g) x t.5}/ì00 = $5. zS/nZ

Additional cost of insulating 1.0 m2 of north side may be

distributed over the l0 years of its assumed life span. considering

fall 1975 prices of the building materials, it is found that almost

no additional cost is involved in.insulatinq the greenhouse surface insteacl

of making it transparent. Thus, the $5.25/m2 of energ.y saving itself
becomes the net saving due to an insu'lated north side.

Ii:

l::



CHAPTER Vi

RESULTS AND DISCUSSION

6.,1 Daì'ly Heat Balance for Goth'ic Arch, Gable, and circular
Shapes of Greenhouses

Da'ily heat bal ances for the three shapes are sunlmari zed i n

Table 6. jl . It is obvious that the three shapes differ wìth respect to

their heat transfer properties. The gothic arch shape requires the

least heat of the three shapes in all cases except v¡hen,the small.

greenhouse is orjented nor"th-south. In this case, the qothjc ar.ch

shape requires the maximum heating of the three shapes. Relatjve
(

heating requjrements of the other trvo shapes are not consjstent rvith

a change in size or or.ientation. These variations are probably

caused by a! 'intera'ct jon of the fol ìowinç¡ factors:

i) solar heat gain of a gneenhouse, and

ii) amount of heat transfer from the covering surface of a

greenhousê.

As the size of greenhouse ìncreases, a gothic arch greenhouse

oriented north-south becomes more efficient in adnljtt'ing solar energy

ìn comparison to the other two shapes in the same or.ientation. It is

observed that a 'large size gothic ar"ch greenhouse requ'ires l5 to 25 per-

cent I ess heatinçf compared to gab'le and ci rcul ar shapes. Dur j nq sunrmeìl
i,.:_:.: :.:: -.1-,

conditions, a saving of three to ten percent in vent'ila.tion reqLrìrement js 
it;:1',.¡".*¡

evident for the gothic arch shape compared to the oiher two shapes.

' Therefore, a properly sized gothìc arch greenhouse can be expected to

, 
give be'bter energy economy than a gable or a cjrcular.çtreenhouse r^rould

give. Moreover, surface area neecled to cover a gìven grouncl bed area is

Fr>JL.
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minjmum for a gothic arch greenhouse (proportjon of surface area for
gothic arch, gabìe, and circular greenhouse are l:1.09:1.19), thereby

reducinq the material cos.t to construct a gothjc arch greenhouse.

TABLT 6..l ,,, 
', ,,.,,.

Daììy Heat Balance for Transparent Greenhouses r

üncler Clear Sky Condit'ion

Daily lleat ßalance, kwh

Size Shape December 21, 1974 June 2l , 1gl4

east-west north-south east-west north-south

small Gothic Arch 398.47 585.44 -gs3.z4 -1,06].06

Gable 463.33 548.59 -1,023.93 -t,097.4b

Circular 47g.10 583.55 -l ,064.07 -1 ,lgq.72

Large Gothic Arch 3,24g.30. 6,'l30.14 . -13,382.03 -16,561.01

Gable 4,21?.30 6,911.91 -l 4,431 .72 -17,144.g8

Circular 3,881 .35 7,375.86 -14,151 .62 .-18,340.88

6.2 Computation of Heat Transfer Resistances

In evaluatinq the rate of heat transfer from the curved surface

of gothic arch and circular greenhouses, computatìon of thermal resìs-

tance for those sections was more involved than for flat sectìons. Con-

sidering lhe accuracy of other assumptions in this anal.ysìs, it was

considered useful' to cletermine the difference jn accuracy that would

result ìf.the formulae for flat sections were usecl in evaluatìng the

thernral resístance of curved sections. Besicles, lvould therê be a
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significant difference if the structural frame work r^ras excl ucled from

the calculation of thermal resìstance? It was noted previous'ìy that the

structural frame work jn the conventional plastic coverecl ç¡reenhouses

constituLes about seven percent of the total qreenhouse coverjnrl srlrface

area. Table 6.2 contains the results of thermal resistance calculations

for flat and curved surfaces of a gothic arch greenhouse with and without

the structura'ì franle work considered.

Comparing the values of heat transfer resistance for end surface

(flat) and side sur:face (flat and curved) jn Table 6.2, it can be

observed that both the surfaces have comparabìe resistance values,.

Deviation of no more than 0.5 percent is apþarent. Probably vrith a

sufficientìy large radius of curvature, a curved'surface behaves like

a flat surface. This suggests that the heat transfer resistances for

curved surfaces could be computed without any signifìcant error even by

ignoring the effect of curvature.

The percentage error column Ín Table 6.2 indicates the effect of

neglecting the structural frame work in the calculation of thermal res'is-

tance. A minimum of l.l percent error is observed in tlììs comparison,

but the maqnitude of the error is a direct funct'ion of the d'ifference ìn

the thermal resistance of the structural fname conrponents and the 'insu'lating

medjum.Therefore,itappearsthatifthethermalres.istanceofthe
:

structural frame ìs comparabl,e to the thermal resjstance of the'insulatìng

medi um between the f rames , the s tructural frame u¡ork coul d 
'hre 

excl uded

from the ana'lysis w'ithout much error. If there'is a large d'ifference

between these resistance values, the structural frarne urork should be

i ncl uded .

i

1

;l
::i
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Heat Transfer

sections of Gothic

TABLE 6.2

Resistances (R)

Arch Greenhouse

for various

Cover j ng Surface

l'1eat Transfer Resi stances
(ni' ' K)/w percentí**Cl imatic

Concli tions

l,lal I -section

Descrjptìon
Approx'irnate Exact** Error

l,Ji nter

Summer

End wal I :

trans paren!

Insul ated,
R = 0.70
R = l.4l
R = 2.ll

Side vrall:
tra ns pare n t
Insulated,
R = 0.70
R - l.4l
R 

=.2.1:l

End wal I :

transparent

Insulated,
R = 0.70
R - l.4l
R = 2.ll'
Side wal I :

tra ns ¡:arent

Insul ated,

R = 0.70
R = l.4l
R - 2.'il

0. 30

1 .17
l.B7
2.57

0. 30

I .17,
I .87
2.58

0.31

I .19
l.85
2 .44

0. 3l

l.t9
l.B4
2.43

+3.2

+1 .7
-t _ I
_Ã ?

+3.?

+.1 .7
.l .6
-6.?

