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ABSTRACT

Vegetahle greenhouses in the province of Manitoba are usually
constructed as transparent structures with a double layer of plastic
- covering materials so that necessary illumination can be made avail-
able to the plants. These covering materials have poor therma]
-resistance characteristics and the 10ca1lc11mate is- such that green-

house‘operation'has to be abandoned for a period in winter because
high heating costs make pfoduction‘uneconomic. Greenhouse heating
is probably one of fHe mos t inefficient uses of fuel for heating
applications.

. A number of studies have been conducted in different parts of the
world with a view to reducing heating costs for greenhouse structures
and a number of different schemes have been proposed. A solution valid
~for the cold Canadian climate is.yet to be obtained; It has beeh |
observed thatnat northernly latitudes, the north side of a greenhouse
réceives Tittle illumination during winter months. Insulat1n§ the north
- side of the structure could result in a substantial saving in heat -lost
 from the dreenhouse with 1ittle change in natural illumination available
to the plants. .

This theorefica] study was undertaken to investigate the effeét,
of insu]ating the north side of a greenhouse., A mathematical model was
developed to Stﬁdy the effect of specific changes in creenhouse design
on the greenhouse heat balarce. In this model & more accurate method to
determine solar radiétion incident on a surfacé wésvincorpofated. Vari;
ables studied were orientation, shane, size; and different levels of

north-side insulation. Winnipeq was assumed as the location of the



greenhouses and heat balance in areenhouses was studied for two arbitrarily

selected summer and winter cohditions. Gothic arch, gable, and circular
shapeé were ana]ysed with two ground-bed sizes (15mx 10 mand 200 mx 12 m).
The greenhouées‘wefe assumed to be oriented either east-west or north-south.
The necessary cTimatic data were obtained from the local meteoroloegical
office fOr‘De;ember 21, 1974 and June 21, 1974 representing winter and
summer conditions, respectively. The three levels of fiberq1ass insu]d—_
tion assumed in the insulated north side of areenhouses were .R = 0.70,
1.41, and 2.17 (- K)/w. |

In most cases, the north side of a greenhouse was found to be
contributing less than 3.0 percent to the total solar heat gain of a green-
hbuse on December 21. A gothic arch.qreenhouse was found to be éuperior
to gable and circular gréenhouses'With respect to heéting and ventilation
,requiréments. An eést-west oriented areenhouse maintained greater thermal’
eﬁvironmenf efficiency in comparison to a nofth—south oriented greehhouse.
Reductions of almost 50 percent 1in heating requﬁrements on Deceﬁber 21,
1974 and ét least 15 percent in Qenthation fequifemehts on Jdne 21, 1974

were predicted when the north side of a areenhouse was.insu1ated.

i
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CHAPTER I

"INTRODUCTION
Greenhouses are a means of éssuring year-round production of
certain'aqricu]tural products in-areas of severe climate. For any given
region, design.shou]d consider the local c]imate so that the greenhouse
operation can be kept within permissible Timits of economy.
| The c]imafe in most parts of western Canada is such that green-
house operation has to be abandoned. for a period in winter because high
heating costs méke production uneconomic. Vegetable greenhouses in the’
province of Manitoba are usually constructed as ?ransparent‘struttufes
(wifh a double layer of plastic-covering materials. A number of studies
have been conducted in different. parts of the world with a view to feducing
Heatinq costs for greenhouse structures and a number of ‘different schemes
have been proposed to échdeve.thié aoal (23, 32, 35,.36, 42)? An amicable
~solution valid for the con Canadian climate is yet to be obtained.
A greehhouse‘is built using transparent materials, such as g]asé

,or p]astic,Ato admit the Tight necessary for plant growth. These.materia1s
exhibit poor thermal resistance characteristics and thus tremendods heat
1osses‘occur, especially at night. From a study of thelcontribhtjon of
~natura1 i1lumination from the various.sides of a transparent greenhouse
‘structure, it is inferred that the north side of the steucture contributes

Tittle illumination during winter months (16) while the heat loss to the

atmosphére from this side is comparab]é to ahy other side of the structure.,

Insulating the north side of»the structure could result in a substantial
saving in heat lost from the areenhouse with 1little change in natural

il1lumination available to the plants.
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For a greenhouse with a Tength—to—Width ratio greater than one,
the fraction of the surface area jn the most favourable position to
receive incoming solar energy depends upon the orientation, therefore,

the surface area facing north is also dependent on it. Thus, the magnitude -

of the effect of insulating the north side of a greenhouse will depend

upon the orientation of the greenhouse.

A theoretical study was proposed to investigate the effect of
1néu1ating the north side of a areenhouse on its thermal balance. A
mathematical model was déve]bped to study the effect of ‘specific

changes in greenhouse design on the greenhouse heat balance. Intended

_ variabTesfor_study were orientation, shape, size, and_]eVe]s of north-

side ‘insulation of'greenhouse. C]imatic conditions were arbftrarily

selected for the model.

The spec}ficvobjeCtivés of this thesis were:

1. to deVe]bp a mathematical MOde1 which would adequate]y-accbunf for
specific changes in greenhouse design on the thermal balance of the
structufe, |

2. to determine the contrfbution of_so]ar.radiation from the north
side of a c¢reenhouse,

3. to compare gothic arch, gable, and circular greénhoﬁsé‘shapes for

their heat loss property,

4. to compare north-south and east-west orientations of greenhouses

with ‘and without insulating the north side, and
5. to study thermal balance of_greenhouses with and without insulating’

the north side in both winter and summer conditions.



CHAPTER I1I
REVIEW OF LITERATURE

2.1 System of Units

SI (Systems Intérnationa1 d! uniteé) units have been used in this

thesis as far as possible. Where the €as svstem is more understandable; i.e.,

degrees Celsius (C) for temperature, this substitution has been made.

A .table for quantities used in this investigation is given for the

convenience of the reader with conversion factors from the British

system of units to the SI, Table 2.1..

. TABLE 2.1

Conversion Factors

S Unit in Conversion  Unit in
Quantity British System Factor SI
Length, & : O ft . 0.3048° m
Area, A - ft?r 0.0920 = m?
~ Temperature, t - Foo (F-32:0)(5/9) C
-Coeff. of Heat Transfer, U, : | © (K=C+273.16)
and Conductance, C, Btu/ (hreft2-F) 5.6783 w/ (m2+K)
Res. to Heat Transfer, K (hr-ft®-F)/Btu 0.1761  (m2+K)/w
Thermal Conductivity, k = Btu/(hr-ft-F) 1.7296 w/ (meK)
Rate of Heat Transfer, 0 Btu/hr 0.2929 W
Specific Heat, Cp ' Btu/(1b « F) - 4184.0 J/(kg-K)
Intensity of Radiation, I ~ Btu/(hr - ft?) 3.152. S w/m®
(Stefan-Boltzmann : Btu/(hr-ft2«R*) 33.0788. w/ (m2-K*)

8

constant, &) (01714 x 107°) (5.6697x107")




2.2 Necessity of Réducing Energy Intensiveness of Gréenﬁouse'
Operation
A basic criterion for-designing avqreenhouse has been that the
strucfure should admit the maximum posSible amount of sunshine during

the months of 1pwést 1ight.' The structural system must have a minimum

opaque area and a maximum transparent area, and yet be strong enough

to support itself and predicted wind and snow 1oads{ The structure
must be made of transparent material such as glass or plastic to
supply the necessary light for plant growth (2). Unfortunately, these
maferia]s have poor thermal resistance characteristics. As a result,

a great deal of heat ij] be required to maintain the necessary temper-

‘ature inside the structure in most regions of Manitoba. Excessive

heating will render the whole greenhouse operation uneconomical during

'the most severe part of the winter.. Greenhouse‘heatinq is™
probabTy:the most inefficient use of fuel of most heating applications
(36).

Dufing summer, a transhafent greenhbuse admits more sunlight
than necessary and, therefore, increases the vgnti1atﬁon requirements.
At a time when energy is becoming more coétWy\and scarcé; it is very
important to research ways so that the energy infensiveneSs of tﬁe

greenhouse industry is reduced.

2v3 Techniques to Reduce‘Heat Losses from Greenhouses

Price gg__L.(BG) have laid guidelines to m%nimiée thermal
wastage from greenhouses. Their most critical recommendations include
Teak-proof greenhduse'construction,'using a double Tayer in p1astic;

covered greenhouses, and draWing a black curtain between the greenhouse

covering and the h]ant cahopy at night. Substantial savings (20 to 25 percent)




~in fuel are projected if these guidelines are fol]owed; They have
presented other suggestions which would reduce the energy demand of
greenhouses such as fnsu]ating thevgreenhouse duriﬁq the night and
removing the insulation during sunshine hours; or using an opaque,
‘insu1ated structure with artificial Tighting.
| The use of curtains in g;eenhouses at night to reduce héat

losses has also been studied by ‘Amsen (3) and Simpkins et al. (42).
Amsen mathematically evaluated the éffect-of uéing curtains in green-
houses on radiatfve‘heat loss to the atmosphere at night. He 1ntroduced
“the 'curtain effect' which is defined as: the radiative difference in
net heat radiation from §'p1ant canopy‘before and afterva curtain, with
" @ specified 'éUrtain factor' (A = wt —_pt), is placed between the
p]anf canopy and the greenhouse roof. Mathematica11y,'the 'curtain

effect' is: .

0 =1.0 - 2.0 354 R (2.1)

Using thé above formula, it is possible to éva]uate and compare.the

effect of usfng curtains of different materials on radiative heat 1ogs

from the p1an£ canopy to the atmosphere. An aluminum curtain would

giVe a curtain effect as high as 90 Dercenf because of its high reflec-

tance, 9.9. |
‘Simpkins et al. (42) conducted exverimental studies to determine the

coefficients of heat transfer through the walls and roof of a double -

layer air-inflated polyethylene greehhouse with an internal curtain -

added. Varijous materials and insta11atibn.techniques were Studiednand,

- several probosed curtain materials evaluated. Tests were conducfed in

an environmental chamber and in a small prototype greenhouse. Based on



the results of thei} tests, thev observed‘that conduction due to fhin cur-
. tains depends, primarily, upon the method and position of fastening and
not upon the curtain material. ‘A curtain fastened horizontallv from
eave to eave was more effective than one fastened from eave to peak. Instal-
Ting a curtain with the edqges sealed with no contact between the curtain and
the greenhouse structure, except at the edaes, maximized the added resis-
tance to heat transfer by conduction. It was also observed that a curtain
with higher reflectivity saved more radiation heat loss. A highlv reflec-
tive curtain fastened tightlv from autter to gqutter, wiﬁh similar side wall
and end Qa1] éurtains, could save hé]f of the energy currently required to
heat a douhle-laver éir-inf]atgd multi-span polvethylene qreenhouée.
f Both Amsen (3) and Simpkins et al. (42) assumed that the curtains
were thin and, therefore, offered no apnreciahle conductive reSiétance.in
themselves. The observation of Simpkins et al., that a curfain with higher |
| reflectivity éaveé.more radiative heat 1655, is consistent wifh Amsen's
prediction of gurtain effect. The former researchers also note the
Tmporfance of -the hethod and bosition of fasfening'the curtain. to achieve
- better results.

Perry (35) has developed a ‘clicon' system coﬁsistinq of pairs of
mylar tubes. Ha1fvof the outer surface of each pair ﬁs aluminized for'
light and radiation control. These tubes can he inflated to make contact
asAa.CeiTihgat night or berpartia11y or fully deflated and huna vertically
in the day. The 'clicon' system has been repdrted tdvhave reduced niaht
_rodf héat losses. by 48 percent. It mfnimum 1ight obstruction is 15
percent at solar noon. It should be noted that the 'clicon' system

was adopted taking into consideration, the climatic conditions at 34°




7.

"latitude where a 15 percent reduction in sunlight could be tolerated.
Applying the ‘clicon' svstem at 50° or higher’latitudes, common in Canada.
WOu1d probably result in an intolerable loss of sunlight during winter

and early spring. Daily operation of either 'clicon' or night curtain

would also add to the'responsibi]itiés of the operator.

Lawand et al. (23) developed an environmentai]y designed green-
house for colder regions, Fig. 2.1. The east-west oriented greenhouse
has its inclined north-facing wall insulated with a reflective cover

on the interior face. The angles of each inclined roof were designed

to permit optimum.transmittance of so1ar.rad1ation and maximum ref]eé—

tion of this radiation on the plant. canopy. The shape of such a green-
<ﬁousé is very different from the tréditiona11y built symmetrical (about the
ridge line) greenhouse shapes. Heat 1oss‘savings_reported are

promiéing in this greenhouse, but adoption by growers wou1d'require_
assessmeﬁt'of structufa1 and economic performance of this greenhousé,

relative to traditional shapes.

Musard (32) has carried out experimental .trials with discontin-
uous fixed transparent screens located between the plants and the ceiling

of ‘the greénhouse, These screens must be'diSéontihuous:to allow for -

ventilation. They could, however, be continuous in é greehhouse‘fitted
with a forced ventilation system. The screens in the trial were 1.5 m
wide cut from 50 micron thick polyethylene film placed across the

greenhouse span. Separation between screens varied from 10 to 15 cm..

Installation of the discontinuous screeﬁs is shown in Fig. 2:2. Recorded
temperatures under the screens were 0.7 Chigher than those recorded -
"above the screens when the control temperature was set at 13 Cand 1.2 C

with the control temperature set at 15 C. In the middle of the gdps




80°"
REFLECTING
SURFACE

TRANSPARENT
ROOF

‘ INSULATED
o WALL—
| £
N
N~
q-

o
o
U] .

TRANSPARENT

WALL

ZSZ

Zav 4

| I

6.50m

Fig. 2.1 Greenhouse for colder regions designed by Lawand et al. (23)

ONE OF THE DISCONTINUOUS
" - SCREENS

- -Fig. 2.2 Position of the discontinuous screens in @ greenhouse as

suggested by Musard (32)




-between the fi]ms, a difference of 0.5 C between the temperature taken

at 0.5m below the Tevel of screen and at 0.5mabove had been observed.

These'tria1s, carried out in glasshouses in France, showed that in spite

of the reduction in Tuminosity there was some saving in heating and an

improvement {n the yield of early tomatoes. The author suggested that

three to four percent enerqv savings wefe possible with such'an arrangement.
Use of screens, as suggested by Musard (32) resu]té in a reduction in

solar radiatjon intensity at crop level that may not be tolerated in

Canadian winter cbnditions. As well, these screens when installed would -

also restfﬁct the cultural operation inside the greenhouse. Musard

also noted-thét the improvement in the 1nsu1étion of the walls exposed

“to the north or to the prevailing wﬁnd will result in a SaVing of enefgy.

