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The air leakage rate of any enclosed structure, like a

greenhouse, depends mainly on wind speed, wind direction and indoor-

outdoor temperature differential. Carbon dioxide enrichment of green-

house atmospheres can result in increased plant þroductivity. The loss

of the enriching carbon dioxide by leakage during and after enrichnent

will result in higher costs of crop production. If greenhouse clop

groviers are aware of the leakage losses it will be easier for them to

supply sufficient carbon dioxide gas to maintain a favorable concentra-

tion in order to enharice plant growth.

Air leakage rates for two research greenhouses l^Iere deternined

for existing índoor-outdoor tenperature differenti.als, wind speeds and

wind directions using tracer gas techniques. Air samples fron the

greenhouses were analyzed for carbon dioxide content using a gas

chromatograph.

The effect of temperature differentials and wind velocíties

viere separated by perfo:=ning a nultiple regression analysis between the

dependent variable (air change rate) and the two independent variables

(indoor-outdoor temperature differential and urind speed). A sinple

nathenatical relationship was developed to predict the exPected air

change rate for a known temperature differential and wind velocity.

The accuracy of the predicted air change lates was quite acceptable.

The naximr.m measured air change rate was 0 .726/h at a wind

speed of 31.4 kn/h and an indoor-outdoor temperature differential of

ABSTRACT

TIIE MEASUREI'IENT OF AIR LEAKAGE RATES

FOR PLASTIC COVERED GREENHOUSES

IN MANÏTOBA



1,7.70C. The

speed of 2.3

5.70C.

nininum measured air change rate was 0.053/h at a wind

kn/h and an indoor-outdoor temperature differential of

11
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In Manitoba, plastic govered greenhouses are the only source of

fresh, locally grown vegetables in early spring, late fall and winter.

When outside temperatures fall below freezing, greenhouse ventilation to

circulate fresh air for plant growth becomes impossible.

Nornal air contains 530 parts per rnillion (ppm) by voh:ne of

carbon dioxide (C02) (1 pprn = 1 part COZ/rco parts air). Carbon dioxide

is converted to carbohydrates by the well-known biochenical process of

photosynthesis. It h-as been reported that plant growth can be enhanced

and the quality'of the product improved by enriching the plant environ-

nent with carbon dioxide (Barksdale, 7967; Wittuier and Robb, 1964). The

recommended optirnal levels of carbon dioxide concentration for early,

increased and better yields are reported to be fron 1000 to 2400 ppn

(Barksdale, 1967; Wittwer, 1970a) . Higher concentlations of carbon

dioxide have toxic effects (Table 2.2) on growing plants and hunans

(Barksdale, 1967). Prevention of these toxic effects becomes the

paramount factol in carbon dioxide concentration control in greenhouse

atnospheres.

As it is not economically feasible to build a cornpletely air-

tight greeiìhouse, some loss of C0, takes place due to leakage caused by

the gas concentration gradient, wind pressure and temperature

differentials. It is difficult for the average greenhouse grbwer to

naintain the desired C0" concentîation especially in the absence of any

CHAPTER T

TNTRODUCTION



¿

gas analysis facilities. If the grower is aware of the leakage losses

he can compensate for the losses to ensure adequate CO, for plant use.

Once the leakage rates of any greenhouse under different

weather conditions are known, control of C0, becomes possible and much

easier. An easy, accurate method of deternining the leakage rate of any

enclosed structure is to release a tracer gas and then measure the rate

of depletion of that gas (Dick, 1950). Release of C0, gas as a tracer

has the added advantage of presenting a trueï picture of leakage since

each gas has different diffusion rates. Carbon dioxide penneation

through polyethylene is three ti¡:nes as much as for oxygen (Keveren, 1973) .

The basic obiectives of this research were:

1. To measure and to compare the leakage rates of greenhouses

under diffèrent environmental conditions

2. To investigate the dependence of leakage rates on wind

speed, wind direction and indoor-outdoor temperature differentials

3. To develop a simple mathematical relationship to predict

aír change rates for knou¡n wind speeds and known indoor-outdoor

tenperature differential s

4. To develop a computer simulation nodel for predicting C0,

g or after enrictrn"nt]concentration in a greenhouse at any tirne during or after enri<

taking into account known leakage rates and growing plants.-



CHAPTER II

REVIEW OF LITERATURE

Plant Growth and Environmental Factors2.1

Photosynthesis, the process by which green plants manufacture

their food by assimilating the atmospheric carbon dioxide gas, is

defined by Kamen (1963) as a series of processes in which radiant energy

is converted to chemical free energy which can be used for biosynthesis.