0. 3l

l.lB
I .89
2.59

0.31

l.lg
l.B9
t Ê,o

0.32

1.20
l.86
2.45

0. 3s

1.20
l 86
2.45

+3. I

+1 .7'-l .6
-q7

+6 .1

+1 .7
-l .6
-5.7

*val ues
**val ues

a
J

**spercent

cal'culateri by neglecting t
calculated with the heìp of the equatÍons given ìn Appendix

error = 100 (exact-approximate)/exact
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6.3 Contributíon of Solar Enerqy from the North-facìng Surface in

Gree nhou s es

It can be seen, from Table 6.3, that at 49.25 deqree latitute
(l^JínnÌpeg) th"e transparent north sjde in an east-urest oriented greenhouse contri- i.

butes ver.y ìjttle to the greenhouse solar heat clajn durjng wìnters

(aìmost three nercent ìn December). However., the contribution from such a

surface increases to as much as 40 percent during sumtners. The contribution

in a north-south orìented greenhouse remains belor^l three percent

throughout the year. During winter, the transparent north side con-

tributes little to the total solar heat qìven of a greenhouse b.ut,

dependìnq upon the fraction of the total surface area const'ituted by

the surface, heat lost from it may amount to almost half of the total

heat lost from the greenhouse. Also, during summer, the large contrí

bution of solar heat through the north side nray be regarded as unde-

s'irable because it adds to the ventilatÍon requirement of the greenhouse.

Based on these corrditions, an opaque north side in a çJreenhouse could

result in a reduction in the energy intens'iveness of the structure

6.4 Hour'ly lleat Balance for Greenhouses llithTransparent and Insulated

North Si des.,

Gothic arch qreenhouses were found to give nrax'imum energy savìngs

of al'l greenhouse shapes anal.ysed in section 6.1, therefore, hourly

heat balances urere computed for only gothic arch greenhouses. F'ig: 6..l

shows daily profiìes of houriy heat balance for both transparent and

north side insulated greenhouse of large size. These profiles urere

plotted for Decenlber 2l , 1gV4 under assumed clear and compìetely ovrìr-

cast sky condjtions and east-west orjentation. One of the observations

from'these profiles is that a reouctjon of about 170 kl^rh in the required

i

j

,i:

'l..1
il
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TABLE 6.3

Contribut'ion of Solar Energy lrom the Transparent

North-facing Surface in Greenhouses

S'i ze Sha pe

Percent

December 2l June 2l

East-l,Jest North-South tast-West North-Soúth

Smal l

Large

2,8

2.7

,) È.

1.0

0.7

0.9

3l .3

33.7

30. 3

36.7

39. 3

37.4

2.0

2.0

2.6

0.2

0.2

0.2

Gothic Arch

Gabl e

Circular

Go'th i c Arch

Gabl e

CircuJ ar

3.1

3.0

2.8

0.1

0.1

0.1

Percen t = .l00 (solar
heat gain

heat qain through the north facìnq surface/soiar
for the whole creenhouse).



capacÍty of the heating system for a.greenhouse can be achieved by

insuìating its north side. An increase of t50 kwh in the ventilation

requirement due to insulating the north side is also evident from the

profiìe for clear sky conditions. ThÍs apparent increased ventilation

requirement is mostly taken care of by heat storage capacity of the

greenhouse ground bed. The advantage of insu'lating the north side of

a greenhouse can be well realized by observing the profiles under

overcas t sky condi ti ons,.

Daily profiles in Fig.6.2 represent all the cases of Fig.6.l
under summer condítions (June 21, 1974). The peak venti'lation require-

ment was reduced by about 250 kwh in greenhouses with their north side

insulated under both clear and overcast sky conditions. This reductÍon

is. achieved because the solar heat gain through the north side is

pra'cticall.y.eliminated. Therefore, the capacity of the venti'lation . .,

systemi,in ä greenhouse can be reduced by insulatíng its north facing'

surfa ce.

Hourly heat balances during hight hours are equal for both east-

west and north-south orientations'of transparent greenhouses, Fig. 6.3,

but the di'lfference between the heat balances becomes pronounced during

sunshine hours especiaìly under clear sky conditions. During winter,

the increased admission of solar energy by an east-west oriented green-

house is a desirab:le property in the sense that more sunlight is assured

to the plants. The apparent increase in ventilation requirement of an ' 
¡r;tl;:*,

east-west oriented greenhouse is taken care òf, u, explained earlier,

by heat storagecapacit.yof the greenhouse ground bed. The difference

. of orientation becomes distinct under overcast sky conditions where an

east-west oriented greenhouse requires much less heating as compared to i,t¡,,-:,,",
' 

'i-,':'i:r:ì-:

i.
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a north-south oriented one. The importance of an east-west oriented

greenhouse'in relatÍon to ìts capacìty to admit solar energ.y can stjll
better be realised under much lower temperatures wh'ich occur durìng the

later part of liinter. 0rientation of a greenhouse in relation to jts heat

balance is further discussed in the next section.

6.5 Daily lleat Balance for tast-west and North-south Orientations of

Greenhouse

0r'ientation. of a greenhouse affects its heat balance, primariìy1

by way of altering the structure's abil'ity to admit solar energy. Th'e

difference in the solar energy aclmìtting qua'litjes of north-south and

.east-west oriented greenhouses is clear from Table 6.4. At 49.25 degrees

north latitude (tnlinnÍpeo) in winter a north-south orjented greenhcjuse

admits less solar enerqy than an east-west oriented greenhouse does

by a mínimum of 20 percent (small gabìe). In summers, a north-south

oriented greenhouse admi'ts more solar energy than an east-west oriented

greenhouse by at least seven oercent (snal'l gabìe).

Dar'ìy heat balances are summarized in Tabres 6.5 and 6.6 for
various cases jn order to compare east-west ancl north-south orjentations.

Two observatíons can be made regard j nq the dai'l.y heat bal ance f i gures

in Tables 6.5.and 6.6.

i) An east:west orierited greenhouse requr'res less heating during

winter and less ventjlation during summer tharr a north-south orjented

greenhouse does. This difference could be specificall.y v'isualized with

the help of daìì.y profiles of hourly heat balance simi'lar to those'in

Figure 6.3,

iì) t,,lhile the effects of insulat'inq the north s'ide of a greenhouse.

