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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
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-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