The suggested useof adouble iayer of b]astic materials having low trans-

mission to longwave radiatjon'fbr greenhouse'wa1js and the use of carbon

“dioxide Between the two films of b]astic fnstead of air should result in .

 a-better greenhouse effect. “
Accord1ng to trials carried out in Great Britain (7), using b]ack‘

po]yethy]ene screens dur1nq nocturna] per1odsresu1ts in energy consump-

tion savings of 33 percentiv Taken over the total cultivation pnr10d +h1sA

saving becomes 20 percent. If the screen is not cont1nuous and has a

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

2.4 Previous Studies on fGreenhouse Thermal EnQironment

An analysis of greenhouse thermal environment was done by Mofrjs
(31) as early as 1956. Using aAsimple calculation prdcedufe and a
»numbe% of simp]ﬁfying assumptions he’computed design venti]atién require-
ments for various sizes of gable greenhousés. Since this initial work,

there have been a number of studies which have resulted in.more accurate
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énd complete analysis of greenhouse thermal environment.
Results of their'experimenta1 work on the glasshouse climate
in Britain were reported by Whittle and Lawrence in a series of four Daoérs
(52, 53, 54, 55). Thev stressed the need to site, orient, and desian the
glasshouses so that the maximum available natural light would be-admﬁttéd
during winters. Two important observations Were sfated,by the authors.
‘1. an east-west orienfed glasshouse admitted 25 nercent more
winter Tight than a north-south oriented g]asshousé,-ahd
2. . winter temperatures were consistently higher in an un-
heated unventijated east;west oriented glass house
than in a nofth—south oriented glasshouse.
“In the discussion, the second obserVationvwas considéred to be a result .

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

- oriented glasshouse was recommended over a north-south oriented one in

order toéet“amore favourable climate in a g]éséhouse. VAdequate venti-
1atidn was fecommended to réduce temperature f]uctuatiohs and also, in
Summér, to reduce the peak temperature.
Jenkins and.Wa1ker (22) prepared nomographs- to determine heat

-and ventilation requirements and-estimating’anﬁual heat cost:for green-
houses. Heat requirements weré determined by neg]écfing all but con- -
duction 1bsses through the exposed greenhouse because otﬁer heat losses
were considered to be small-compared to the éurface heat losses. Vénti—
Tation requirements were determined by the rate of air change depending

upon the crop to be grown and the highest temperature that could be .

tolerated in the greenhouse on a clear day.

McCune and Stipe (26) proposed rule-of-thumb values for

determining heating requirements in single and double wall plastic
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greenhouses as 4.47 w/m2 and 3.29 w/m2, resbective]y, per degree
Ce]siue'temperature difference maintained. Heatihg requirements of a.
plastic greenhoﬁse are influenced by.such factors as size, type of
construction, orientation and location of greenhouse, temperature to
be maintained, and the outside elimatic conditions. |

Walker's (495 steady-state héat_bé]ance of a heated qnd
ventilated greenhouse sums é]] the majok components of the heat

balance. Greenhouse temperatures predicted with thﬁs heat balance were

found to be'reasonab1y consistent.with observed temperatUres.' Statistical"

ana1ysié’indicated that there was no significant -difference between pre-

dicted and observed values. The analysis thus permits the determination

‘of heating.and ventilation requirements in greenhouses and the study

of the total greenhouse heat balance with vafying inside and outside
c]imaticAcondictioﬁs. Wa1ker'e ana1ysis, in general, is found satis-
factory for representing energy balance in greeehouses (5).

Further studies in the control of greenhouse environment reveal
that it is not sufficient to maintain a'speeified temperature 1nside
a greehouse because plant ieaf temperature can differ from inside
air temperature appreciably on a sunny day br-on a c]ear.sky night.
P]ant‘performance is related to leaf temperéture mere tHan to air
temperature (45)._‘A good air circulation system is, therefore,'very
necessary in order to minimize this‘temperature difference (50).

'Shaw'(40) emp]oyed Walker's analysis to design greerihouse heat-.
ing and ventilation systems under Manftoba conditions. Design values
were reliable when compéred to measured fuel chsumptien. |

There have been recent studiesof areenhouse thermal environment

which consider transient heat transfer (43, 45). These advanced studies-
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are primarily utilized for predicting crop response to various
~environmental parameters. It is possible with this approach to pre-
dict temperatures inside a greenhouse more accurately at any point in

time. The comp]exity‘invo1vedlnaynotbe,justﬁfiablefor studies on the

effect of structural alterations in a greenhouse on its heat balance
or determining heéting and ventilation requirements. An appfoach

similar to that used by'Na1ker (49) may be more practical for the in-

tended applications. Information is available to determine éccurate]y

all components of greenhouse heat balance in Walker's analysis except

solar radiation.

Barbee et al. (8) have reviewed thevwork done overvthe past
‘30 years in the field of plant envifonment simulators and have cate-
dorized engineering design techniques. -This reference can serve as a

starting point in most of the studies related to environmenta1 control

in greenhouses.

2.5 Solar Radiation in Greenhouses

Solar radiation constitutes a very important part of the total.
‘greenhouse thermal environmeht (48), therefore, a reasonably accurate

method for predicting it is necessary. Several analyses ‘are available

which predict, with varying success, thequantity of solar energy inci-
dent on a given surface. Most of these methods are restricted to clear

sky conditions (6, 28, 34, 44, 46, 47) and only a few have considered

the diffuse component of'so1ar radiation (6; 34, 44, 46).
Moon (28), in 1940, published proposed standard solar radiation
- curves for engineering use. He presented a method of calculating

direct solar radiation on a surface normal to the sun's rays during

cloudless days~for any elevation and for varying amounts. of water
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vapour and dust in the atmosphere. The basic atmosphere considered by
‘Moon for the purpose of calculation consisted of ozone, wéter vapour,
and dust particles. The effects of other atmospheric-constituents on
the reductioh of solar radiation passing thfdugh it was neglected
~ because of their small magnitude. Obviously, Moon's curves are-not
applicable under conditions other thah c]ear-éky; Also, these curves
do not account‘for the monthly variations in solar intensity caused by
changes 1in the earth—sun distance and by.the varyihg average moisture
content of the atmosphere.
G. V. Parmelee (34) was one.of the first investigators to
develop curves to predict both diffuse and direct solar radiation for'A
(cToudless.days. These curves were based on experimehta] data.  His
- data'indiéated a relationship exists between clearness of the.atmos—
phere and direct.and dfffuse components of solar fadiation. .Mofe
»Yecent aﬁa1ytic §o1utions of Moon's equatﬁons have been carried out by
Threlkeld and Jordan (47) using a redefined basic atmosphere. ASHRAE
(6) has adopted these data for ca]éﬁ]ating the value of average direct
“solar radiation under cloudless day time conditions. =
| It s exﬁreme]y difficqu to approximate the ¢loud variables
~as the clouds are nonhomogenous by nature. It seems‘réasonable to corre-
late the solar radiation measuremeﬁts with a parameter such as percent.-
possible sunshine (9). |
Morris and Lawrence (29) presented a matheﬁatica1 model to pre-
dict total solar radiation incident on any surface. Percent of possible
sunshine, which is generally recorded at weather»statfons, has'been
'used as the parameter for specifying atmospheric sky conditions. In

this'mode1 determination of diffuse_So1ar radiation on inclined surfaces
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considers the isotropic nature of the diffuse radiation. Results of
investigations by Norris (33) indicate that the distribuf%on of diffuse
radiation probably averages, over a long period of time, to near 1sofropic
conditions. In a further study, Morris and Lawrence (30) invalidated

the assumption of the isotropic intensity distribution of diffuse radia-

.tion for actual weather conditions. Drummond (14) has stated that true

isotropic sky conditions practically never occur even with the densest
clouds.

Investigation by Morris and Lawrence (30) revealed that clear-sky

- intensity distribution of diffuse radiation could be represented as

emission from two superimposed sources. The sources have been defined

<as (i) the circumsolar region centred about the sun and extending

rédia]]y outward, and (1) the total hemisphere of the sky vault.
Because the sun must be the ultimate origin of energy in-hoth cases, these

two sources are not completely independent of one another. The diffuse

radiation ava1]ab1e from each source, regardless of the d1rect1ona1

nature of the rad1at1on or 1ts u1t1mate incidence’ angle is 43 percent
from the hem1spher1ca1 diffuse component and 57 percent from the: circum-
solar diffuse component. |

| Mbst'researchers in the greenhousg industry héve.used either a
rule-of-thumb (49) or a semiemperical approach (37) to determine the
contribution of solar radiation to the greenhouse thermal_environment.
Manbeck and A]drich (24) deve1oped an ana]ytica] approach to determine
direct visible solar energy transmitted by rigid plastic greenhouses.
This approach, though quite precise, is valid only for clear sky
conditions and computes only the»direct éomponent of the solar radiation.

It relies on Moon's solar radiation curves and, therefore, the inherent
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Timitations of Moon's ana1ysié are present. The approach does not
appéar to be suited to determine tota1's§1arvirradiation in greenhouseé.
- An important factor in computing solar irradiation in a green-
hoUse is the optical properties of the greenhouse-covering surface.
Part of the total solar radiation inﬁident on any surface is reflected,
part is absorbed and the rest is transmitfed either’directidnal]y as
in clear glass or diffusely as in most plastics. The solar heat gain
through a greenhouse surface consists of the transmitted component of
the incident solar radiafioﬁ and the part of the so]af'radiation abf,
sorbed by the surface which is conducted into the greenhouse (6). The
optical properties of greenhouse-covering materials are.a-function of
kﬁncidence angle. Walker (51) evaluated the transmission versus incidence
angle characteristic; of commbn1y used greenhouse-covering materials.
Gopffarfh (19) uéed the fofTowing re]ationship,to eétimate.trans—
mittancevof a system consisting of hore than one layer of a transpareht
material when the reflectivity of the material is known : |

g = —t 0 | (2.2)
1+ (25 - 1)p

where S is the number bf the transpérent material surfaces.

A mathematical model to compute total solar rédiation‘incidenf
on a surface, 1ike that proposed by Morris and Lawrence (29), combined
with the optical properties of the surface shou]d adequately predict the

solar heat gain'through thé surface. With this type of mode1,.the_solér

heat gain'in a greenhouse consisting of a finite number of such surfaces

can be determined.
Aldrich and White (2) experimentally determined relationships |

between structural form and qua]ity and quantity of transmitted solar
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energy in rigid plastic greenhouses.,-Thé greenhouse shapes studied
were: (a) multibarrel éy1indrica1 vault, (b) hyperbolic nardbo1oid,
(c) segmental dome, (d) single-barrel vault, (e) gothic arch, and
(f) gable greenhouse. There appeafed to be a correlation between
solar energy transmission and building shape. The qqthfc arch shape
was observed to have transmittéd maximum solar energy during the period
near the winter solstice.

The quantity of solar light is quite Often the jfmiting.faétor for
plant growth in greenhduses during winter months above about 40 deérees'
north latitude (1). Friend (17) found that at 51 degrees north latitude,
east-west orientation of a ]afge span greenhouse resulted in more even
“transmission of‘direct radiation in‘winter than north-south orientatidn

of a similar structure.




CHAPTER TIT
THERMAL BALANCE OF GREENHOUSES

3.1 Overall Thermal Balance of a Typical Greenhouse

Fig. 3.1 represents, schematically, the thermal environment of a
greenhouse. A11 the components of the therma]henvironment can be

expressed by the following equation (49):

Qp + 0% 0 *+ 0, = Q+ 0 + Q) + 0y + 0, BENEAY

At any given time, oneor more of the terms in equation 3.1 may

be equal to zero.

<

3.2 Basic Assumptions

The fo11owing assumptions were made .in determfninq the thermal
bd]ance of Qreeﬁhouses:'

1. there is no crop in the greenhousé; the}efore, heat transfer
due to photosynthesis and respiration can be neg]eéted,

2. there is negligible evaporation from .the soil surface in

the greenhouse,

3, there is no condensation on the inside of the transparent

'covering; therefore, transmittance of the covering will be constant,
4. atmospheric emissivity is a function of dewpoint temper-

_ atufe only,

5. -‘heat lost from the qreenhaﬁse is positive,

6. boundaries of the greenhouse are assumed to be perfectly
sealed; therefore, the 1nfi]fﬁation Toss is neglected, |

7. thermal storage in the greenhouse structure and the ground

bed ¥s ignored to allow steady-state heat transfer calculation,

i7.
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8. vreflection and reradiation from the surroundings are
nealected,

9. homogeneoﬁs and isotropic temperature reaimes.exist in the
_struéture at all times;

10. thefe is no mechanical operation goinq on inside the green-
house; therefore, the heat released by-equipmeht can be nég1ected; and
11. soTar radiation transmitted'by the greenhouse plastic
surfaces is in the form of diffused'radiation; therefore, the whole
transmitted solar radiation becdmeé a part of the greenhouse thermal

environment.

3.3 Steady-state Consideration

The main limitation of a 'steady-state approach ih heat transfer
is its inabi]fty to abcount for thermal storage in the system (45).
There are two effects of thermal storage in a system:

1. a reduction in the peak amplitude of the thermal wave

entering into the system, and

Z. a’phase difference occurring between the two therma] waves
outside and inside the system.

Heat storage in greenhouses has been taken into acﬁqunt'by a' '
number of investicators (43, 45) in their bid to simUTate plant growth.

Thé resulting models have been quite complex. The heat storage;conéid-

eration is unavoidable when the thermal environment in greenhouses is

analysed from the point of view of optimization or simulating plant .
-growth, but it would be a Tuxury whéh‘the effects of various design
'alternatives of greenhouse componénts on the thermal balance are to be

studied.
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Steady-state heat transfer models have been reported‘to_be
adequate in the analysis of greenhouse design (5). Carson et al. (13)
“found a steady-state model to be adeduate in the analysis of swine

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

the analysis of heat balance in greenhouses.

© 3.4 Modified Thermal Balance Equation
Walker (49) discussed the contribution of the heat of respira-

tion and the heat utilized in photosynthesis to the total heat balance.