.l
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TABLE 6.4

Dai'ly Solar Heat Gain for Transparent

Greenhouses under Clear Sky Condjtìon

Dail.y Solar lJeat Gain, kr¡ih

December 2l June 2l

East-t¡lest North-South East-!,Jest North-South

Si ze Shape

'I

,t: i Smal I

Larqe

Gothic Arch

Gabl e

Círcular

Gothic Arch

Gäbl e

L'lrcu lar

-402. 3l

-395.05

-482.05

-5,815.27

-5,693.25

-6,817.89

-21 5.30

-309.78

=377 .60

-2.934 .44

-2,993 .62

-3,323.39

,036 .63

,lll.02

, I 59.47

-l 4, I 5l .55

-1 5,256 . 91

-l 5,033.41

-l

-l

-l

-l

-l

-l

,144 .45

,184.54

,289.12

-1 7,330. 53

-17 ,970.07 
'

-19 ,222.67

t.-
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TABLE 6.5

Daíly Heat Balance fo.r Greenhouses on

December 21 , 1974 under Clear Sky CondÍt'ion

Si ze Shape

Daì'ly lieat Balance,. kwh

Transparent North s'ide i nsul ated (R=2. I I )

, East-West North-South East-West North-South ,..,:,,
. i..:....i

Smal i
Gothic Arch 398.47 585.49 152.93

Gabl e 463.33 548.59 195.19

Circular 479.10 583.55 l9l.l5

519.92
:

480. 54
.

489.78' i

l

Large
Gothjc Arch 3,249.31 6,130.14 -372.33 6,036.22 

i

Gabl. , 4,212.27 6,911.9.1 204.04 ' 6,785.30 
i
:

Circular 3,BBl .35 7,375.86 -441 .64 1,240.30

r¡: :::.i:-:::
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TABLE 6.6

Daily Heat Balance for Greenhouses on

June 2l , 1g74 under Clear Sky Cond'it'ion

Dal'ly l-leat Bal ance, kwh

Trans pa ren t North sjde 'insulated (R=2..l1)
Si ze Shape

East-tJest North-South ta s t-tJes t t\lorth -So uth

Smal I

Large

Gothic Arch

Gal':l e

Circular

Gothic Arch

Gab I e'

Cìrcular

-13,382.03

-14,431 .72

-14,1 51.62

-.l6,561.01

-17 ,144. BB

-l B,340.88

953.24

I ,023.93

I,064.07

-l ,061 .06

-l,097.45

-l ,194.72

-793.57

-832.03

-891.02

-10 ,7 42 .l6

-11 ,?72.4?

-l I ,302.04

-l,053.90

-l ,083.7.l

-l ,l 4l .38

-l 6.550. B0

-17 ,134.05

-18,326.14

':,1- ì.:::::
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in reduc'ing the structure's heating and ventjlation requirements are

prominent in east-west orjentatjon, the effects are relative]y small

in north-south orientation,

The I atter ohservati on can l¡e attri butecl to the cti f ference i n

greenhouse surface a'reas beinq ìnsulated jn the tvro orjentations. The

advantages of an east-west oriented greenhouse jncrease over a north-

south ofliented one with an 'increase in the size of qreenhouses. It r^ras

not possible to project quantitative differences jn heat'ing and ventila-

tìon requirements caused by nrìentation from dai1..v heat baJance

figures because both heatíng and ventilation were required on the days

under consideration. Heating and Ventilatjon cannot be separated from

'the dai'ly heat balance without addit'ional anal.ysis.

A riegative daily heat balance for. large sìze qothjc arch and cjr.rlur^

gre,enhousesduring w'inter (Table 6.5), ìndìcating ventilation, mav

be misìeading. These cases can be explainect with the help of daily

prof iles of hour'ly heat balance. A negat'ive number durinq wjnter

express the excessjve solar heat gain of the structure during the day

which, jf it could be stored, could be used dLming night hours to heat

the structure. In practìce, this excess solar heat ga'in ìs removed by

venti I ation.

6.6 Daì'ly Heat Balance for Greenhouses lvith Different Levels of

Insulation in thejr North fac'incl Surface

Three levels of fibre gìass insulat'ion v,/ere assumed to observe

the effect of increasing the thermal resjstance of the north sjde'in

a greenhouse on the structure's heat balance. The three levels of
cinsulation were R = 0.70, 1.41, and 2.ll (m' K)/w. The results are

compared ín Table 6.7:
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The effect of increasìng 'insulation level ìn the north-side of

a greenhouse appears to be an asymptotíc decrease in the heatinQ requ.ìre-

ment of the greenhouse during wjnter. Looking at the December 2'ì da'iìy

heat balahces for an east-west orjented small.goth'ic arch greenhouse,

'it can be seen that f irst appl ication of jnsuìatïon (R = 0.70) reducecl

the heating requirenlent by aìmost 50 nercent. Adclitionaì app'lications

reduced the heating requirement by l5 and six percent, respectively. In

sumnler, the effect of insulatinb the north sjde of a greenhouse js to 
.

reduce 'its total daÍ1y ventilation requirement. As the level of insula-

tion'is jncreased, the ventjiation requirement also increases. Thjs

increase ín ventil ation requ'irement due to increased insul atjon al so

appears to be asymptotìc. For the same east-west oriented small gothìc

arch greenhouse, on June 2l, 1g74, increase Ín ventilation, whien ìnsula-

tion is increased from R = 0.70 to R = l.4l is 0.'15 percent but îor an

increase in'insulation from, R = l.4l to R = 2.ll the consequential

increase in ventjlation is only 0.1'l percent. The observed asymptotic

nature of the effects due to increased leveìs of insulatjon are predicted

bythediscussiononeconomicthicknessof.insulationjntheASHRAt

Handbook (6).

It would appear from the above discussjon that there ex'ists an

optímum level of insulation, cons'iderinq the cost of insulation, which

shoul d be prov'ided in the north-side of a greenhouse to achieve optr'mum

reductions in heat'ing and ventilation requirements. No attempt was

made to predict this optìmum insulation level.

':..:_:r.