The rate of photosynthesis and the amount of photosynthate subsequently

produced depends upon a nunber of environmental factors. Bildring (L973)

reported that it is possible to count as many as 56 main reactions to

the aeria 36 more reactions to the root environment.

Several of the irnportant environmental factors are grouped

below:

2"L.1 Environmental [Aerial) Factors

(i) Radiation including visible light

(ii) Carbon dioxide concentration in the air

(iii) Atmospheric tenperature

(ív) Hunidity

(v) Wind

(vi) Precipitatì.on

(vii) Atnospheric pollution

2..1.2 Edaphic Factors

(i) Soil conpaction



(ii) Root zone tenperature

(iii) Soil noisture

(iv) Mineral nutrients

(v) Soil texture and structure

2.2 The Role of C0, in Plant Growth

The following sr:rnrnary equation (2.1) illustrates the process of

photosfnthesis by which atmospheric carbon dioxide gas is converted to

carbohydrates (Pa1las, 1970; Barksdale, 1967) .

COZ * 2Hr0 + (470kJ) * (ffi20) + 0, + Hr1 (2.L)

Gaastra (1963) reported that the assimilation of C0, increases as light

intensity and temperature increases v¡ithin certain linits. This

principle was founulated by the plant physiologist F. F. Blacknan as the

principle of liniting factors (Figure 2.7) .

The principle of lirniting factors is explained by Bickford and

Dunn (1972). Suppose the effect of increasing the amount of C0, on the

rate of photosynthesis is being studied with all other factors constant.

As shown in Figure 2.I an increase of CO, causes an increase in photo-

synthesis up to a certain point, A to B. Beyond that point a further

increase of C0, produces no effect and the line flattens out, B to C.

Sone other factor, such as insufficient light or temperature, is

liniting. If nore of the liniting factor is supplied, the graph may be

extended further (B to D), when stil1 another factor will linit the rate,

and so on.

Experinents on photosynthesis in a cucumber leaf in relation to

light intensity and temperature at a liniting (0.03e") and at a

saturatin g (O ,13e,) C0, concentration (Figure 2.2) verifies that
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Blackmanrs principle of liniting factoïs applies in this study

(Gaastra, 1963).

2.2.1 C0^ Enriched Atnospheres

The concentration of CO, in the atrnosphere ís very low. Values

quoted range from 280 to 350 parts per million (ppn) by volurne (Pallas,

L970; Wittwer, L970; Wittwer and Robb , 1964; Barksdale, 1967). Wittwer

and Robb (1963) reported that in the prinordial world the carbon dioxide

concentïation in the atrnosphere was 10 to 100 tines that of today. Pre-

industrial values are estimated at between 290 and 300 ppm (Ca11endar,

1958) but this level has been increasing with greater industrialization.

Todayfs concentration of 330 ppn is approximately 1,2eo greater than pre-

industrial values. If the same increase continues within the next 60

years, the 1evel will double (Baes et al., 7g7h.

Enriching a plant environrnent with CO, to approximately 2000 ppn

increases yields and improves quality when adequate light and temperature

are available (Wittwer and Robb, 1964; Kretchman and Howlet, 1970;

Calvert, L972).

2.2.2 Methods of C0, Enrichment

There are several sources of C0, available for cormtercial or

experimental enrichment of greenhouse atmospheres. Each source has

certain advantages and linitations. The purest forn of C0, available for

enrichment is bottled C0, (S1ack and Calvert, 7972). Dry ice has been

used successfully for enriching greenhouse atmospheres (Bailey et al.,

7970). Carbon dioxide in pressurized tanks equipped with pressure

regulators and flovnneters is a corunon source (Wittwer and Robb, 1964) .



8

The most economical method of supplying C0, for greenhouse

enrichment is fron the combustion of organic fuels such as ploPane,

natural gas, or kerosene (Kretchnan and Howlett, 1970). The danger in

using these fuels is from toxic gases due to the inconplete combustion

of hydrocarbons. Barkel (1967) has dealt in detail with different

comrercially available burners for hydrocarbon fuels and the

possibility of generation of toxic gases fron incornplete combustíon.