The magnitude of these componénts was found to be negligible compared'
to that of‘other componenfs bf the heat balance. Morever, in the study
of the effect of greenhouse design change on the total therma1 balance,
presence or absence of a crop should not make a signif?cant differenté._ -
Thereforé; it was assumed that no crop was present for purposes of this .
study., It was further éssumed thatvno mechanical cperation was going |
on 1nside_theigreenhouse under consideration thereby e]iminating the
heat released byvequipment from the analysis. |

Either heating requirement Qh or ventilation requirement

Qv -of a greenhouse will be zero at any instance depending on whether

the greenhouse is:being ventilated or heated. The sign of any component

in the heat ba]ance'equation will be negative or positive according to
assumption no. 5 in Section 3.2. With these considerations, Equation

3.1 can be rewritten as:

Q

. =0, + 0y *+ 0y + 0 R (3.2)

v
Individual components on the right hand side of Equation 3.2 can be

evaluated using appropriate relationships.
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3.5 Solar Heat Gain Determination

For this ihvestigation, a mathematical approach was required
which would predict the total solar heat qain through a surface under
any amount of.c1oud cover. The surfaces to be considered may have any
set of opticé] properties, may haveAény 1nc11na£10n and wall azimuth,
and may be 1o§atéd on any latitude. Input quantities shouldbe easily
accessible and few in number. Accordingly, thg model presented by
Morris éndeawrencé (29, 30) which allows consideration of the ahiso-
tropic nature of diffuse solar radiation was adopted to predict solar
radiatioh incident on any surface. The following modifications weré
made to the above-mentioned model:

- 1. -a simpler and more accufate équation, used by Ari Rab1
et al. (4), was adopted for computing_the solar dec1inatioﬁ angle on
a particular day. The.sun's declination angle does not change Signi-‘
ficantly during a day,vand
| 2. the actual and apparent values ofeXtraterrestrialsolar

‘radiation 1nténs1ties,norma1 to the sun's réys; RA and 10 ,
_respectively; were expressed in the fofm of.equations so as to mihimize]
the input data while programming the total-analysis. |

3Soiar‘transm1ttanéé of the greenhouse transmitting surfaces as
a function of incidence angle were experimentally determined. Reflec-
tance and transmittance of a surface were re?ated‘as foi]ows (19):
. _] - 1pu
u 1+ ¢

and, absorptance of the surface becomes:

p
u

w, = 1 - v, - R . - (3.4)

.......
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As diffuse solar radiation appears to be coming from all points
of the sky; a single value of incidence angle cannot be assigned to
the diffuse solar radiation incident on a surface at any'time. There-

fore a constant transmittance of a transmitting surface, irrespective

of the solar incidence ang]e; was assumed for the diffuse solar radia-
tion. The value of the constant transmittance was chosen to be equal

to the normal transmittance of direct solar radiation.

Total solar heat gain through a transmitting surface is given

(10) by:
qu(J) = IT(J) + IA(J) X N'i , (3.5)
} “where, |
.! B Therefore, total solar heat of the whole greenhouse structure fis,
| n . |
% Q, =‘j§] q,(3) | - _ . . (3.7)

" The set of equations used to compute transmitted and absorbed

components of solar radiation for a surface is given below:

Required input:

Da Ls- KSa T, Qs ¢a Wu(e) ’

\

i

i
el
!
&
B
i

Equation: | .
© sin(d) = sin(de) - cos(2n - N/365) ©(3.8)
W= o T/12 . | ‘ﬂ(ogrgm) (3.9)
sin(g) = sin(L) - sin(d) - cos(L) + cos(d) * cos(H) (3.10)
| (Rogy = /2 - L+ d)




| sin(Az) = cos(d) -‘sin(-H)/cos(B)

cos(6) = cos(B) + cos(y) Sin(¢) + sin(B) + cos(9)
R = (12/m) - cos™! [{sin(L) « sin(d)3}/{cos(L) ¢ cos(d)}]

RA = 1353.0(1.0 + 0.0335 - cos (2 - N/365)}

10 = 1160{(1.0+ 0.033cos (2nN/3€5)}%

JC = 0.37 + 0.622 KS

KT = 0.28 + 0.45 KS

KC = 1.6(1 - KT)

KD, = 1.4153C - 0.384; (0.38 <JC< 0.80)
=0.75; (3C->0,80)

KD, = 1.492 KT - 0.492; (1.60 < KT < 0.83)
= exp {0.935(KT)%} - 1 ; (KT < 9.6)

HO = (24/m) « RA  {cos(L) - cbs(d) * sin(m « TR/12) +
(- - TRAT2) - sin(L) - sin(d)}
Iﬁﬁi = {Kp, f HOY/{2(12 - TR)}
Iy = (KD, + HO}/{2(12 - TR)}
max’’

a; = -sin (Bmax) » log, {IDHl/O’G In « sin (B _.)}

8 = -sin (Bgy) - Toag {Inyp/0.6 10+ sin (8 )}

Iyg = 10 - exp‘{-a}/sin (B)} -

. IDNZ =’IO . exp {-az/sin (R)}
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T, =0.33 (1 -1

+ KC - IDZ

. @u(e) + KC - 1 <y (6)

DNT . / DN2 u

wy () = 9, (8) {1 =y (0]} / {1+ (0))

pa = (1= KC) = Ty = o (9,) + KC - Tppo = 0 (0

Ty = Ipyp/RA

T2 = Ipyo/RA

T4l T 0.2710 - O..2939 1

d2 p2) (0.45 < 7p,)

+'])—T

= /1.07 1oge (TD2 a

n2

B].; (Td]/TD]) ¢ Sih(B)

By = (140/159) * sin(B)

Tam = By * T

Lane = B2 = Ipno

MS = F(e)

MH = F(¢)

Idf,z (0.43 MH + 0-57.MS? Tgm
Lip = (0.43 MH +_0.57 MS) lyn
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Ig= (1= KOy +KC L 1y, ~ {3147)
Id% = wu(e = () ° Id (3.48)
IdA_: wu(wu) ; Id (3.49)
I=1y+1, _ | | (3.50) | !
1= Ipr + Iy (5.50)
I = I, IdA | - (3.52)

3.6 Thermal Radiat#on Exchanée Between Greenhouse and the-Atmosphere'

The net thermal radiation balance between a greenhouse and the

<

- atmosphere will be edualkto the summation of the thermal radiation

emitted by each:body with proper sign:

| ' o ' i o4y | ,
| B R A R A (3.53)

| o : - Because the greenhouse was assumed to contain no crop, AS was
simply the greenhouse ground-bed area. It was assumed that in case of

mu]tipTe layers of covering material, the successive layers would trans-

mit the same percentage of radiation striking it as the first layer (49).-

A quadratic equation fit was obtained for the effective atmospheric
emissivity values suggested by Bliss (10) as a function of atmospheric

- dew-point temperature.

The .ASHRAE Handbook (6) lists equations to calculate dew-point

temperature of atmospheric air numerically, if the air temperature and-

relative humidity are known. The equations .in the ASHRAE Handbook are
in the British system of Units. After convertingvinto'SI units, the

equations are:
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pws = 0.76 exp [2.3026 {10.79586 (1 - x) +
'+ 5.02808 Tog, ,(x) + 1.5047¢ x'107% (1 - 1078-29692(1/x-1)y,
0.42873 ¥ 1073 (10%7095501-X) 1y _ 5 5195083}

(3.54)

where pws is in the temperature range of -50C fo‘]OOC.

X = 273.16/(273.16 + tdp) - (3.55)

pw = RH X pws ‘ | | ’ (3.56)

Then, for a temperature range of 0Cto 65.5 C.

tgp = 102.6956 +.24.6988 Tog (pw) + 1.0496A{1oqe(pw)}2 = (3.57)
fand, er a temperature rangé of ~50 Cto 0 C

ty, = 79.6565 + 17.4615 1oge(pw)‘; 0.4959 {Tog_(pw)}? . (;.58)

The structural frame-of.-a greenhouse makes up approkimate1y seven percent
”-of‘the total covefjnglsurface area. It is difficult to.account for
this area when calculating the shape factor of fhe greenhouse in
.reTation to the atmosphere as it requires 1ntegbation_§f'1nvo1ved

. functions. It was decided that the structural frame of the greenhouse

would be-excluded from the calculation of shape factor.
When no wall is insulated, no part of the greenhouse radiating

surface, the ground, is obscured from the atmosphere. The va]ﬁe of

shape factor for this case will be 1:0. Under conditions other than this
1.e., when some part of the greenhouse covering surface is opaque, exact
determination of shape factor requires the evaluation of double integrals

(15) which s often tedious. Shape factors for a large  number of geo-

metrical arrangements have been evaluated and can be found in various
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texts dealing with heat transfer. One such arrangement is shown in
Fig. 3.2, Use of this type of design aid allows shape factors to be
determined for a greenhouse with any of its sides insulated. The'expres—

sion for evaluating the shape factor of this arrangement is (15):
F32_3 = (Az/A3)(1/ﬂ [tan (b/z) + (2/2) tan-](b/z) -
(2 + 22/20tan”! (b/VR% + 22) + (2/4b)10g (22 b2+ 22)22)

(82 + b2W(B2 + 22)} + (22/4b * 3} Tog (&% +.b* + 22) - 22/

~N
\.

{22 + b2)p(22 + z2)} - (b/4z) Tog, {(2% + b% + 22) - b?
(22 + b2p(b2 + 22)}] ) - (3.59)

This expression gives the shape factor of the end surface in rela-

- tion to the ba;e.. For an end surface which is not rectangu]ar,' 'AZ | is
the area for that particu1ar'end-surfacef 1n a symmetrical greéhhouse
constrdction; i.e. opposite sides of greenhouee are equal, the shape |
factor should be eqda] for both ends and also for both sides. . Since the
sum of shape factors of all the four sides of a greenhouse is equal to
unity; by knowing the shape factor for one side, cerresponding shape

factors can be determined for any of the other three sides.

3.7 Heat Transfer with,GreenhoUse_Ground-Bed
Heat transfer with.the greenhouse ground bed consists of heat
~ transfer in vertical direction ’Qy' and lateral neat transfer Qx
The Tateral heat transfer component depends upon the type of
‘foundation construction and is dfrect]y prdportionai to the inside-
oqtsfde airvtemperature difference (44). Deep insulated foundations caﬁ

" result in reduced heat transfer. This heat transfer through the green-
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house foundation walls can be represented as:
- t) (3.60) ..

The value of f was‘adopted from the Canadian Farm Building Cnde (12).
Steady-state heat transfer with the greenhouse floor 1h.a'

vertical direction is given by:
-t )/R | : (3.61)

whereb Ay is the area of the greenhouse floor after excluding a 1.0 h
Wide sfrip along the edges. This is because it is assumed thaﬁ,this'l.O'm
of ground bed area contributes to the Tateral heat transfer component
“through the foundation walls. Total heat transfer with the greenheuse

ground bed is then:

Qg =0, +Q, _ | ) - (3.62)

3.8 Heat Transfer From the Covering'Surface of the Greenhouse‘

Heat may be transferred from the qreenhouse surface by all three
mechan1sms, conduction, convection, and radiation. The surface heat -
transfer coefficient values- given by ASHRAE (6) include the‘effects of
both convective and rad1at1ve heat transfer. An'expression for the heat
transfer from the covering surface of a qreenhouse under steady—state

conditions is,

Values of R, for various greenhouse surface constructions are calculated

by the expressions given in Appendix 3.




CHAPTER 1V

EXPERIMENTAL DETERMINATION OF
SOLAR TRANSMITTANCE VERSUS INCIDENCE ANGLE CHARACTERISTICS
FOR COMMON GREENHOUSE COVERINGS

4.1 Initial Preparation

4.1.1 Determination of Geographic Directions at the Experimental Site

The experiment was conducted in an open space south of the

-research greenhouse at the University of Manitoba. No shadows were

present to interfere with the experiment and observafionsvcou1d be

(taken from sunrise toAsunset'without disturbance. A temporary plat-

form was set up as a work bench to support the instruments and 3116w
observed data to be recorded in the field, Ageographic meridian was
established on the p]atférm with the procédure given below (i]);

A po1e'w1th a pointed end was erected on the levelled platform
and the ehdpoint of.the po1eis shadow was marked>on the platform at
approximately 20 minuté_interva1$ from 16.0 a.m. to 2.0 p.m. The
point where the pole stood was marked onAthe p1affofm. A smooth curve

was sketched through the shadow marks. w1th the po1é mark as centre

and with an appropriate radius, a circular arc was swung to obtain two

‘intersections,, P, and p, (Fig, 4.1), with the shadow curve. A line

from the pole mark through p , the midpoint of p,p, will approximate |
_ 0 172

‘the geographic meridian. Other directions. were determined with.this

meridian as the reference base.

4.1.2 Experimenta1 Equipment

A model SR spactroradiometer (21) was available to take observa-

‘tions in this experiment. A framewas fabricated to tilt the spectroradio-

30,
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meter at-any inclination angle ranging from 0 to 90 degrees and to hold
the spectroradiometer at that particular tilt angle. The frame was
calibrated over the range of 0 to 90 degrees in five dearee intervals. A

frame and slide afrangement madelit possib1é to hold the covering plastic

films pafa11e1 to the diffusing screen. Location of the diffusing
_'screen on the spectroradiometer is shown in Fig. 4.2 . Yith this arranqe-
ment, greenhouse—coverfng plastic films could be tilted at a particular

inclination angle and the observations could be recorded.

4.1.3 To Compute Solar Incidence'Ang1e on a Surface at any Time

Incfdence angles of the sun on a surfacé were computed'with the
f0110wing inputs:
i) date of the observations
g | ii) local Watch time at which the incidence angle is to be
| computed
ii1) wall-azimuth of the surface

iv) “inclination angle of the surface

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

turn was used to cdmpute the incidence angles. The fb11ow1ng set of

equations was programmed on the computer for the computation (Appendix 1.3):

F(TL) : @

T= .

H=m - T/12 o ’ - (4.2)
sin(d) = sin(de) - cos(2i-+ N/365) o (8.3)
sin(g) = sin(L) + sin(d) - cos(L) + cos(d) - cos(H) (4.4)
sin(A) = cos(d) - sin(-H)/cos(8) | R , (4*5)

z




Fig. 4.2 A Model SR Spectroradiometer

‘

Fig;:4.3 Thé.Ekperimenta1 Set-upktb Determ1né
Incidence Angle Characteristics

33.

Solar Transmittance Versus




_cos(é) = cos{B) - cos(Y) « sin(¢) + sin(B) - cos{4) ' (4.7)
TR = (12/7m) - cos_][{sin(L) . sin(d)}/{éos(L) « cos(d)}] (4.8)"

4.1.4 Greenhouse Coverings to be Tested
Seven gkeenhouse covering systems using'three different plastic
materials were used in the experiment. They were: |
i) U.v. PdWyethy1ene, 102 u (Canadian Industies Limited),
i1) Fabrene-TM (Dupont of‘Canada Liﬁited),
iii) Filon (Atlas Asbestos Company),
iv) two layers of U.V. Po1yethy1éne,
V) tﬁo layers of Fabrene - TM ,
vi) top layer of.Fabrene-TM and a lower Tayér of
u.v. Po1yemhy1éne, and- ‘
vii) top layer of Filon ahd a lTower layer of
U.v. Po]yéthy1ene._
S]ideg.of these seven,systems were prepared to fit in the frame

and s1ide arrangement described in Section 4.1.2.

4,2 Experimental Procedure

The spectroradiometer mentioned in Section 4.1.2 indicates_thé
intensity of solar radiation at a preset'WaVelength_ih the rangé of
380 nm to 1550 nm. It was éssumed*that solar transmittance.of greenhouse -
plastic coverings'remains constant with respect to change in wavelength.
. This assumption was based on the observation of curves of incident and
'trqnsmittea solar radiatjon for several plastic materials (18). This

faci]itatéd the experiment with the spectroradiometer as incident and
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transmitted intensities at a particular wavelength for a surface azimuth
and inclination were the only data required.
Fig. 4.3 shows the scheme by which the data were.recorded. The

experiment was conducted on sunny days under cloudless sky conditions.

The spectroradiometer and the £i1t1ngframe assembly were set in a pre-
determined direction which corresponded to the Wa]] azimuth of the
piastic surfaces to be tested. The direction was determined from the
point of view of getting a wide.range of incidence ang]eé as the speetro—

"radiometer was tilted from 0-to 90 degrees.