Daily Heat Balance for Greenhouses

Condi tìons

Effects of the insulated north side

in Winter and Summer6.7

in a greenhouse on its daì1y



"i:1

heat balance can be observed by consjdering Tables 6.5 and 6.6. In

w'inter condjtions (Table 6.5), the tendency of the insulated north side

'in a greenhouse ís to reduce heat'ing requìrement of the structure over

a transparent ç¡neenhouse. Reductions 'in the heating requirement are. about

50 percent anrl five percent for east-west oriented and north-south oriented

greenhouses, respective'ly. Ventilation requirements are reduced, during

summers, by the insulated north side in a greenhouse. The reductjons
.'.-: '.: '.'. '-:

are l5 to 30 percent for east-west oriented qreenhouses and only about one i,,,",;;'..;,,',';':: _,:..'

oercçnt in the case of north-south orjented ones.

Clearly, both the above mentioned effects durjng wìnters and

summers are desirable. Therefore, it can be projected that b.y insuìating
(

the norLh s j de 'in a greenhouse, enerq.y 'requi rements of the structure

throughout a year can be recluced.

6.8 Economic Feasìbil jty of Insulatìng the North-facing Surface 'in

Greenho us es

Consiclering the fa1'l '1975 prìces of bLrildjng materìaìs, no apprecì-

able additional.cost was found to be requ'ired jn jnsulatinq the green

house covering surface instead of mak'ing ìt transparent (sectjon 5.5)

Therefore, the amount of energy . saved by vírtue of insulatìng the north

side in a greenhouse will be the net saving. Based on the approximate

ana'lysis carried out jn Section 5.5, a yearìy saving of $5.25. per square

metre of the 'insulated north side was obtained.
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CHAPTTR VII

CONCLU S I ONS

The follor.ring conclusionscan be drav.in for p'lastjc covered qreen-

houses under Man'itoba cl imatic conditions:

tj] eas.t-west orjentation of a ç;reenhouse'is advantageous

over north-south orìentat'ion,

tíí] a qothic arch shaped greenhouse js nrore effi.cient in

majnta'inr'ng desirable inside thermal envìronnrent as'

compared to a ci rcul ar or a gab'l e shapecl gr:eenhouse,

[íii] I ittle solar radiation is incident on the north sjde

of a greenhouse at southern Manitoba latitucles during

wi nter,

[jv]asignifjcantreductjonin.heatìngrequirementofa
gneenhouse is obtained Curing w'inter by jnsulating

'its north s'ide. The ventjlatjon requìrement is al so

reduced considerably during summer,

Iv] insula.t'ing the north s'ide in a greenhouse oriented

north-south results in I ittle effect on the heating

and venti I ation r"equÍ rements

Ivi] there exis,ts an economìc level of insulatjon that

should be provided in insulating the north sicle of a

qreenhouse to obta'in optimum benefits, and

Ivi i ] i nsul atì ng the north si de .i n an east-west oriented

greenhouse appears to be econom'icaì1y feasible for the

conditions analysed

rJ
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CHAPTER VIII

RECOMMENDATIONS FOR FURTHER STUDY
/

ti] The resultant il'luminatíon levels in a north side
'insulated greenhouse with a reflective coating on its inner side

should be compared with the illumination levels in a compìetely

transparent greenhouse;

Iii] Additional studíes should be undertaken to detenmine

the most.suitable greenhouse orientation on the basis of ìocal climatic

condi tions .

[iii] The proposition of insulatÍng the north side of a green-

house reported in this investigation shouid be experimental'ly verified.

[iv1 Use of carbon dioxide in place of air between the two

transparent covering layers to modify thermal environment in a green-

house should be investigated.

71.
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t.t To Compute Sol.ar Radiation for F'lat Surfaces
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92 IF 1IT4.1T.0.0) Ir4=0.0 SR 0861
93 ÀBT=TRÀ(THl*(l.-TRÀfTHll/(1.+rRÀtlHt) sn 0871

lI=TR
flR = TR*ÞT/12.0

. B0=ARSII¡(SrN(ILì *sIl¡lDÀl -eos(rLì *cos(DÀl*c0s(HBll
. ÀO=ÀRsIN ( (cos (nAl *sÏtf (-HBì I /cos (Bo) I

C HB,BO ÀìID ÀO ÀFE VÀLUES OP HÀ,8 ÀND À À1 SUNRISE
. ilL=10* ITB+0.11 : ¡til=10*(24.0-TR)

BEÀD, I{K

tt6
tt7
48
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52
53
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-'---s-Ílo.l---oso.|<-nr,Dv¡r -.....-ô?-=-..9lt fT7= 11.-KC) *IDNi*ÀFT+Kc+fDtf2*ÀBT
95 iD1=ïDN1,/R: TD2='DN',/R sR 0881

e rD ÀT'ospHERtc rpÀNsr{rssror¡ co'p'rcrBNT FoR DrFEcr soLÀR RÀDrÀTro' 
sR 089 I

97 TSDl=0.2710-0.2939*TDl sR 090 1C TSD ÀTI'OSPHERIC TRÀNSUTSSION COEFFICIENT FOR DTFPÛSR SOLAR RÀDTÀTTOH98 rP lTD2. L1.0. 4ì coTol O? sP 091 I99 TSD2=0.33* (1._TD2l sR ogzl
iôi y)1 i3i?133t'..02*ALoGrrn2rl.r r -rD2102 108 rF (TDl. EO¡0.0) GoTo 109 .SR Oé5i t_.,:,r: .10.3 DrFcol = TSD1,/TDl*sÌ¡r (BTl sR 0961 ;.:.::rr;rr.,;..

E DIFCO RÀTTO OF TNSTÀTTÄNEOÛS DTFFUSE SO[ÀR RÀDIÀ?TOH ON HORTZOTTÀL-e. srtBFACE To rHE rNsrANrIrNEorts DrREcr NoRr.lÀl, soLÀR nrnirriòr¡' -104 fp fDfFcOl . LT. 0. Ol DIFcOt = 0.0 sP 0971105 co,ft, 112 sB 0981106 109 DIFCOI = 0.01o7 112 rF trD2.E0,¡0.01 coro ttO sR 0991
10s nr;cô2 = rsD2,/rD2+srN rBr) 3å 13?l i:,:: j:j,..,109 rFlÐTFco2.LT.0.ol DrFeo2 = 0.0 sR ß21 i:r;:iiì,:_:Ì110 coTo 114
111. 110 DrFco2 = 0.0 sE 1c31 ':.:l':'.t¡i.sP 1041112 114 TSDHl=DIFeOl*f DN1 : f SDHZ=DIFCO2*ID¡¡2 SF 1C5l :..r.:.j...ic rs!ìH r{TENSTîY OF DTFFUST SOLÀF RADTATToN oN À HORTZO}|TÀL suRF.tcE ¡,..ì.:,:,:¡,.114 rsDl = (0.43*rlÍ f pFl +0.5?*s¡,tfilliiiiionf sE, to6tC TSD DTFFfJSE SOLIF FADIÀTION ON À SIIPFÀCE115 rsD2 - lr).r¡3*Hll(pHl +0.5?*sr,rfTg)) *rsDH2 5F t6zl1t6 116 = (1.0-Kcl *rsDl + Kc*TsD2 sp 1c8l111 16 lJ) = TT6/10.0r1B it'= rr3 + 116 sR 1091

Itg ÌlJr = rr./10.0 sR 1101 I :

sR 11t l120 f?5 '= f T6*TRÀN 
S 9 1121121 lTB = fT6tÀBTN :; :122 14 lJl - trr4+11,5¡ /1O.OO lF 1131

123 f 5lJ)= (rr7+ïT8f /1o.oo sR 11t¡1

124 ec cor¡?r¡ruE :i ll;l i125 Jr=1 sc 1171 _i126 SUH=0.0 ¡ SUfl 3=0,0; SUHI¡=0.0: SUllS=O.O: SU[6-0.0 SR 1iáit31 DToT=0.00 : DTOTü=0.00 ; DToTS=o.0013t¡ Do ica JK = Nl,ltlrl sR 12X1t 35 suü=sult+l (JKl : sntt3=suH3+I3 f JK) ¡ sur{6=suH6+t5 1¡6' sR 121 1138 Stf ltc=Sr¡tt4+J4 (JKl : SU¡,¡5=SUÞ¡5+I5 (.ti' ;; ;;;;140 rp I tJK./101*10. Fo.JK) GOTO 399 sR 1231 j

'l 41 rp l.rK. EO. N¡{ì GOTO ?9? sR 1241 i1tt2 cOTo 399 SR t 25l :1l'3 39? HTor lJr) =sull : HroT3 lJrt =silT.3 : HTo?q (,rr¡ =9964 ¡ lrror5 (Jr¡ =g¡¡r{5 sR 1261 rJ. :..:7,17 Hlor6 trÐ =sû!r6 ; e t.rr) =A (JKl ; D lJr¡ =À (¡r) éi ;;;; |,.:r.,f,..150 DTor=Dror+HTor lJrl : DTorq=Dlotrr+n191a ijf i : DTor5=DTo15+HTo?5 lJrt sR 1281 ,.....:..,:.153 GO10 399 :i
lsu ' 3e8 HIOT firr) =SU!'t ! rrlor3 tJït =su,{1 ; HroTü (Jr¡ =5s¡¡4 : HToT5 (Jr) =surq :l l33l i.;r,;,.;,,158 : Eror6 l.tr)=surt6: e(JI)=A(.tKì ; D(JI¡=dtJi<l--' sR .t3tl :.:.....:.:...!.161 DTOl=DTor+Hro? (Jrì : nroiq=Dtórrrin191[,ttt ; DTOTS=D?OT5+¡¡101.5 (Jr] sR 1ùi :

164 sUH=0.0 : suH3=0.0 : surc=o.q : suüs=O.o ¡ sug6=0.0 sR t33l169 Jr =Jr + I :: i:19 3eq ðõr¡rrwue 3i l3ll :

iï: #íílá3.''Eo'rrì Jr=rr- ;ì iior
sR 1371173 65 FORÍATf9X,rNO.trlr,rsol.TrüE,,2X,.SoL.ALT.rr 2xrr56t.Àzrlr.rr õä iigl ::,:.;::.::.1I -irrtDrpEerr, 5xr.rDrFF'tsEr, 5x,¡ToîÀLt,6xrirnl¡ls. r,ài,rABsög.,t sp 13;i i,,.1::,.1ir:17u Do 199 iIC = f rJr sR rr¡r 1 ,-'. . .-,-.'.115 I = !¡+JC sR 1411176 pRlNT7s.Je,T,D(JCl ,efJcl rHTOT3 (Je),H1OT6(JC),HTOTIJC!, sR l42t1H1Oî4 (JCì ,tfToTs (JCt sR 1.t31171 75 FoPtrATlr0',qx,ri'2Y,P5.2'4x,rFG.2r41.,F8.2,3frF9.2.3r.,Fg,2t3N,rp9.2, sn lr¡rt1-3X,F9.2,2Í..F8..21 SR trtsl j1"8 lCC eoNTrNUgr?q ;;;iT. Âq- nror-rìTor'- nînrs sR 1q61
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193
1c4
r95

1e6
197
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1C9
200
201
2q2

.203
20tl
205
2O(,

201

I

vea

F0Rr.tATlr0l
1 IÀBSORBEDI

CONTTNUE
CONTINI'8
STOP
FND

,zOx,rDArLYT6Tl85

299
49e

c
c

c
e

,Pl1.31
1481
1491
1s01
151 1

1521
1531

,v11.3 r 4X, t 1¡nnttrrrED | ,F I 1.3 ,4 X, 
3i
SR
SR

".sR
SR

Sf'BPROGAA üS

FUNcrroN lnÀ(TrIl
POLYNOI,fIÀI, RELÀTTNG SOLÀF TRÀNSHTTTANCE OF THE GREEIIHOfJSE PLASTTC
COVERII¡G AND TNCIDENCE ANGLE

PI=3.101593
THI=TH+ 180.,/Pf

TaA= (. 3571 3408-03*THJ*tr3-. l¡3479688-01*THI**2+. 4119053*THI+
1 78.91 238t /1 00.00

TF (1ÍlI. GT. 73 . 5) TRA= 0. 0
FETI'FII
EtID

FNNETION H!! IPHI
POLYNO¡lTAL RELÀTTNG HEI'ITSPHBRTCÀL DIFFI's8 RÀDTÀTION ÀND INCLII¡ÀTI'N-
åI¡çÎ.E OP THE SI,'RFÀC9

PT = 3.141593
PHf = PH*180./Pf

0ftü= . 11't29 398-08*Pgf *+5- .90218248-07*PHf f+4- .150'19't6E-0lt*pHf t*3
1+ . 12901458-02*ÞHI**2- .223[8178-02*PHI+ . 1003143801