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

read at a particu1af Qave]ength. Loca1"Watch time was noted at the

_ Beginning-ef the experiment. The 1ﬁc1dent and transmitted 1ntensit1ese
of solar radiation for a particular inclination -angle of a greenhouse
covering system Were recorded'as follows. The incident intensity was
recordee with the slide of greenhouse covering material off the dif%using
screen and the transmitted intensity'was recorded by‘e1acing the's]Tde
over the diffusing screen. The ihc]ination angTe of the surface was
changed from O-degrees through 90‘degrees at defiﬁite intervals. It wae

assumed that the intensity of solar radiation and the solar incidence

angle did not change appreciably during one set of observations, an elapsed
time of about five minutes. Table 4.7 shows one such set of-obseryationé.
- The procedure was repeated for different systems of covering materials

and differenf wavelengths (400 nm, 600 nmand 1250 nm).

4.3 Data Processing
Transmittance values were Computed by taking a ratio of the

transmitted solar intensity'and the solar intensity at normal incidence.

Incidence angles for a set of data were computed as described in Section




TABLE 4.1

A Set of Observations for the Experiment

Date: June 18, 1975; Wall-Azimuth:

Wavelength: 600 nm

250 degrees

1 2 3

- 9.43 a.m. 0.0 ]38L0v' 122.0
| 110.0 190.0 175.0
20.0 203.0 188.0
30.0 212.0 199.0
40.0 218.0 205.0
50.0 214.0 200.0
60.0 206.0 193.0
70.0 ©190.0 173.0
80.0" 164.0 - 146.0
90.0 130.0 - 114.0

Code: 1 Local watch time

2 1Inclination angle of the test surface
3 infensity'of solar radiation with the test

surface off the diffusing screen mw/(cm?<nm) -

Intensity of solar radiation transmitted
through the test surface (U.V. Polyethylene
in this case), mw/(cm?+nm)

36.
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4.1.3. The transmittance values were then correlated with the computed
“incidence angles. These correlated transmittance and incidence angle
values at different wavelengths were grouped for each svstem of covering

surface and a polynomial fit was obtained for the transmittance as a

function of incidence angle. The third-order polynomial fit obtained for-

the Filon-and U.V. Polyethylene combination was

v,(0) = 0.3571340 x 107°(0%) - 0.4347968 x 1071 (s%) +

| 0.4119053(s) + 78.9124 o (4.9)

where the transmittﬁnce v(wu) is in percént'andlthe 1nc1denqe angle (o)
is in degrees. ‘Detailed results of the experiment are given.in Appendix

2. 1t was obsérved that at incidence angles greater than approximately

70 degrees, the output from the spectroradiometer Eecame constant. It

was assumed that this was due to'theAfact that diffuse radiation incidence

..on-the sukfaée,was ddminant-béyond about 70 degrees.incidence. As

discuséed in Section 3.5, it is hot possible to assign as’sing]e

value of incidence angle to the diffuse solar radiation falling on a ‘

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

mission of diffuse solar radiation through a surface_with-incidénce

bang1é. As a result of the abové discussion, it was assumed that a constant
fraction of the incident diffuse solar radiétion, equal to the transmittance

at normal incidence indicated by,the.transmissﬁon characteristics for a

particular surface, would be transmitted by the surface.




CHAPTER V
ANALYSIS AND COMPUTATION .

5.1 Scope of Analysis
' In erder to fulfiiil the objectives established in Chapter I, the
analysis of heat blance Was restricted to the following caseslon1y.
Thfee shapes ef.greenhouses were considered in the analysis:
i) Circular | 4
ji) GabWe
ii1) Gothic Arch
These shanes were-chosen because they are common in commercial use. The -
(methods of the analysis could ea$i1y be extended fo other shapes.
| Two different sizes of greenhouses were considered:
i) 15.0 m x 10.p m |
1) 200.0 m x 12.0 m
The sizes are referred to as small and large, respective]y,‘fn the text.
Heat ba]ance calculations were carried.out for completely transparent
greenhouses, and greenhouses with their north side insulated. Three
levels of 1ﬁsu1at10n were considered in the .north side.,‘“ |
Two weafher eonditjoﬁs,‘winter (December 21)'and_summer (June 21),
were considered to allow eva1uation of the model under extremeéef weather
‘and-at minimum and maximum solar radiat%on. The requ%red Weafher,data
used for the two conditions were for the;year 1974 and were7acqu1red
from the Atmospheric Environment'Service, Winnipeg (27). These data
~were, by no means, exceptional based on a record of the past BQ.years
and, therefore, were representative of the weather conditions under -

consideration.

38.




- at Winnipeg, Manitoba.

"Fig. 5.1. The roof slope was arbitrarily chosen as 30 degrees. Surface

- parameters that were used in the heat balance analysisf_

39.

The greenhouses were considered to be oriented either east-west
or north-south. Further, either clear sky or completely overcast sky

conditions were assumed. The greenhouses were assumed to be located

5.2 Déscriptiqn of Greenhouses for Analysis - : S !
(1) Circular Greenhouse
The basic shape of a circular greenhouse is illustrated in

Fig. 5.2 An end section of this greenhouse is a semicircle with a

diameter equal to the width‘of'the'greenhouse."The surface areas related

to this shape of greenhouse are given in Table '5.71.

TABLE 5.1

‘Area of the Surfaces in Circular Greenhouse

Area, m2
Surface
Small I _ "Large
Ground surface ~  150.00 . 2400.00
‘One end wall area 39.27 - 56.55

One side wall aréa 117.75 » 1884.00

(§i) Gable Greenhouse

The hasic shape of a gable greenhduse is illustrated in

areas were calculated based on ground bed dimensions and assumed height

of vertical section of the side wall. Table 5.2 gives the cailculated
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Fig. 5.3 Gothic Arch Greenhouse




41.

TABLE 5.2

Area of the Surfaces in Gable Greenhouse

Area, ma
Surface — :
Small* Large**
Ground surface 150.00 © 2400.00
One end wall area ' 28.50 41.50
One side wall area: a) 30" inclined surface - 86.55 _ 1386.00
b) vertical surface 21.00 340.00

* ’ . .
~height of the vertical section of the side wall was. assumed as
< 1.4 m, :

, **heighﬁ of the vertical section of the side wall was assumed as
1.7 m. ' ' ‘ ‘ : - ' '
(ii1) Gothic Arch Greenhouse
‘ The basic shépe of a gothic arch greenhouse is illustrated
in Fig. 5.3 This.is not a classic gothic arch shape. In this case,
the arch was assumed to consist of a lower curved portion and an upper
flat portion.. The flat portion was assumed to be inclined at 30
degrens with the horizontal and tobeginat the point where a tangent to
the Tower curved portion was inciined at 30 degrees with the horizontal.
The curved portion- was approximated by an arc of a circle with a radius
‘equal to,.
b/2 o
P = e—e— (5.1)
cos(20) ' : S
The tangent at the bottom of the arc made a 70 degree angle

‘with the horizdnta]. Table 5.3 gives the necessary parameters for the

gothjc arch greenhouse.
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' TABLE 5.3

Area of the Surfaces in Gothic Arch Greenhouse

Area, m2
Surface
Small : Large
Ground surface : 150.00 2400.00.
é | One end wall area | 27.21° | 39.18
One side wall area: (a) curved portion 55.72 892.00

(b) flat portion 1 43.30° 692.00

‘5.3 Greenhouse Construction and Assumptions fof Analysis

The greenhouse construction was assumed to meet-thé following
constraints:
bi)' foundatién walls are of normaT concrete and are
uninsulated,
ii)  structural membgrs of5 ¢m x 10 cm size spaced at
60 cm constitute the supporting structure of the
'greenﬁouéé, |
iii) transparent covering is composed of a layer of filon on the
".weather'side and a layer of ultraviolet resistant polyethylene
bon the inner side of the greenhduse. 'Still air was held at
atmospheric pressure in betwee% the plastic'layers,
jv) for opaque north walls, 1.0 cm (3/8“)_p]ywopd sheets
were used on both inside and outside surfaces, and
v) all insulation was fiberalass. -Three levels of
insulation are assumed in the analysis; R = 0.70,

2

R =1.41, and R = 2.11 (m" * K)/w. ',
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The following assumptionsvwere made in. the analysis:
i) the inside surface heat transfer coefficient is for zero
air velocity,
1) -fhe outsidelsurface heat transfer coefficient is for an air
velocity of 12 kmph in summeré and 24 kmph in winters,
ii1) 1n3ide:temperature of the greenhouse is 21 Ctﬁroughout the year.
iv) fherma] resistance of air spéceé of 2.5 cm or greater in

2, K)/w for all situations;

thickness 7s constant at 0.158 (m
and

v). solar abserptivity of a single skin plywood surface is 0.9.

5.4 Computation of the Individual Heat Balance Components
5.4.1 Solar -Heat Gain

A computer program was written in WATFIV'using the equations in
Section 3.5 to compute incident solar radiation on a flat surface. A poly-
nomial equation of solar transmittance versus incidence angle;for the
assumed greenhouse covering (Fiton and ultraviolet resistant polyethylene)
és determined experiméhta]ly, was included in the computer program. Solar
heat gain throUgh a transparent surface wés,éa]cu]ated'as:

| qu = Lo+ Iy - N A \ ' (5_2)

The transmitted component for an 1nsu1ated surface becomes zero and,
therefore, solar heat gain for this surface is:

q";I-w - N, - A - o . (5.3)
To be used for curved surfaces, the above mentioned computer program was
modified. A curved surface was assumed to consist of a nﬁmber of equal .

arcs. The slope of the tangent to ea;h arc at its midpoint was QSed to

designate the inclination angle. Thus, the curved surface was approxf—
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~mated by a series of flat surfaces each inclined at the inclination angle

of the corresnonding arc tangent. If the‘equation of a curve is,
Y = F(X) _ : . (5;4)

then the slobe of the tangent at a snecified poﬁnt (XY) on this curve is

found as:

a tan (1) | | (55)
T = tan (A .
Kl x=yy | | S
The curves used in this investication were seaments of a circle, there-
fqr, the equation of the curve:

2 g2 2

X“ e = pf - ‘ (5.7)

and

¢ = tan'] (—X/ r? V(5,8)

.These equations were brogrammed along with some other nécessarv
arguments and are given in Appendix 1.2. For the circles with 10-12 m
diameter, used in this analvsis, arcs of 10 to 15 dearees arc angle were
assumed to-be straight 11nes; This assumption resulted in reduced computer

execution time.

5.4.2 Thermal Radiation Exchanae
Equat1on 3.53 was uspd to determine the therma1 radiation exchanqe
hefween a greenhouse and the atmosnhere,

o | o W |
QO =Ag =8 FS - yle -t -c - t"] | (3.53)

- Shape factors were evaluated using the 1nformat1on aiven in section 3. 6
- (see Tab]e 5.4). Thermal transmittance of the greenhouse p]ast1c covering

was approximated as (49):




TABLE ‘5.4
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Shape Factors for Greenhouses with North Side Insulated

Shape of

Shape Factor, FS

E-1 Orientation

- N-S Orientation

Greenhouse Small Size Large Size Small Size Large Size
‘Circular 0.582 0.508 S 0.918 0.992
. Gable 0.560 ©0.5% 0.940 - 0.994
~ Gothic arch |  0.557 10.506 0.943 0.995

<
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'(4‘5.9)

Uy = (wt Fi]on)’(wt u.v. Po]y{)

=0.12 = 0.708 (51). Therefore,

and lPt U.v. Poly

where Vi riion

vy =-0.12 x 0.708 = 0.085

- A value of 0.95 was adopted for thermal emissivity of the greenhouse. - - [
emifting surface, the ground bed in this ana]ysfs (38). |

The average value for the effective atméspheric_emissivity for a
24 hour period was ca1cu]atéd based on average atmospheric dew point

temperature. This resuits in:

'ea =.0.836 for June 21, 1974 under clear sky conditions
'ea = 0.746 for December 21, 1974 under clear sky conditions
€, 7 1.0 , for all dates under overcast conditions

‘The daily value of ta4 was calculated by summing the fourth poWer.of

hourly absolute temperature values for fhat:day,

Ao 0.1782 x 102 & for June 21, 1974

N
"

0.109 x 10'2 K*  for December 21, 1974

(a3
1

Temperature of the emitting surface tS was assumed:equa1 to the

temperature maintained inside the greenhouse itself, i.e. 294.16 K,

5.4.3 Heat Transfer With Greenhouse Ground Bed
Heat transfer with greehhouse ground‘bed consists of heat transfer
“through greenhouse foundation walls QX énd vertical heat transfer

with greenhouse bed Qy.
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To evaluate heat trqnsfer through greenhouse foundation‘wa11s,

a value of 1.42 w/(m+K) was adopted for the edge loss factor as in

equation 3.60 (12). Perimeter P for small and large greenhouses ‘
were SCrnénd 424 m,respectively. Hourly values of this Heat transfer
based on the hourly outside temperatures were summed to give daily

heat transfer values. | |

| The soil resistance to heat transfer was chosen as 1.76 (mZ'K)/w

in order to calculate the vertical heat transfer component (39). Deep

soil temperature tq was taken at 10 Cyear round based on the measure-

‘ments by Shaw (40) under Winnipeg conditions. Ground bed areas were

set at,

g = (15-2) . (1o'~‘2)

pa
i

104 m2 for small greenhouses

2

1980 m

I
1t

(200 - 2) - (12 - 2) for large -greenhouses.

5.4.4 Heat Transfer from Greenhouse Covering Surface
Thermal resistance values for different wall constructions

encountered in this investigation were calculated as shown in Appendix

- 3, and are Tisted in Table 5.5. The following values were assumed for

- the quantities usedin the above mentioned equations (6).

k

W | 0.12 w/(m = K)

6.31 w/(m% * K)

o
i

1]

ho (winter) 34.07 w/(m2 * K) .

h_ (summer)

. 22.71 w/(m? * K)

9.08 v/ (m° * K)

=
H
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R 2

i

0.08 (m" « K)/w

ply

ins 0.22 (m2 * K)/ (w + cm)

Thermal resistance of plastic films was neglected in calculating the
overall thermal resistance of the greenhouse wall section. The three
Tevels of f1berq1ass 1nsu]at1on assumed in insulating the north side

of a greenhouse were 0.70, 1 4] and 2.11 (m2

~\)/w. For the convenience

in reporting, the insulated wall sections have been referred to in the text -

by the amount of fiberglass insulation they have. An insulated wall
- section having 0.70 (m2 * K)/w of fiberglass insulation, for example,
has been referred as R = 0.70 section. |
Thermal resistance of an airvspace depends mainly upon:
-i)A thickness of the air spece,
1i) position. of the air space (horizonta1 or s}oping),
111) direction of heat flow, | |
1v)"mean tempereture of the air space,
v) temperature gradient across the air space, and’v
vi) thermal emissivity of the enc]os1ng surfaces.
Detailed qua11tat1ve descr1pt1ons of thermal resistance of
air spaces are given by ASHRAE Handbook and ShirtTiffe (6, 41).' The
- tables Tisted in the ASHRAE Handbook (6) are only applicable for the‘
speeific cases described. This information is not sufficient to deal
with the entire ranqe of cases encountered in this ana]ys1s Extra~-
polation or 1nternn1at1on of the available values would involve a
considerable amount of computation without much improvement in accuracy

relative to the accuracy of other assumptions. It has been reported

that the thermal reéistance~ofvair spaces, both reflective and non-
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reflective, becomes practically independent of thickness for air spaces

thicker than 2.5 cm (41). Therefore, considering the magnitude of the

thermal emissivity of the enclosing surfaces, the range of temperature
difference, and the mean temperature of air spaces, a fixed value of

0.16 (m?