RETT'RN
E!¡D

PÍ,}ICTTON SH ITHI
C POLYNOI'TÀL FELATING CIRCTIUSO'O' ¡1¡FTJSE RÀDIÀTIOI¡ ÀND TNCTDENCE ÀI¡CLE

9I = 3.141593
THf = TH* 180. ,/PI
rF (THr.çT.130.01 GoTO 100

0sl't=-.25U66658-07*THJ**t¡+.82812728-05*TItI*+3-.82069388-03*THJ**2
1+ . 15529518-01*rHI+ .9326270800
.RETfIRN

100 SH= 0.00
FETllRN
END

SUBROUTTNE DÀYA IDÀY,HONTH,YEAF,NlOl'DT}
coïpuTEs PnRroD TN DtrYS PROI{ JAN. 1 TC THE DESTRED DÀY(NTOT} AND

PETTOD TN DÀYS PROü JTT!{E 21.'fO THE DESIFED DÀY,/NIIIIBER OF DÀYS IN ÍEAR.
DÀY.I,IONTH ÀND YEÀR ÈRE TO REPRESEI¡T DÀ18 IN NUI{ERÀLS
NDAT N['IIBER OF DÀYS IN À PARTICf'LÀR .UONTH

TNTEGER DÀY, I.IOITTII, YEAF
rNrEcER ND¡tY (1 2l /1\,28 r31, 30, 31, 30, 31, 31, 30, 31.i0, 31 /
NT =.112
IF (YEAR/4T.4.EQ.YEARI GOTO 12
NTOT = DAY
J = llol{qH- I
TP (J.80.01 Goro 15
fio 11 f = IrJ
NTOT = NTOT+NDAY(Iì
IìT= (NTOT-t(Tl /(Kt+1q3.)
RETURN¡
KT = 17-i :
coTo 1lt
ENI)
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. 1.2 To Compute Solar Radiation for Curved Surfaces

TO COIIPfiTR SNLÀR BADTÀTION FOR CURVED SURPACE:.
FOLLOíTNG CÀRDS REPLÀCE THETR COUNTERPÀRTS TNDICÀ,TED 8Y CÀ8D:{U¡IBEPS IN PRCGRA[I
FOR FLÀT SURFÀCES
5 FORUÀr1t1rr38X,rSOLÀR RADIÀ1IO¡t OU À CITRVED SttRFÀCErl

REÀD, AL
ïÀÀz=AL*190.o,/PI
PFrN15Sr r{ÀAZ

55 poRFAT ¡i -r,40xr I ¡rALL Azr!!urtlr ,uN.,yé.zl
I3 (Jl =I3 (J) +IT3,/10.0
r6 (Jl =T6 (Jì +T.Î6/10.0
f fJ) =f (.Il +TT,/10.0
I4 fJì=J4 (J) + (TTtl + f T5),/10.0
I5lJì =T5 (.ll +(rT7+TT8l /10.0

FOI.LOIITNG CÀRDS ÀRE ÀDDFD IN THE PROGRAI,I FOR FLÀT SI¡RFÀEES
BETHEEN CIRD NUI{BERS SR 0691 AND SR O7O1

rl,J)=0.0: f3¡,1¡=9.0: f4(J)=0.0 ¡ r5(J)=0.0; 16(Jl=0.0
FA = 5.0

p119= pl,/(t.0
599 PFrÞH- PHP- Pr,/36.0

LB= RÀ*COS IPHPHì
OT=SORT (RÀ*RÀ-AB*ÀBl
Pq=ATAI¡2 (ÂB,OT)

PEf=PH* 1 80.0 /PL
BEf IJEEN CÀRD ¡¡TII BERS SR 1 151 ÀND SR 1 161

PHP=ÞnP+PI /18.00
rP (PHP. tE. I .04 8) co?O599

.I

sR 1141 i

sR. 1151 I

sR 033 1

sR 0tt91
sR 050 1

sR 051 1
' sR 0521'
sR 082 t
sR 1091
sR 1111

sR 0692
sR 0693
sR 0694
sR 0695
sR 0696
sR 0697 -

sF 0698
sR 0699

sF 1152
sR t153

tl

i::::t :l
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1.3 To eompute Solar Incidónce Angles

e Haril LINE piocnrn
IüPLICIT nEAf, (r,K)
TNÎEGER DAY, Í.'ONTH,YEÀR
Pr= 3.141593
R EÀD, WJ
DO 71 J3=lrttJ
REÀD, DAY, IIO¡TTH, YEÀR,TL

C TL LÀTTTÍIDE OF THE PLÀCE
f LI = II.*180.0nT
PRrNT 15,rLr

15 FORüAT ¡r gr,40fr,L¡trtunEr ,5N..F5.21
CÀLT DAYÀ IDÀY, üOrtTH,YEAR, !¡TO1, DT)
DÀ=ÀÞSfN (slN (23 .45*Pf,/180. ) *C0S (2.*pI*DT) )E DA DECLTNÀTION ÀNGLE OF THE SUN FOR THE DAY
C¡, = DA'È 1 80 .0 /VI
TR=ÀRCoS ( (sIN (IL) *sIN (DÀl | / (Cos (IL¡ *ge5 (DÀl I ) * (12. /ptl

C TR LOCÀL SOLÀR TIIE OF SI'}:FJSE FOR THE DAY
HB = TR*PIl12.0
BO=AFSTN ISIN ITL) *SrN lDAl -COs (IL) +COS (DÀ) *COS (HB) )
Ào=AnsrN f (cos (DÈ) *srN (-HB) ) ,/COS (BO) )c tfB,Bo ÀND ÀO ÀRE VALI'ES 0F HÀrB AND À ÀT SUNBISE
DO 70 J2=1 t20
P qåD, ÀL, T 1

c ÀL wníl izruurH oF À srrRFÀcE
c ,r'1 locÀL ctocK TI{E

rF(Tr.EO.0.0l co To 71
T=T1-1.5

C T LOCAL SOLÀR TTHE
PRIìIT32, ÀL,T1

32 FORltA,"(r r,F8.6,10XrF5.2)
PRTNT4O

40 FoRüÀT(28x,rTfLT ÀNcr,gxrrr}¡cI.Àilcrl
PH = 1,570796

C PH TNCLT$ÀTTO$ AIÍGLE. Or A ST'RFÀCE
31. HÀ = PÍ.*r/12.
C qA SOL¡R HOTIR ÀIIGLE

BT=ÀRsrl,¡ (sTN (rLì *srN IDA) -cos (rL) *COS (DÀ) {.cOS (HÀl )C BT SOLÀN ÀTTTTT'DE ÀNGLB
ax=ARSII¡ f fcos lrtÀ) *sIN (-ïq) ) /cos lBTt I
rF fÀf.LT.0.01 coro 16
rF lAX.cT. Àol GOro 26
ÀZ = Pf-ÀX