© K)/w (ca = 6.31 w/m2 - K) was assumed for all cases -of air
spaces thicker than 2.5 cm.
Heat transfer from greenhouse covering surfaces can then be

computed by summing the heat transfer values for different wall sections

of the covering surface calculated with the help of Equation (3.63).

Q ~5 A (t, - t,)/R, ' AR | (3.63)
TABLE 5.5

Summary of Resistance to Heat Transfer

from Greenhouse Covering Surfaces

2

. , _ Heat Transfer Resistance, (m;'K)/w
Climatic Type of '
Condition Wall-section Insulated
Transparent :
R=0.70  R=1.41 ~ R=2.11
Winter ~  End wall- 0.31 1.19 - 1.85  2.44
Side wall:
Circular 0.3] 119 1.83 2.43
Gahle .0.31 . 1.18 1.84 2.43
Gothic arch 0.31 S 1.19 1.84 2.43 "
Summer End wall 0.32 1.20 1.86 2.45
Side wall:
Circular 0.33 1.20 1.85 2.44
“Gable 0.33 1.19 1.85 < . 2.45

Gothic arch S 0.330 1.20 1.86  2.45
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5.5 Economic Considerations
The following approximate analysis_has been performed to determine
the economics of insulating the north side 6f a greenhouse with respect

to its enérgy saving capacity. The period from October to April in any

year was assumed to be the heating period and from May to September the
vent11at16n period. A small size gothic arch ¢reenhouse with the north

side insulated (R = 0.70) was arbitrarily chosen for the analysis.

- The insulated area for the chosen greenhouse is 99.0 m2.
Qn December 21, 1974:‘ .
Heating requirement for ﬁhe insulated greenhouse | = 398.47 kwh
<Heating requirement for the transbarent'gréenhouse. = 187.82 kwh 
'Therefore, thé’heat saving. due to insulated n¢rth side = 210.65 kwh
Heat saving for unit insulated area . : o= '2}0;65/99.0

212 kwh/m?

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 kuh/m?

Similiarly, ventilation saving on June 21, 1974 = 953.24 - 791.62 = 161.62 kwh

Ventilation saving for a unit insulated area = 161.62/99.0 = 1.61 kwh/m2

If only 50 percent -of this ventilation saving was achieved

throughout the ventilation period. Then,

yearly ventilation saving = (1.61 x 153)/2

124.9 kwh/m°.

If the costs of heating and ventilation are assumed equal at 1.5¢/kwh,
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then yearly saving in heating and ventilation due to insulating the

north side is,

{(225.5 + 124.9) x 1.5}/100 = $5.25/m’

Additional cost of insu]ating 1.0 m2 of north side may be
‘distributed over_the 10 years of its assumed 1ife span. Considering
fall 1975Vbrices-of the building materials, it 4§ found that almost
no additional cost is involved in%ipsu]ating the greenhouse surface fnstead

of making it transparént. Thus, the $5.25/nﬂ2 of energy saving itself

becomes the net>saving due to an insulated north side.




CHAPTER V1
RESULTS AND DISCUSSION

6.1 Daily Heat Balance for Gothic Arch, Gable, and Circular

Shapes of.Greenhouses
Daily heat balances for the three shapes are summafized in
. Table 6.1. It is obvious that the three shapes differ wftﬁ-respect_to
their heat transfer properties. The goth%c arch shape requires the

Teast heat of the three shapes in all cases except when'the small

greenhouse is oriented north-south. In this case, the gothic arch
shape requires the maximum heating of the three shapes. ‘Relative
i (heating requirements of the other two shapes are not consistent with
a change in size or orientdtion._ These variétions are probably
caused by an interaction of the.fo11ow1ng factdré:

| i) solar heat gain of a greenhouse, and
§ , ii) amount of heat transfer from the éovering surface of a

greenhouse. .

As the size of greenhouse increases, a gothic arch greenhouse

oriented north-south becomes more efficient in admitting solar energy

5#: | ~in comparison to the other two shapes in the same orientation. It is
observed that a large size gothic arch greenhouse requires-15 td'25 per=

cent less heating compared to gable and circular shapes. During summer

conditions, a saving of three to ten percent in ventilation requirement is
evident for the gothic arch shape compared to,thé other two shapes.
Therefore, a broperly sized gothic arch greenhouse can be expegted to
'giye better energy economy than a gab1e or a‘circu1ar’greenhouse would

gﬁveﬁ Moreover, surface area needed to cover a given ground bed area .is

52.
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minimum for a gothic arch greenhouse (proportion of surface area for

gothic arch, gable, and circular greenhouse are 1:1.09:1.19), thereby

reducing the material cost to construct a gothic arch greenhouse. -

Daily Heat Balance for Transparent Greenhouses

under Clear Sky Condition

TABLE 6.1

Daily Heat Balance, kwh .

Size Shape December 21, 1974 June 21, 1974
east-west north-south east-west north-south
Small Gothic Arch . 398.47 . 585.44 ' -953.24 —1,061.06'
Gable 463,33 548.59 -1,023.93 -1,097.45
Circular 479.10 | 583.55 -1,064.07  -1,194.72
Large GothiC'Arch 3,249.30. 6,130.14 | -13,382.03 -16,561.01
Gable 4,212.30 6,911.91 -14,431.72 =17,144.88
Circular 3,881.35 7,375.86 -14,157.62 ~18,340.88'
6.2 ‘Computation of Heat Transfer Resistances

In evaluating the rate of heat transfer from the curved surface

of gothic arch and circular greenhouses, computation of thermal resis-

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

sidering the accuracy of other assumptions in this analysis, it was

considered useful to determine the difference in accuracy that would

result if. the formulae for flat sections were used in evaluating the

thermal resistance of curved sections. Besides, would there be a
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significant difference if the structural frame work was excluded from

" the calculation of thermal resistance? It was noted previous]y that the

structural frame work in the conventional plastic covered greenhouses

constitutes about seven percent of the total greenhouse covering surface

“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 structural frame work considered.

Compéring-thé values of heat transfer resistance for end surface
(flat) and»side surface (flat and curved) in Table 6.2, it can be
obsérved that both the surfaces have comparable resistance-va]ues."

Deviation of no more than 0.5 percent is apparent. Probab]y with a

<sufficient1y large radius of curvature, a curved surface behaves 1ike

a flat surface;' This suggests that the heat transfer resfstances for
curved surfaces could be computed without any significant error even by
ignoring the effeﬁt of curvature.:

| The percentage error column in Table 6.2 1ndiéates the efféct of
neg]ecting the structural frame work in the-ca19u1ation of thermal resisQ :
tance. A minimum of 1.1 percent érror is observed in this comparison,
but the magnitude-of‘the efrorris a dirgtt function of'the difference in
the thermal. resistance Qf the structural fréme components and the insulatfng
medium; Therefore, it appears that if the thermal resistanée bf ihe
structural frame is comparabTe to the thermal resistance of the dnsulating
medium between the frames, the sfrucfura1 frame work could be excluded
from the analysis without much error. If thére,is a large differénce

between these resistance values, the structural frame work should be

_ﬁnc]uded.
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TABLE 6.2
Heat Transfer Resistances (R) for various

sections of Gothic Arch Greenhouse Covering Surface

Heat Transfer Resistances

. 2, *
Climatic Wall-section (m K) /v Percent b
Conditions  Description Approximate* ‘ Exact** Error
Winter End wall:
~transparent 0.30 0.31 +3.2
; Insulated, 4
R = 0.70 1.17 1.9 #1.7
% v R =.1.41 : 1.87 1.85 -1.1
| ’ ‘ R=2.11 2.57 2.44 -5.3
Side wall: . ,
| "~ transparent 0.30 0.31 +3.2
% ' ’ Insulated, _
| R = 0.70 117 1.19 1.7
; . R - 1.41 1.87 1.84 -1.6
A R=2.11 " 2.58 . 2.43 -6:2
Summer - End wall: : :
transparent 0.31. 0.32 +3.1
‘Insulated, _ _
R = 0.70 1.18 1.20 +1.7
{ R -1.4 - 1.89 1.86 -1.6
. R=2.11" ‘ 2.59 . 2.45 -5.7
g Side wall: ‘
i transparent 0.31 0.33 +6.7
z":;j; . ’
g R - Insulated, : L o
R =0.70 1.18 1.20 +1.7
R =1.41 1.89 1.86 ~1.6
R - 2.1 2.59 : 2.45 -5.7

~*values catculated by neglecting the structural frame work
**values calculated with the help of the equations given in Appendix
3 ‘ o
***percent error = 100 (eXact—approximate)/exact




56.

6.3 Contribntion of Solar Energy from the'Norfh~facing Surface in

Greenhbuses‘

It can be seen, from Table 6.3, that at 49.25 degree Tatitute
(Winnipeg) the transparent north side in an east-west oriented greenhoUSe contri-
butes very little to the greenhouse solar heet gain duning winters
(almost three bereent in December). However, the centributﬁon‘from such a
surface increases to as much as 40 percent during summers. The contribution
in a north—soutn oriented greenhouseAremains below three percent
throughout the year. During winter, the transparent north side con-
tributes Tittle to the total solar heat given of a greenhouse but,
depending upon the fraction of the total surface area const1tuted by
“the surface, heat lost from it may amount to almost half of the total
~heat 1ost from the greenhouse. Also, during summer, the Targe contri-
bution of so]ar heat through the north side may be reqarded as unde-

" sirable because 1t adds to the vent11at1on requ1rement of the qreenhouse
Based on these conditions, an opaque north side in a greenhouse could

result in a reduction in the energy intensiveness of the structure.

6.4 Hourly Heat:Balance for_Greenhouses HithTransparent and Insulated

North Sides- |

Gothic arch greenhouses were found to give maximum energy sevinge
of all greenhouse shapes analysed in Section 6.1, therefore, 'h0ur1y
heat balances were computed for only gothic arch greenhouses. F1g 6.1
shows daily profiles of hourly heat balance for both transparent and
north side insulated greenhouse of large size. These profiles were
plotted for December 21, 1974 under assumedvc1ear and completely overe
cast sky conditions and‘east—west orientatien.' One of the observatians

“from these profiles is that a reduction of about 170 kwh in the required
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Contribution of Solar Energy from the Transparent

North-facing Surface in Greenhouses

*
Percent

December 21 June 21
Size Shape ‘
East-West  North-South East—West North-Sotth

Small : . :

Gothic Arch 2.8 1.0 -31.3 2.0

Gable 2.7 0.7 33.7 2.0

Circular 2.5 0.9 303 2.6
Large ‘ , : o

Gothic Arch 3.1 - 0.1 36.7 - 0.2

Gable 3.0 0.1 39.3 0.2

~Circular 1 o 37.4 ‘Ov2

. 2.8 : 0.

* . .
Percent = 100 (solar heat gain through
heat gain for the whole greenhouse).

the north facing surface/solar
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capacity of the Beating system for a .greenhouse can be achievédAby
insulating its north side. Ah increase of 150 kwh in the ventilation
requiremént due to insulating the north side is a]sd evident from the
profile for clear sky conditions. This apparent increased ventilation
fequirement'is mostly taken care of by heat storage capacity of the
greehhouse ground bed. The advantage of ihsulating the north side of

a greenhouse can be well realized by observing the profiles under

- overcast sky conditions.

Daily profiles in Fig. 6.2 represent all the cases of Fig. 6.1
under summer conditions (June 21, 1974). The peak ventilation require-

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

. insulated under both clear and overcast sky conditions. This reduction

is.achieved because the solar heat gain through the north side is
practically.eliminated. Therefore, the capacity of the ventilation
system:in & greenhouse can be reduced by insulating its north facing’
surface. ) |

| Hourly heat balances during hight hours are equa],fdr bofh east-
west'and north-south orientations of transparent greehhouses, Fig. 6.3,
but the difference between the‘heat balances becomes prohounéed'during v

sunshine hours'espECially under clear sky conditions. During winter,

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

house is avdesirab]e property in the sense that more sunlight is assured
to the plants. The apparent increase in ventilation requirement of an =
east-west‘oriented greenhouse is taken care of, as exp]ained éar1ier,

by heat Storagecapacitydf 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




v v/6L €lg 49quedsg
Uo S3SNOYUBIUY sux< OLY309 sbuRT PIIUBLAQ ummz-pmmm ;ow mucm_mm 313 AL4NOH J0O mmﬁrwoga 1°9 B4

w 3 . Ahrwﬂzm W 1d fzwhmmHm L] uzh ga m BH

£a*Re . On°ne nnral a2l 0ae m S0,

" _ : _ _ — _ .

: e
-
ro
=T

W -

W |
R
-3

C

00" !
HNOH-LLYM

Ea)

ANE 1S23E3AD Y3ONN ASNDHNIIEY 03LEINSNT A -
MG LSEIEIAR BIOND JONDHNIIYD INIUHIONEYL @ .
J¥S HYAT3 HA0NN JSNDHNIIYI nIlgongnT X
AMS 55370 HIOND ISNOHNIIYD INIUHLIENSY ¥ ~
- CTIRANWAS . -

ne




om i vL6L “Llg aunp
Uo SISNOYUIIUY Yddy Ly3op ao;m.. wmpcmio pmmznpmmm 404 @due|eg pmmx \ATSOI Uﬁowm:mo.&mm mE

3 (LHZINDOIW 1IE E,._Trwm,_f@rdg Ik L L0 ,
; AR P RIS P Soidantat i RIS i SIEANG
: . 1 ; ] ! I j i
- e
p— |
. \ P
: ..\ > [
\vllx/» ,//
X AN
"\ L.
N,
X .
\ P
% o= =

b r LA
¥ /r, i -
Ve , A\ i 1
AN RSN P
3 A .
/4..,;3 IM/ ey =
' -
s iy —
r/\.,;;)wr N e e n

b
]

M AMG . JSHIEIAD HIOND FENQHNIIYD | -

m LM LGBIMIAD HIOND 3GNRHNIAYT @ =
W MG HE3TI HIAND ICNAHNIIED , |

AMS HE3TD H3IOND 3SNRHENIEYD L ¥ N

. PGP T




#/61 ‘12 48QWSJ3Q UO SISNOYUIDAY Ydouy OLYL0Y
m@;mq vmpcmr;o YINOS-Y34ON pue 3sam-3sed U30g J04 dduB|Rg JEBH ALUNOH JO SB[L404d £°9 *Bly

61.

R ? P b
vt oo
] s.w R
o
- ot e
?J N '
AR
.- o
a vy
b A3 i
_ .
| Mo




62.

a north-south oriented one. The importance of an east-west oriented
greenhouse in relation to its capacity to admit solar energy can still’

better be realised under much Tower temperatures which occur during the

later part of winter. Orientation of a greenhouse in relation to its heat

balance is further discussed in the next section.

6.5 Daily Heat Balance foriEast;west and'North~south Orientations of

Greenhouse

Ofientation_of a greénhouse affects its heat balance, primarily,
by way of altering the structure's abi1ity to admit so]ar-energy. The
difference in the solar energy adm1tt1ng qualities of north-south and
east west or1ented greenhouses is clear from Table 6. 4 At 49.25 degrees
north Tatitude (W1nn1peg) in winter a north-south oriented greenHOuse
admits 1ess“soiar energy than an east-west oriented greenhouse does
by a minimum of 20 percent (smé]] gable). In summers, a north—south
oriented greenhouse admits more solar energy than an east- west or1ented
greenhouse by at Teast seven Dercpnt (sma11,gab1e).

Da11y.heat balances are summarized in Tables 6.5 éhd'6.6 for
various cases in order to compare easf—west»and nprth—south oriéntations.
Two observations can be made regarding the.da11y heat BaTance figures
in Tables 6.5.and 6.6. |

| i) An east-west oriented_greenhouse réquires 1és$ heating durﬁng
winter and Tess ventilation during summer than a north—south 6riented
greenhouse does. This'differenée.cou1d-be specificé]]y visuaifzed with
the help of daily profiles of hourly heat balance similar to thbse in

ngure 6.3,

ii) While fhe effects of insulating the north side df,a greenhouse




TABLE 6.4

Dai]y'So1ar Heat Gain for Transparent

Greénhouses under Clear Sky Condition

63.

. Dajly Solar Heat Gain, kwh

June 21

- -3,323.38

December 21
Size Shape :
_ East-West  North-South East-West . North-South
| Small _ v : ,
Gothic Arch -402.31 -215.30°  -1,036.63 -1,144.45
Gable -395.05 -309.78 “1,111.02  -1,184.54
‘ Circular -482.05  ~377.60 21,158.47  -1,289.12
Large g _
Gothic Arch  -5,815.27  -2.934.44  -14,151.55 -17,330.53
Gable. -5,693.25  -2,993.62  -15,256.91 ~17,970.07.
Circular  -6,817.89 -15,033.41 -19,222.67
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TABLE 6.5

Daily Heat Balance for Greenhouses on.

‘December 21, 1974 under Clear Sky Condition

~ 64.

'Daily Heat Balance,. kwh

Transparent North side insulated (R=2.11)
Size Shape :
East-West North-South  East-West North-South
Small » :
Gothic Arch 398.47 585.49 152.93 '519.92
Gable 463.33 548.59 1195.19 480.54
R Circular 479.10 - 583.55 19115 489.78"
. Large
Gothic Arch  3,249.31 6,130.14 -372.33 6,036.22
RabTe 4,212.27 6,911.91 204.04 6,785.30
Circular 3,881.35 -441.6 7,240.30

7,375.86




TABLE 6.6

Daily Heat Balance for Greenhouses on

June 21, 1974 under Clear Sky Condition
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Daﬁ]y Heat Ba1ahce, kwh

Transparent

-14,151.62 -18,340.88

North side insulated (R=2.11)
Size Shape - _ :
Fast-West North-South East-West North-South
Small _ :
Gothic Arch - 953.24 —],Q61;06 -793.57 ~-1,053.90
Gable - 1,023.93 -1,097.45 -832.03 -1,083.71
Circular - 1,064.07 ;1,194.72 -891.02 -1,147.38
. Large . _ | _ |
' “Gothic Arch -13,382.03 —16,561.01 -10,742.16 -16.550.80
Gable -14,431.72 —17,]44.88 -11,272.42 -17,134.05
Circular -11,302.04 -18,326.14
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in reducing the structure's heating and ventilation requirements are
prominent in east-west orientation, the effects are relatively small
in north-south orientation,

The Tatter ohservation can be attributed to the'difference in

greenhouse surface areas being insulated ih the two-orientatiens."THe
advantaqes of an east-west oriented greenhouse 1ncrease over a north—
south or1ented one with an increase in the size of greenhouses. It was -
not possible to project quantitative.dffference;in heatingnand venti1e~

tion requirements caused by orientation from daily heat_ba}ance

figures because both heating and ventilation were required'on the days
uhder consideratien ~ Heating and ventilation cannot be separated from
‘the daily heat balance w1thout add1t1ona1 analysis.

A_negat1ve daily heat balance fOﬁ large size gothic arch and circular -
greenhouses during Winter'(Tab1e 6.5), indicating‘VentiTation may
be mis1edd1ng These cases can be exp1a1ned with the he1p of daily
prof11es of hour]y heat balance. A negat1ve number dur1ng winter
express the excessive solar heat gain of the structure'during the day.

.Awhich, if it could be stored, could be used during night hours to heat

the structure. In practice, this excess solar heat gain is removed by

ventilation. .

6.6 Daily Heat Balance for Greenhouses with Different Levels of

Insulation in their North facing Surface

Three levels of fibre glass insulation were assumed to observe
the effect of 1ncfeasing the thermal resistance-of the north side in

a greenhouse on the structure's heat balance. The three levels of

insulation were R = 0.70, 1.41, and 2.11 (m2 - K)/w.. The fesu]ts are

compared in Table 6.7.
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. The effect of increasing insulation level in the north-side of
a greenhouse appears to be an asymptotic decrease in the heating require-
mént of the greenhouse during winter. Looking at the December 21 daily

“heat balances for an east-west oriented small gothic arch greenhouse,

it can be seen that first application of insulation (R = 0.70) reduced
the heating requirement by almost 50 percent; Additional épp]ications'
reduced the heating réquirement_by 15 and six percent, respective1y. In
summer, the effeét of insu]atin@ the north side of a greenhouse is to-

reduce its total daily ventilation requirement. As the level of insula-

tion 'is increased, the ventilation requirementla1so increasesp This
increase in vehtiiafion requirement due to inereased insulation also
<appears to be asymptotic. For thevsame east-west oriented small gothic
.arch greenhouse, on June 21, 1974, increase in:ventiiatidn, when 1nsu1a—»

~ tion is increased from R = 0.70 to 'R =1.41 is 0.15 percent but for an

increase in insulation from: R = 1.41 to R = 2.11 the consequential

.increase in ventilation is only 0.11 percent. The observed asymptotic

nature of the effects due to increased levels of insulation are predicted
by the discussion on economic thickness of insulation in the-ASHRAE‘

Handbook (6).

It would appear from the above discussion that there exists an
optimum level of insulation, considering the cost of insulation, which

should be provided in the north-side of a greenhouse to achieve optimum

S " reductions in heating and ventilation requirements. No attempt was

. made to predict this optimum insulation Tevel.

6.7 Daily Heat Balance for Greenhouses fn-Winter and Summer

Conditions

Effects of‘the insulated rorth side in a greenhouse on its daily
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heat balance can be ohserved by considering TabTes 6.5 and 6.6. In
winter conditions (Table 6.5), the tendency of the insulated north side
in a greenhouse is to reduce heating requirement of the structure over

a transparent greenhouse. Reductions in the heating requirement are. about

50 percent and five percent for east-west oriented and north4south oriented.

greehhouses; respectively. Ventilation requirements are reduced, during
summers, by the insulated north side in a greenhouse. The reductions

, are 15 t0'30.percent tor east-west oriented greenhouses and only aboot'one
perCehtptn-the case of north-south oriented ones.

Clearly, both the above mentioned effects during winters and

summers are desirable. Therefore, it can be projected that by insulating

the north s1de in a qreenhouse enerqgy- requ1rements of the structure .

throughout a year can be reduced.

6.8 Economic Feasibility of Insolatingfthe North-faoing SortaCe in
Greenhouses |
Considering the fa11 1975 prices of bu11d1ng materials, no apprec1-
'able additional cost was found to be requ1red in insulating the green-
" house cover1ng surface instead of making it transparent (Sectlon 5.5)
: Therefore,'thekamount of energy . saved by virtue of tnsuleting the north
side in a'greenhouse‘w311 be the net saving. Based on the approximate
_ahatysis carried out in Section 5.5, a yearly saving ot-$5.25.per square

metre of the insulated north side‘was obtained.




CHAPTER VII

CONCLUSIONS-

The following conclusionscan be drawn for plastic covered green-

[i]

REN

i

[iv]

vl

[vi]

[vii]

houses under Manitoba climatic conditions:

eaet;west orientation of a greenhouse is advahtageous
over north-south orfentation,

a gothic arch shaped greenhouse is more efficient fn
mqintaining desirable iﬁside thermal environment as
combared to a circular or.a gable shaped geeenhouse,
little se1ar radiation is incident on the north side
of a greenhouse at soufhern Maniﬁoba 1atitudes during
winter,

a'significant reduction in heating requirement of a -
greenhouse 1is obtained during winter by insulating |
its north side. The venti1atien requirement is also
reduced considerably dufing suhmer;

1nsuTatingbthe north-side in a greenhouSe oriented.
north-south results in 1ittle effect on the heatihg
and ventilation requirements,

there exists an _economic level of insulation that
should be provided in insulating the north side of a-
greenhouse to obtain optimum benefits, and

insulating the north side .in aneast-west oriented
greenhouse appears to be economically feasible for. the

conditions ana]ysed.




CHAPTER VIII
~ RECOMMENDATIONS FOR FURTHER STUDY

[i] The resultant illumination levels in a north side

“insulated greenhouse with a reflective coating on its inner side

should be compared with the illumination Tevels in a completely

transparent greenhouse;

[ii] Additional studies should be undertaken to determine

.- the most.suitable greenhouse orientation on the basis of local climatic

conditions.
[iii] The proposition of insulating the north side of a green-
housé reported in this investigation should be experimentally verified.

[iv] 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.

7.
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APPENDIX 1

Computer Programs' ‘




1.1 To Compute Solar Radiation for Flat Surfaces

D ; . . . N »
$30B . WATFTV BITAN CHANDRA . '
N c MATN LINE PROGRAM - - T A
D 1 IMPLICIT REAL (I,K) : ‘ _ : SR 0001
C SUPFICS NUMERAL CODET: _ o : .
: c1 CLEAR SKY CONDITION
- c 2 CLOUDY SKY CONDITION
c 3 DIRECT COMPONENT OF SOLAR RADIATION
) cu TRANSMITTED DIRECT SOLAR PRADTATION
‘o c5 TRANSHITTED DIFFUSF SOLAR RADIATION
c6 DIFFUSE COMPONENT OF SOLAR RADTATION
! c7 ABSORBED DIRFCT SOLAR RADIATION
‘ cs ABSCRBED DIFFUSE SOLAR RADIATION S
2 INTEGER DAY,MONTH,YEAR ' R . SR 0011
. C DAY,MONTH AND YEAR ARE TO REPRESENT DATE IN NUMERALS o ‘
3 REAL T (800} ,T3(300),T4(300),1I5(800),I6(800y ~ SR 0221
c1I SOLAR RADIATTON ON A SURFACE FOR ONE TIME INCREMENT ‘ : N
4 ~ REAL 2 (809),B(R0G)Y,C(809),D (810 o " SR 0031 -
C 1A SOLAR AZIMU™H ANGLES AT SPECIFIED TIME INTERVALS ' :
‘C B SILAR ALTTTUDE ANSLES AT SPECIFIED TINE INTERVALS
cc HOORLY SOLAR AZIMATH ANGLES
cDo HOYPLY SOLAR ALTITUDE ANGLES
5 REAL ETOT.(800) ,HTOT3(800),HTOTS (800) ,HTOTS (800)- HToma(aOO) . SR 0041
C HTOT AND DTOT ARE HOURLY AND DAILY TOTALS OF SOLAR RADIATION : o -
6 © . pI= 3,141593 . . : SR 0051
7 READ, - NJ : , ' SR 0061
8 DO 499 JD=1,NJ ' ‘ ‘ ] ‘ . SR 9071
: 9 READ,DAY,MONTH,YPAR,TL,KS ' " SR 0081
C TL LATITUDE OF THE PLACE
i C 'KS PERCENT OF POSSTBLE SUNSHINE FOR THE DAY :
i 10 CALL DAYA (DAY, MCNTH,YEAP,NTOT,DT) ' : SR 0091
| : 1 DA=ABSTIN(SIN(23 .45%2T/180, )*roscz.*pr*nr)) : SR . 0121
| : C DA DECLINATTION ANGLE OF THE SUN FOR THE DAY ,
bt : 12 CA = DA*180,0/PT ’ "SR 0111
- 13 B= 1353,0%(1.0+0.0335%COS(2.0%PT*NTIT/365.0)) SR 0121
14 I0 = 1160.0%{1,0+0,033%CNS (2,0%PT«NTOT/365,0)) **2 SR 0131
C REI0 ACTUAL & APPAR®NT UYTRATERPTSTRIAL SOLAR RADTIATTON INTENSITIES . _
, 15 - TR=ARCOS { (SIN (TL) *SINIDA}) /(COS (IL) *COS (DA) }) * {12, /PT) SR 0141
| C TR LOCEL SOLAR TINE OF SUNRISE FOR THE DAY :
16 . IJ=0.374+40.622%FS 3 KT=0,2R+40,U5%KS ; KC=1.6%(1,~KT) SR 0151
C 13 CLOUPLESS RADIATION INDEX FOR THE DAY, ’ o
C KT DAILY CLOUDINESS INDEX - N
C KC CLOUD COVER COEFFICIENT . : -
; 19 IF{KC.BT.1.0) RC= 1.0 C C ’ S SR 0161
i 20 - IP(1J.G6T.H.8)G0T0 101 SR 0171
21 KD1= 1.415%13- 0, 384 o "SR 0181
C KD DATILY DIRECT SOLAR RADIATION/DAILY DIRECT EXTRATFRR. SOLAR RAD. .
22~ .6oTO0 102 SR 0191
23 10t KD1= 0.75 ' A , . : . SR . 0201
“24 102 TP(KT.LT.0.6) GOTO 103 S o SR 0211
25 : RKD2= 1,492 *KT- 0,492 o SR 0221
26 G0T0 104 ‘ B : SR 0231
27 103 KD2= "FXP({0N.935*%KT*KT) - 1,0 : SR 0241
28 104 0HO= 24, /nI*D*(cnS(IL)*cos«nA)*sIN(pI*TR/12 ) v SR 0251
, T (PT=PTHTRZ 12,V *¥STN(ILY *STN(DA)) - o R SR 0261
C HO DATLY TOTAL EYTRATERPESTRIAL SOLAR RADIATION - .
29 IDHAT=RDI1*HO/ (2. % {12.-TR}) ; TIDHA2=KD2*HO/(2.%*(12,~-TR)) Sk 0271
C IDHA AVFRAGE DIRECT SOLAR RADIATION ON HORIZONTAL SURFACE ' .
21 BTM= PI/2., - IL+ Da . : ] SR 0281
: C BTM  MAXINMUNM SOLAP ALTITUDE ANGLE FOR THE DAY - ‘ S
32 CO1==SIN(RTM) *ALNG(TDHA1/ (0. 6% IO*SIN (BTH))) ~ . - . S8R 0291
C ECO  ATMOSPHFRIC EXTINCTION COEFFICIENT o : A
33 ECO2=~STN (BTH) *ALOG (IDHA2/.(O. ﬁ*IO*SIN(BTH))) : ~ _SR 0301
3y - ILT= TL*180.0/PI : : SR 0311
; 35 . PRINTS . .- - SR 0321
| 36 S FORMAT (*1' 38X, 'SOLAP RADIATION FOR A PLAT suarhcz') I SR 0331