26 Î?to= 
tÎ,

C ÀZ SOLÀR AZÌI,ÍUTq ÀNGLE
GOTo 36

16 rF (A!(. cT. ÀOl GOTO 26
AZ =- Pf-ÀX

36ÀO=AÍ
GÀ= À8S ( ÀZ- ÀU

C GÀ gÀLL . SOLÀR 4ZIT{UTI{ ÃÌIGI.E
TIt=AReOs lcos iBTl *cOS (cÀl *SrN(pHl +SrN (tsTl *COS (prt) t

C TH TNCTDNNCE ANGLE OF THE ST'NIS RATS ON À SI'RFÂCBp=n¡¡*180.0/pL
PFrNT50, PH, p

50 FORt¡t ÀT ( 3 0X, F?. 5 , 10X, PC . t¡l

ill ì,;:;,1;l8ll'i"ro 31
?O CNNTTNNF:

rÀ 000 1

rA 00t 1

rÀ 0021
rÀ 0031
rA 00q 1

IÀ 005 1

rÀ 006 I
Ír oo7 1rA 0081
rÀ . 0091
rÀ 010 1

rÀ o1t1
rÀ 0121

rA
IÀ
IA

IA
rA

0131
011¡ 1

0151

01 6ì
0171

ra 01 81
rA 0191

rÀ 02c 1

rÀ 0211.
rA 0221
ra 023 1

rÀ .02q1

rA 0251

rÀ 0261

rÀ 0271
rA 0281
rA 0291
rA 0301
rÀ 03t 1

rÀ 0321

rÀ 0331
fÀ 03¿¡t
IA 035 1

rÀ 0361
IÀ 037 I

rA 038 r

IÀ 0391
IÀ 0r¡01
IÀ 0r¡t1
rÀ 0q2 I
rA or¡31
IA 0q4 I

i .t.

l.
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71 :?åT'no' Il 8i:l
END IÀ Or¡Z l

C SUBPOÛTTNE SÍ'FPROGRÀI{
. suBRoÛTrNE D.ÀYA (DÀr, UONTB,yEÀR,NTOT,Dî)

C EOüPÍ'TRS PEPTOD IN DÀYS FRO¡I JÀN. 1 TO THE DESIRED DAY (¡¡TOTI ÀND
c PERTOD rN DIIYS FROr,r Jû!{E 21 TO THE DESIRED DÀY,/NÍTHBER OF DÀyS IN Te¡ìR.

INTFGER DÀY, PIOÌ¡1H, YEÀR
C DAY.!'!ONT!{ ÀND VEAA ÀRF: TO REPRESEHT DÀ?E IN {('IIERALS

INTEGER IIDAYll2l /31 t28,31,30,31'30'31,31,30r31ri}t31/t i,,.., ,.,,,' C NDÀY NÍJ|'IBER OF DÀYS fN À PÀRTICULÀR ITOHTH ::..:..:':::
KT = 172
lF lyEÀR,/t¡'tlt. EO.yEÀR) cOTO 12

îq }TTOT = DAY
J = ¡IO¡¡TF- 1

rF (J. EO.0) GOro 15
DO 11 t = lrJ

11 NTOT = NTOT+!{DÀY(I)
15 DÎ= INTOT-KTl ,/ (KT+193.1

RETURN
12 K! = 173 : r¡DÀY (21 = 29

coTo lq.
ET¡D

!
r 'l



APPENDIX 2

Results of the Experiment to Evaluate Solar

Transmittance versus Incidence Angle Characterjstics

Fol lowing are the equat'ions of solar transmjttance versus i:,-;,',

' jnc'idence angle for the seven systenrs ofpìastìc greenhouse coverings r

tes ted .

I . U. V. Poìyethy'lene

üu(o) = 0.3730878 x l0-3(s)3 - 0.3830469 x lo-l (o)2

0.1690454(o) + 93.74e0 (Al )

2. Filon

ilr(e) = 0.3722545 x lo-3(u)3 - 0.3798616 x to-l (o)2

- 0.l7l668l (o) + 9.l.9575

3. Fabrene-TM

,tu(o) = 0.377'7347 x 10-3(u)3 - 0.3412366 x lo-l(o)2

- 0.2702s23(o) + 75.660.l

4. U.V. Poìyethylene + U.V. Polyethylene

úr(o) = 0 .3416329 x l0'3(s)3 - 0.401 2758 x lo-l (o)?

+ 0.2287912(0) + 82.0346

5. Fabrene-TM + Fabrene-TM

(A2 )

,t,r(o) = 0.2854941 x lo-3(e)3 - o.3ll343l x lo-l (e)2

+ 0.1 622s42(o) + 55.4789
r::::

85.

(A5 )



x to-l1o¡2

86.

6. Fabrene-TM + U.V. Po'lyethylene

r¡ (o) ='u'
+

o.32o79o8 x lo-3(o)3 - o.35sl266

0.1 678648(o) + 66.6152

7. Filon + U.V. Polyethyìene

(A6 )

(A7 )

V,r(o) = 0.3571340 x l0-3(0)3 - 0.4347968 x l0-l(u)2

+ 0.4119053(0) + 78.91?4

The incidence anqles (0) in these equatìons are in degrees and

the solar transrnittance (,trr) values computed are ìn percent. These

equat'ions were oUtained as a result of the least-square poìynonriaì fit
to the experimental data (section 4.3). Graphical representation of

these equations js made in Fig.A.l. and Fiq. þ.2
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APPTNDIX 3

EquatiQns for Calculating Thermal Resistance of Various Greenhouse l^lall-

Secti ons

'' -: . -_-.: .'

Fig. A.3 shows sorne of the wal I sections. Minor constructional detail s :'::':':r'¡

¡

like braces and ridge caps have been omitted. In the following equat'ions

.q,a refers to the I enqth of a wal I excl udì ng structural members and 9"

..,.:-.-
' :'t.'"_:;t'ís the total I ength of the wal I . .,.,':',,i,:,,. .. ., :..1 :.