27 - ) .nnvn'Mf. 'rr'r' - K SR 0341

'
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EL: 1% FORHAT{'0',“5X,'LATITUDP' SX,PG 2) - SR 0351

Mo 139 PRINT 25 SR 0361
. ' 40 25 FORMAT (20X, *DAY?, 1ow YMONTH?, 10X,'YEAR‘,10X, 1ox,'Io' 10X,'KS'}SR 0371
j 41 PRINT 35,DAY,MONTH,YEAR,R,IO,KS , SR 0381
b 42 135 FORMAT (20X,12,12X,12,12X,14,7X,F7.2,5X,F7.2,7X,Fl.2 - SR 0391
: 43 ' PRINTUS,CA,TR . SR 0421
b By 45 . FOBHAT(31X,'DECLINATION',UXgF6.2,5X,'SUN RISE',U4%,F5.2,'A.H. ") SR 0411
o 45 N = TR ‘ : ' SR 0421
o 46 HR = TR*PT/12.0 SR 0431
- 47 . BO= ARSIN(SIN(IL)*GIN(DA)-COS(IL)*COS(DA)*COS(HB)) SR 0uu1
- 48 AO=ARSIN( (COS (DA) *SIN(-HR)) /COS (BO)}. . SR 0451

; ¢ HB,BO AND AO ARE VALUES OF HA,B . AND A AT SUNRISE
i 49 . NL=10% (TR+0,1) 3 NM=10%*(24,0-TR) . ) . . SR 0461
: 51 READ, NK JE. SR 0471
52 PO 299 JT= 1,%K . : . S . SR 0481

53 READ, PH,AL . : : SR 0491
C PH INCLINATTION ANGLE OF A SURFACE i : :
C AL WALL AZTMUTH OF A SYRFACE

54 - : TILT=PH*180.0/PT : WAAZ=AL*180, o/p1 - T ... SR 0501
56 . PRINT 55, TILT, WAAZ IR . o SR 0511
57 5% FORHAT('-' 31X, 'SURFACE TILT',4X,P5.2,4X, "WALL AZIMUTH',4X,F6.2 ) SR 0521
58 DD 99 Jg= NL,NH ] _ } SR 0531
59 T = J3/10.0 : ' . : SR 0S41
cT LOCAL SOLAR TINE
50 HA = PI*T/12, » , , SR 0551
. C HA SOLAR HOUR ANGLE «
- 61 BT= APSIN(SIN(IL)*SIN(DA\-COS(TL)*COS(DA)*COS(HA)) SR 0561
62 B(J) = BT*180.0/PT : ' SR - 0571
; 53 AX=ARSIN ( {COS (DA) *SIN (- HA))/COSlBT)) . o . : SR 0581
! H4 © IF(AYX.LT.0.0) GOTO 16 : , SR 0591
! A5 IR (AX.G6T.A0)  GOTO 2§ . ' T _ . SR 0621
3 (13 AZ = PI-AX ' : ‘ SR 0611
{ 57 GOTO 36 L . S . SR 0621,
‘ 69 26 AZ = AX . : " SR 0631
; 69 GOTOo 136 T : N © SR 0641 :
| 72 15 IFP{AY.GT.A0) GOTO 26 , ‘ ' : : : SR 0651 -
4 7- AZ == PI-AX : S SR 0661
;} . 72 36 A0 = AYX ' C ) SR 0671
! ' 73 © A(J) = AZ¥180,0/PT o : SR 0681
| 74 GA= ABS ( AZ- AL) , ; . SR 0691
; C GA WALL - SOLAR AZIMUTH AVGLE , ‘
| 75 ‘TH=ARCOS (COS ( BTY*COS (GA) *S TN (PH) +SIN (BT} *COS (PH)) SR 0701
C ™4 INCIDENCE ANGLE OF THE SOUN'S RAYS ON & SURFACE - ‘
75 - .- - "IF(ECO1/SIN(BT).GT.140.0) GOTO 121 _ R SR 0711
77 IDN1= TO*EXP(~ECO1/SIN(BT)) | : _ e SR 0721
C IDN  NORMAL SOLAR RALIATION INTENSITY . » ; / ,
78 GOTO 124 _ , : , “SR- 0731
79 121 IDN1= 0,00 ' - ' SR 0741
80 126 IF(ECO2/SIN(BT).GT.140,0) GOTO 123 L A SR 0751
81 ' IDN2= TO*EYXP(~ EC02/SIN(BT)) R o ' SR 0761
82 . GNTO -122 S . SR 0771
- 83 123 IDN2= 0,00 ' . ‘ : . SR 0781
[ 84 122 ID1=IDN1*COS(TH} 3 In2=IDN2*COS(TH) ' SR 0791
; ' C-ID SOLARRANDTATTON INTENSITY ON A SURFACE : ' o
| 86 TT3 = (1.0-KC)*ID1 + RC*ID2 ' - SR 0801
g C IT TOTAL SOLAR RADIATION INTENSITY ON A SURFACP _
| 87 IP(IT3.LT.0,0) TT3=0,0 SR 0811
88 ‘ I3(H = ITI/10.0 s ' ' : SR 0821
89 TRAN=TRA(0,0) ‘ e : » "SR 0831
©  C.TRAN SOLAR. TRANSMTTTANCE AT NORMAL® INCIDENCE : : :
90 ABTN=TRAN* (1, -TRAN) /{1.+TRAN) ; SR 0841
C ABTN SOLAR ABSORPTANCE AT NORMAL INCIDENCE .
91 IT8={1,~KCY *TDN1*TRA(TH) +KC*kIDN2*TRA(TH) - " SR 0851
. 92 IF{IT4,LT.0.0) TT4=0.0 o SR 0861
Y 93 ABT=TRA{TH) * (1. -TRA(TH)) /(1. 4TRA(TH)) ‘ , ~ SR 0871

C.ART. . SAT.AR  BRSNRDTANCF. AT. 3 DARTTCULAR. TNCTDENCE. hpct?...-m-u-.;
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17
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1548 °
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177

178
179

IT7={1.~KC) *TDN1*ART+RC*IDN2%ABT
TD1=IDN1/R 3 TD2=TIDN2/R

C T ATMOSPHERIC TRANSMISSION COFPFICIENT FOR DIRECT SOLAR RADIA*ION

TSD1=0,2710-0,2939%TD1

"SR

SR

C TSD ATMOSPHERIC TRANSMISSION COEPFICIENT FOR DIFFIISE SOLAR RADIATION

IP(TD2.1LT.0.8)GOTO107
TSD2=0.33%(1.-TD2}
GOT0O108
107 TSD2=SORT (1, 07*ALOG (TD2+1,)) ~-TD2
108 IF(TD1.E0.0.0) GOTO 109 :
DTPCOT = TSD1/TD1*SIN (BRT)

c DIFCO RATIO OF INSTANTANFNNS DIFFUSE SOLAR RADIATINN ON HORIZONTAL -

C. SURFACE TO THE INSTANTANECUS DIRECT NORMAL SOLAR. RADIATION .
I? (DIPCO1.LT.0,0) DIFCO! = 0,0
GOTH 112 e

109 DIFCOt1 = 0.0
112 IF(TD2.EQ.:0.0) GOTO 110
DIPCN2 = TSD2/TND2*SIN(BT)
IF(DIFCO2.LT.0.0) DIFCO2 = 0,0
GOTO 114
110 DIFC02 = 0.0
114, TSDH1=DIFCO1*IDN1 ; ISDH2=DIFCO2*IDN2
C ISDH INTENSITY OF DIFFUSE SOLAR RADIATION ON A HORIZONTRL SURFAC®

ISDT =  (0.U3%HM(PH)+0,57%SM(TH)) *ISDH1
C ISD DIFFUSE SOLAR RADIATION ON A SURFACE
ISD2 = (D U3%HM(PHY+0,57%SM{TH)) *ISDH2

ITA = (1.0~RC)*ISD1 + KC*TsSD2
T6(J) = ITA/10,0
IT = IT3 + ITA
T(3y = IT/10.0
ITH = ITHR*TRAN
ITB = ITA*ABTN
T4 (J)={(IT4+ITS) /10,00
I5(J)‘(IT7+IT8)/1O 00
99 ' CONTINUE
JI=1. :
SUN=0.0.; SUM3=0.9 ; SUMU=0.0 ; SUM5=0.0 : SUM6=0.0
pTOT=0.00 ;3 DTOT8=0,00 ; DTOT5=0.00
DO 399 JK = NL,NM
SUM=SUM+TI (JKY 3 SUM3=SUM3+I3(JK) SUM6=SUME+I6 (IK)
SUNL=SUMU+TL (JK) : SUMS=SUMS+IS (JK)
TP ((JK/10)*10.F0.JK) GOTO 398
IF(JK.EQ.NM} GOTO 3197
: GOTO 399 :
397 HTOT(JI}=SUM : HTOT3(JI) =SUM3 : HTOTY4 (JI)=SUNS s HTOTS (JT) =suMS
- HTOT6 (FIY=SUM6 : C({IT)=A(JIK) : D(JI}=B(JK)

SR

SR
SR
SP
SR

© SR

S§P?

SR -

SR
SR
SR
SR

DTOT= DT0T4HTOT(JI\ t DTOTY4=DTOTL+HTOTH (JI) 3 DTOTS= =DTOTS5+HTOTS (JI) SR

GOTO 399

 398 HTOT (JT)=SUM 3 HTOT3(JI)=SUMI : HTOTL (JI)=SUNY H HTOTS(JI)=SU15

HTOTA (JT) =SUM6 ¢ C(JIT)=A(JK) D (JI) =B (JK)

SR

SR

PTOT=DTOT+HTOT (JTY ; DTOTU=DTOTUL+HTOTH (JTI) s DTOTS=DTOTS5+4TNTS (JI)9°

SUN=0.0 ; SUHM3=0.0 : SUMU=0.0 ; SUM5=0.0 ; SUM6=0,0
JI =37 + 1 V i

399 "CONTINUE
IF (JT/2%2,B0.J1) JI=JI-1
PRINT6S :

65 FORMAT (9X,'NO, ', 1Y, 'SCL, TIME?, 2X,*SOL.ALT.? ¢ 2X,'SOL.AZIM,
1 3¥,'DIRECT', S5X,'DIFFISE?, Sx,'TOTAL',Bx,'TRAVS. SX,‘ABSOR;
DO 199 JC = 1,37
T = ""'JC ’
PRINT7S, Jc,T,n{JC) ,C{IC) ,HTOT3 (JC) «HTOT6 (JC) ,HTOT (ICY,
1HTOTQ(JC) HTOTS (JC)

75 FOPNAT('O' 8%X,7Y2,2X,P5.2,4%X,F6,2, UX,F8 2, 3X,F9.2,3X,P8.2.§X,P9.2,

13x,F9.2,2X,F8,2)
199 CONTINU“
PRTNT RS. NTOAT.DTOTU. DTOTS. .

vy

SR
SR

- SR
'SR

SR

1151

1301

1391

0881
0891

0901

0911
0921
0931
0941
0951
0961

0971

0981
0991
1001
1011
1021
1031
1041
1051

1061

1071
1081
1391
1101
1111
1121
1131
1141

1161
1171 -
1181
1191
1201
1211
1221
1231
1241
1251
1261
1271
1231
1291

1311
1321

1331

1341
1351
1361
1371

1391
1431
1411
1621
1431
1441
1451
1461
1471




180
181
182

183
184

185

186
187
182

189
190
191

192
193
194
195

196
197

198

199
200
201
202

<203
1204
205
206

207

208
209
210
211

- 212

213
214

215°

216
217
218
219
221
222

. ‘ . - . . -

Srate WUy smewageavery wmvew - e e e v e e s e e =

85 FORMAT (*0°, 20X.'DAILYTOT',F11 3 ux,'TRANSHITTFD',F11 3 UX, SR

1'ABSORBED',?11 3 v " SR
299  CONTINUE ' . SR
499  CONTINUE SR

STOP : ‘" SR

FND : SR
c SUBPROGRAMS : :

FUNCTION TRA{TH)
POLYNOMIAL RELATING SOLAR TRANSMITTANCE OF THE GREENHOUSE PLASTIC
COVERING AND INCIDENCE ANGLE

PI=3, 141593

THI=TH*180./PI

™Az (, 357 1380F-03*%THI*%*3-,4347968E~0 1*THI**2+. U4 119053*THI+

1 78.91238) /100.00 .

TP(THY.GT.73.5) TRA= 0.0

RETURN .

END

(e Ne!

FINCTION HM(PH)
C POLYNOMIAL RELATING HEMISPHERICAL DIFFUSE RADIATION AND INCLINATINN-
C ANGLE OF THE SURFACE
PT = 3,141593
PHT = PH*180./PT
OHM= ,1172939R-08*PHI*%5~- ,9023824E-07*PHI**4-~ 1507936°-OQ*PHI**3
1+ . 1290145E~02%PHI *% 2~ .223“8173 -02#PHI+ .10031Q3E01
RETURN
END

FONCTION SM(TH)
C POLYNOMIAL PELATING CIHCUMSOLAR DIFFUSE RADIATION AND INCIDENCE ANGLE
I = 3,141593
THT = TH*180./PT
IF (THT.GT.130.0) GOTO 100
0SM=- .2566665E-0T*THI**8+ ,8287272E-05*%THI**3- ,B8206838E-03*THI**2
1+ .1552951FE-01%THI+ .9326270E00
RETIRN '
100  SM= 0.00
RETURN
END

GUBROUTINE DAYA (DAY,MONTH,YEAR,NTOT, DT}
C COMPUTES PERIOD IN DAYS FROM JAN.1 TO THE DESIRED DAY (NTOT) AND.
C PERIOD IN DAYS FROM JUNE 21 T0O THE DESIFED DAY/NUMBER OF DAYS IN YEAR,
C DAY,MONTH AND YEAR ARE T0 REPRESENT DATE IN NUMERALS
C NDAY NUMBER NF DAYS IN A PARTICULAR -MONTH .
INTEGER DAY, MONTH, YEAR
INTEGER NDAY({12)/31,28,31,30,31,30,31,31,30,31, 30, 31/

KT = . 172
TP (YEAR/U*4,EQ.YEAR) GOTO 12
11 NTOT = DAY
J = MONTH-1
TFP(J.EQ0.0) 6OTO 15
. Ll B e L L
11 NTOT = NTOT+NDAY(T)
15 PT= {NTOT-KT)/{KT+193,)
RETURN »
12 . KT = 173 ; NDAY{(2) = 29
. GOTO 14 o
END

SENTRY ' - " sR

1481
1491

1501

1511
1521
1531

1541
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1.2 To Compute Solar Radiation for Curved Surfaces

"TO COMPOTE SOLAR RADIATION FOR CURVED SURFACE:-

_FOLLOWING CARDS REPLACE THETIR COUNTERPARTS INDICATED BY CARD VUHB‘PS IN PROGRAM

"FOR PLAT SURFACES

5 FORMAT (*1¢,38X, 'SOLAR RADIATION ON A CURVED SURFACE') 5B
READ, AL 4 . SR
WARZ=AL*180,0/pPI SR
PRINTSS, WAAZ - _ SR

55  FPORMAT('-*,40X,%WALL AZIMUTH',8X,FS,2) "SR

: T3(J)=I3(J)+IT3/10.0 . _ : SR
I6 (J)=T6 (J)+TT6/10.0 ' : SR
T(I) =T (I +IT/10.0 SR
I4(JV=T4 (J)+ (IT8 + ITS)/10.0 : . SR
I5(J3) =T5 (J) + (IT7+TT8) /10.0 L . . SR.

FOLLOWTNG CARDS ARE ADDED IN THE PROGRAM FOR FLAT SURPACES
BPTHFEN CARD NUMBERS SR 0691 AND SR 0701

I(3)=0.0 3 I3{J)=0.0 ; IB(JI)=0.0 ; I5(IN=0.0 ; T6(J)=0.0 SR

PA = 5.0 ' E " SR

PHP= PI/6.0 ' : : SR

599  PAPH= PHP- PI/36.0 R : SR
AB= RA*COS (PHPH) SR.
OT=SORT (RA*RA-AR¥AB) _ . SR
PH=ATAN2 (AB,OT) : ' ' SE
PHI=PH*180,0/PI ' . SR

BETWEEN CARD NUMBERS SB 1151 AND 'SR 1161

PHP~DHD+PI/18 00 . : SR

IF(PHP.LE.1.049) G0m0599 : ' . SR

0331.
0491
0501
0511

- 0527

0821
1091
1111
1141
1151

0692
0693
0694

0695

0696
0697 -
0698
0699

1152
1153
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3

C IL

15

C b

C TR

1.3 To'ﬁompute Solar Incidence Angles

. MAIN LINE® PROGRAM

IMPLICIT RREAL (I,K)

INTEGER DAY,MONTH,YEAR

PI= 3,141593

READ,NJ -

DO 71 J3=1,83

READ, DAY,MONTH,YFAR,IL
LATITHUDE OF THE PLACE .

TLI = IL*180.0/PT

PRINT 15,ILI :

FORMAT('O' 40X, *LATITUDE', 5%, F5. 2)

CALL DAYA (DAY,MONTH,YEAR, NTOT,DT)

DA=ARSIN (STIN(23 .US*PI/1RO.)*COS(2.*PI*DT))
DECLINATION ANGLE OF THE SUN FOR THE DAY

CA = . DA*180,0/PI" ‘

TR=ARCHS ((SIN(IL) *SIN (DAY) /(COS (IL)*COS(DA))) * (12, /PI)
LOCAL SOLAR TIME OF SHXRISE FOR THE DAY

HB = TR*PTI/12.0

RO= AR?IN(STNlTL)*SIN(DA)~C0§(IL)*COS(DA)*COQ(HB))

AO=ARSTN{ (COS (D}) #SIN {-HB)) /COS (BO))

C HB,BO AND AO AR® VALUES OF HA,B AND A AT SUNRISE

C AL
c ™
crT
32
a0
C PH

31
C HA

C BT

26
C Az

16
36
C GA

cTH
50

70

Do 70 12=1,20
READ,AL,T1
WALL AZIMUTH OF A SURFACE
LOCAL CLOCK TIME
IF(T1.80.0.0) GO TO 71
T=T71-1.5
LOCAL SOLAR TIME
PRINT32,AL,T1
FORMAT(* ',F8.6,10X,F5.2)
PRTNT40 ’

. FORMAT (28X, 'TILT ANG',9X,'I&CI.AKG’)

PH = 1.570796 o
TINCLINATION ANGLE OF A SURFACE

" HA = PIX®T/12,

SOLAR HOUR ANGLE ' :
BT=ARSIN (STN(IL) *SIN(DA)~-COS(IL) *COS (DA) *COS (HA))
SOLAR ALTITIDE ANGLE .
AX= ARSIN((COS(DA)*SIN(“Hk))/COS(BT))
IF{AX.LT.0.0) GOTO 16
IF(AX.GT.40N) GOTO 26

A7 = PI-AX
GOTO 36
AZ = AX

SOLAR AZTMUTH ANGLE
GOoTO 36
IF (A%« GT+AD)~-GOTO 26
A? =~ PI-AX

A0 = AX

GA= ABS ( AZ- AlL)
WALL - SOLAR AZINUTHY ANGLR®

TH= ARFOS(COS(BT)*COS(GR)*“TN(PH)+SIN(BT)*COS(PH))
INCIDENCE ANGLE OF THE SUN'S RAYS ON A SHURFACE

P=TH*180,0 /P

PRINTSO,PH,P

FORHAT(BOX ?7.5,10X,F9, u)

PH = PH- 0. OR7266

IF (PH.GE,O, 00) ~GOTO 31

CONTTNUE

0001
0011
0021
0031
0041
0051

0061
0071
0081

. 0091

0101

0111

0121
0131
0141
0151
0161
0171

0181 .

0191

0201
0211,

0221
0231

.0241

0251
0261

. 0271

0281
0291
0301
0311

0321

0331

034t

0351
0361
0371

0381

0391
0401
o411
0421
0431
0441




i
4
]
4

|

o 0 oo, 0

14

11
15

.

CONTTNUE
STOP
END
SUBPOUTINE STURPROGRAM

SUBROUTINE DAYA (DAY, MONTH,YEAR,NTOT,DT)
COHPUTFS PERIOD IN DAYS FROM JAN, 1 TO THE DESIRED DAY(NTOT)AND

O B

84. .

PERIOD IN DAYS FROM JUNE 21 TO THE DESIRED DAY/NIMBER OF DAYS IN YFAR,

DAY,MONTH AND VEAR ARF TO REPRESENT DATE IN NUMERALS
INTEGER NDAY(12) /31,28,31,30,31,30,31,31,30,31,30,31/
"NUMBER OF DAYS IN A PARTICULAR MONTH

NDAY

12

INTFGER DAY, MONTH, YEAR

KT = 172 :
IFP(YEAR/U*U,.EQ.YEAR)GOTO 12
NTOT = DAY

J = HNONTH-1
IP(J.E0.0) GOTO 15°
po 11 1 = 1,3

NTOT = NTOT+NDAY (I)
DT= (NTOT-KT) /(KT+193.)
RETURN

KT = 173 3 NDAY(2) = 29
GOTO 14.
END

0451

0461
0471




incidence angle for the seven systems of plastic greenhouse coverings

Transmittance versus Incidence Angle Characteristics

Following are the equations of solar transmittance versus

.tested.

1.

APPENDIX 2

Results of the Experiment to Evaluate Solar

U.V. Polyethylene

Fabrene-

1t

0.3730878 x 1073(8)3 - 0.3830469

0.1690454(8) + 93.7490

0.3722545 x 1073(p)° - 0.3798616
0.1716681(p) + 91.9575

TM'

p,0) = 0.3777387 x 1073(6)* - 0.3412366

0.2702923(8) + 75.6601

U.V. Polyethylene + U.V. Polyethylene

| v, (6)

u

+

0.3416329 x 10°(g)3 - 0.4012758
0.2287912(8) + 82.0346

Fabrene-TM + Fabrene-TM

0,()

-+

0.2854941 x 1073(8)° - 0.3113431
0.1622342(8) + 55.4789

85.

X




8h.

6. - Fabrene~TM + U.V. Polyethylene

3 2

b,(8) = 0.3207908 x 1077(0)® - 0.3551286 x 107" (e)

+ 0.1678648(0) + 66.6152 | (A6)

7. Filon + U.V. Polyethyléne

9,(0) = 0.3571340 x 1073(6)* - 0.4347968 x 107 V(0)?
+0.4119053(0) + 78.9124 R (A7)

The incidence angles (0) in these equations are in degrees and

“the solar transmittance (wu) values computed are in percent.  These
equations were obtained as a result of the Teast-square polynomial fit

to the experimental data (Section 4.3). Graphical representation of

these»équations is made in Fig. A.1. and Fig. A.2.
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Coverings
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APPENDIX 3

Equations for Calculating Thermal Resistance of Various Greenhouse Wall-

Sections

- Fig. A.3 sHQws‘some of the wall sections. Minor constructional details
1ike braces and ridge caps have been omitted. In the following equations -
La refers.fo the length of a wall excluding structural members and &

] s the total Tength of the wall.

1 Thermal Resistance of Flat Sections

5 - [i1  Uninsulated Flat Section

R = 1/h + 1/h, + [1/{Sw - Kb+ (U -sw/e91] ()

[1i] Insulated F]at Section

R=1/h, + 1/h, + 2 Rp1y’+ [j/{Sw WA (T - Sw/ (/€  + R,

1]
~ (h9)

I Therma1 Resistance of Curved Sections

[i] Uninsulated Curved Section

R = T/hO + (rs/rl)/hi +{r5 -'1oge(r5/r])} / {1 - 2a/2) -kw+(2a/£)~ké}

(A10)

[ii] Insulated Curved Section

R = ( '~ ‘ Ny * 109, (ry/1y)
R =1/h, + _rs/rT)/hi + (za/z)/[r5- ]Ogé(rS/r4)/kp1y + 'Kihé

+ v Tog (ra/ )k, + vy 109e(r2/r1)/kb1y].+,(1‘Qa/£)/ |

. ,[r5- nge(rS/yA)/k ot s ]oge(r4/r?)/kw torg 1oge(r2/r])k ]

ply 2 ply
' ' : (A11)




I cm plywood sheet
A’ ' inside

@ ‘ ' Air | |
NV panamag
NiCH/edvaviva

A\
e

oufside o - ‘
60 ‘| \—5cm XI5¢cm
o ' cm 1 Structural wood
: ' member

(0') A‘typicol horizon_tal cross section through an insulotgd wall

N2

outsjde
rS: ' inside \ . ?‘rﬁ |

A "h
r-3 Il ."ﬂﬁ '-
| '
r2 - - : a .
' .'
’ .. : .

(b) A vertical cross section through an insulated curved wall

Fig. A.3 Details of-the insulated greenhouse wall sections




above equations would give the R values for the surfaces directly.

91,

The above equations were used in order to obtain thermal resistance
values for individual surfaces of the greenhouses. A single side of

either gable or circular greenhousesis either flat or curved, so the

The side surfaces of gothic arch greenhousesare composite surfaces, in

the senée that both curved and flat sections exist in each side surface.

>

Therefore, the law of combining parallel resistances was used to calcu-

late the value of overall resistance for a side surface:

R= (A A

N (A1)

R
curved curved/ curved

flat © 1/ {Ae¢/Repat) +A
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APPENDIX 4

Calculation for Daily Greenhouse Heat Balance-

Type of greenouse:

- Size:

Orientation:

Date:

Sky Condition:

North side of the greenhouse is.insu1ated with 'fibeﬂg1ass (R =0.70)

Ground bed area = 15 x 10 = 150 m

Gab]e Greenhouse
15m x 10m
Fast-West
December 21, 1974

C]ear‘Sky

From'Tab1e'5.2:

One end wall .area = 28.50 m

One side wall area:

i) 30 degrees inc]fned surface = 86.55 m

1)

vertical surface

-

a9, for a transparent surface

9 for a insulated surface = 1 -

The surface facing north or south consists of two surfaces, one. inclined

1_Solar Heat Gain (Section 5.4.1)

2
2

2

21.0 m2

w, Ni < A

at 30 degrees and the other vertical. 'Thérefore, a, for surface facing

north or south will be the sum of qy for both 30 degrees inclined and -

east is equal to that for a west facing surface.

area and construction.

92.

Therefore, qu

vertical surfaces. Daily total of solar radiation for a surface facing

for sections

“facing  east and west will be-equal because both surfaces have similar .
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' q, for north facing surface

for south facing surface

q, for east facing surface

qu for west facing surface

for the whole greenhouse

| 3.

-[(101.62x0.9x0.21x21.0) +

(129.74x0.9x0.21x86.55) ]

= -2,515.74 wh

= -[(4466.07+992.74x0.21)21.0 +
(2549.67+1146.03x0.21)86.55]

= -339,669.18 wh’
= -(712.45+341.20x0.21)28.5

= -22,346.84  wh
= -22,346.84 wh
= -386,878.60 wh-

Il Thermal Radiation Exchange (Seéfion 5.4.2)

Qt'= Ip’c "FSt 8 ; As (esv' %54 f €a * ta4)
v =-o}08496 |
'As = 150 m?
e =0.95
Ca'=ld.746” ‘
FS = 0.56 |

tt = 0.1797 x 1012 ¢4

| t* = 6;10§6Ax 161? K
5 - 5.6697 x 1078 w/(m? * K4}

Therefore,

Q; = 35,992.1 wh
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IIT Heat Transfer With Greenhouse Ground Bed (Section 5.4.3)

—
-—Te
L
O
i

« AP - f (ti - to)} 24.0
P =50m |
fo=1.418w/{m - K)
ti-ty = 34.24C
therefore,
Q, = 58,275.1 wh
IR = {A (t. - R } 24,
[11] Qy { g(t1 tg)/ g} 4.0
( Ay =104 m?
_ ) 2
Rq = 1.7612 (m° * K)/w
t.-t = 11.0C
i7g
therefore,

Qy = 15,589.44 wh

and

)
it

0, * 0,
73,864.54 wh

IV Heat Transfer from Greenhouse Covering Surface (Section 5}4.4).

Q. = [(a.)

end surface X 2+ (qc)north surface f

(9, 1'x 24.0

'¢'south curface

i

[HA(E_to)/R}end surrace + PACtt 3 R ope surface
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{A(ti_to)/R}

south sUrface] 24'0_

/.

24[{(2 x 28.5)/0.31 + 108/1.18 + 108/0.31}34.24]

510,807.20 wh -

Total Heat Balance 6f the Greenhouse?

0 | |
o 7% %G
v o
= -386,878.6 + 35,992.1 + 73,864.54 + 510,807.2
= 233,885.24 wh
or,
Q¢ =233,885.24 wh =

- Therefore, the calculated total heat balance for a 24 hour period on
December 21, 1974 is 233,885.24 wh ~or, the heating fequirément should
have been 233.9 kwh on December 21, 1974. |