ì:"::ì:- :li:: :-

I Thermal Resistance of Flat Sections. ,r::'::';;:

til Uninsulated Flat Sectíon

89.

-l

R = ì/ho + 1/hi + [l/{sw. k*/b + (1 - 5w)/(l/ca)}]

ti il Insulated Flat Section

(As)

R =1/h- + l/h,+ 2 R-, + [l/{sw'l(w/b + (l - 5w)/0/ca+ Rins)}.'l ,' o 1 ply .wr

';
I

II Thermal Res'istance o'F Curved Sect'ions

ti] Uninsulated Curved Sect'ion i,','.i'''
-¡...:;-::-.::
, 

, , 
, 

, 

,, , 

, 
,, 

, 

, 

, 
, 

, 
. ,

R - 1/ho + (rr/rl)/hi *{15 . log.( ,5/11)i / {(l - 9-a/e") .ku,+(r'alr,).ka} ii""','"ì,'i,r

/nr^\ ,

tiil Insulated curved section 
(Al0)

R = I /ho, (ru/rr)/n. * ea/n)/lrs.1oo.(rulro)/kpru * 
tu'':9eiÌ"0/tt) 

;,.:.¡,,,,.',

* .5. log.( \/r?_)/ku * 15. I ose(yz/r.,)/kptyl * (i-e"a/r.)/

Its' ]og.(rulro)/kpt.y * ,5 ' ',oge (ro/rr)/kw * .s' I ogu(rr/r1 )kp1yJ 
i1:.::,;:.

(Al I ) "'it;'t:
l
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90.
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The above equatr'ons v/ere used in order to obtajn thermal resistance
:

' valu.es for ìndiv jdual surfaces of the greenhouses. A singìe side o'f

either gab'le or circular greenhouses is eìther flat or curved, so the

above equations lvould qive the R values for the surfates clìrectly.
:.!: The side surfaces of gothjc arch ç;reenhousesare comoosite surfaces, jn

the sense that both curved and flat sectìons exist in each side sr.rrface.

Therefore, the law of combining parallel resistances was used to calcu-
:.

ii late the value of overall resistance for a sjde surface:
.;.

R = (A'ut * A.uru.d)/{(A'ut/R'at) *(A.r.u.d/R.rru.,t)} (Al2) ia¡i,,'',

ì::::.::._ :



'.1
l

APPENDIX 4

Calculation for Daí1y Greenhouse Heât ßalance

Type of çjreen0use: Gable Greenhouse

Sjze: l5m x lOm

0ri entation : Eas t-West

Date: December 2.ì, lg74

Sky Condition: Clear Sky

North side of the greenhous,e is i nsul ated rn¡ 
j th fi bergl ass (R = 0.70) .

)

2Ground bed area = 15 x l0 = 150 nl'

From Tabl e 5.2:

One end wall.area = 28.50 m2

One side wall area:

j) 30 degrees inclined surface = 86.55 m2

tii) vertical surface = 21.0 m¿

I Solar He4t Gain (Section 5.4.1 )

g, for a transparent surface = [lT * IA NÌ]A

g, for a insulated surface ='I . rdu " Nj . A

The surface facing north or south cons'ists of two surfaces, one jnclined

at 30 clegrees and the other vertical . Therefore, Q, for surface f,acin_ct

north or south wìll be the sum of Qtr for both 30 degrees jnclined and

vertical surfaces. Daily tota'l of so lar rad jation for a surface fac-ing

east is equal to that for a west facing surface. Therefore, q, for sectjons
facing east and west will be equa'l because boLh surfaces have similar
area and constructíon.

9?.

I . -....:'.



o?

q.. for north facing surface = -[(lOl .62x0.9x0.2tx21 .0) +,u

(l 29.14x0.9x0. 21x86.55) l
'2,515.74 wh

qu for south facing surface = -[(4466 .07+992,74x0.21)21 .o +

( 2549 .67+] 146.03x0.21 )86. s5l

= -339,669.t8 wh

qu for east facing surface = -(712.45+34L 20x0 ,21)28.5

= -22'346.84 wh

qu for west facing surface = -22,346.84 wh

Qu for the who'le greenhouse = -386,878.60 wh

, I'I Thermal Radiation Exchanqe (Section 5.4.2)

Qt = üt' FS' o' As (., lro - ru . ruo)

' Út = o'08496

A, = .l50 
m2

e, = 0.9S

FS = 0.56

'ro 
= o'l 797 x lol2 K4

' t.o = o.togo x lol 2 (+

ô =5.66g7x10-8 w/(m2. 14)

Therefore,

Q¡ = 35 ,992.1 wh

i- . -. ...1

tìl .:.t.t..

Ì,:-."' , .
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III feat Transfer l^lith Greenhouse Ground Bed (Sectjon S.4.3)

tjl Q, =, {P ' ¡ (ti - ,o)} 24.0

P = 50 nl

f = 1.418'w/(m K)

t-.'-t- = 34.24Cto

therefore,

Qx = 58,275.1 wh

[ii] Qy = {Aq(tj - ,o)/Rs} 24.0

A = 104 m2
g

R^ = I .7612 (,n2 K)/wg

t.-t = ll.0Crg
therefore,

Q.u = 15,589'.44 wh

0-=0 +0'g 'x 'y

= 73,864.54 wh

:,,-::..:.:.;..:.,, 
Tt, lr_-r T --_,:,;,,,,,,i,:;1,, IV Heat Transfer from Greenhouse Coverinq Surface (sectjon 5.4.4)

Q. = [(c.).n¿ surface x 2 + (9c)north surface ]

(Qc)sorth .,,"f,u.e] x 24'o

= [2{A(,r-lo)/R}end sur].ace 
+ {A("ti -tn)/n}north srrface i



1 r-:'::::'

qÃ

¡¡(rt-io)/n]rourh surfa..l z4.o

= 24UQ x zs.5)t0.31 + l0B/T.tB +

= 510,807.20 wh

r oB/0.31 )34.241

Total Heat lance of the Greenhouse:Ba

Qf

QV

Qr*Qt*Qg*Q.

= -386,878.6 + 35,992..l +

= 233,885.24 wh

73,864.54 + 5.l0,807;2

OFr

Q f = 233,885 ,24 wh

Therefore, the calculated total heat bälance for a

December 21, I 974 is 233,885 .24 wh or,. the heating

have been 233.9 kwh on December 2l , 1974.

24 hour period on

requirement should