Peterson et al. (1975) investigated the possibility of using coal mine

air to enrich the greenhouse atmosphere. Coal nine air usually contains

680 to 1400 ppn of C0r. \

0rganic matter is perhaps the oldest technique of enriching

field crops. Kretchnan and Howlett (1970) reported that Ohio corunercial

grovJers regularly use animal manure and other organic materials, which

can produce as much as 2700 ppn of C0, in the early part of the day due

to increased microbial activities. Klougart (1967) reported a COr level

of 1200 to 1900 ppn due to organic material added in a glasshouse wíth

a cucumber crop.

Carpenter (1966) used carbonated water for C0, fertilization and

successfully naintained a level of 300 to 325 pprn of C0, cornpared to a

greenhouse receiving no supplenental C0,, in which the 1eve1 ranged fron

280 to 300 ppn.

2.2.3 Response of Crops to COn Enrichnent

Extensive research has been done to

various gteenhouse vegetables, flowers and

Results reported by sone of the researchers

establish the response of

field crops to CO, levels.

are sr¡nmatized in Table 2.1.
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The optinal 1eve1s of CO, for rnost of the crops are reported to be 1000

to 2000 ppn (Barksdale, Ig67; Wittwer, 1970i Peterson et al., L975).

2.3 Control of the Greenhouse Envirorunent

Effective greenhouse environmental control is necessary to

naintain the optinal levels of radiant energy, temperature, relative

hi.rnidity and C0, for plant growth. As reported by many researchers

(Bilderi,ng, 1967; Bownan, 1968; Shipway, 7964; Winspear, 1968) the

following parameters must be considered in greenhouse environment

control: (i) carbon dioxide concentration, (ii) ilh:mination, (iii)

temperature, (iv) hunidity, (v) ventilation, (vi) air movement and

(vii) atmospheric pollutants.

2.4 Control of. C0, Concentration in the Greenhouse

Economic delivery and utílization of supplemental C0, is the

basic interest of greenhouse growers. Control of the C0, enríched

atnosþhere becones necessary in order: (i) to maintain the C0,

concentration at the desired 1eve1, (ii) to rninimize the effect of

toxic gases and (iii) to províde adequate ventilation.

2.4.7 Control of C0, at the Desired Level

Several researchers have reported different techniques for

controlling COr levels in greenhouses. A detailed and conparative

analysis of various possible nethods for controlling C0, concentration

is discussed by Bowman (1968a). Some of the nethods discussed were

infrared absorption, electrical conductivity in alkaline solutions,

electrical conductivity of deionized water, gês chromatography and

katharonetery.
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A constant level control system and a light nodulated control

systen were used by Pettibone et al. (1970) . In the constant leve1

control system an infrared gas analyzet and a strip chart recorder-

controller were used. The signal generated was proportional to the C0,

concentration in the greenhouse. In the light nodulated control system

the intensity of the inconing solar radiation was used to control the

gas supply.

Bailey et al. (1970) developed a CO, control system which was

capable of controlling C0, concentration at the desired level in

different greenhouses. An infrared gas analyzet along with a recorder-

controller uias used to turn the C0, on or off. Slack and Calvert (t972)

described a systen for controlling C0, concentratíon in nine separate

glasshouses by using a conductinetric controller. The mean daily

controlled concentration achieved over a period of five rnonths was

within !3eo of the desired value. Gas sarnples were bubbled through a

deionized water tube. An increase in the C0, content in the air sample

increased the electrical conductivity of the deionized water and a

signal was generated which was proportional to the C0, concentration.

The signal was used to control the C0, supply.

A sirnilar control systen was _used for rnonitoring C0, levels

using the change in electrical conductivity in an a1ka1i solution

(Bowman, 1968). A sirrple colorinetric method was developed by Sharp

(1964) using a thymol blue indicator solution. The change in color was

an indication of the C0" concentration in the air sample.
L

2.4.2 Control of Toxic Gases

Controlling C0, concentration could also prevent the build up of
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toxic gases which can be produced during the conbustion of hydrocarbon

fuels. The fuels are burnt to produce CO, for enrichnent or for heating

the greenhouse air. Table 2.2 stsmnarizes the critical anounts of sone

toxic gases for plants and hr:man beings.

TabLe 2.2 Toxic gases produced by inconplete cornbustion of hydrocarbon
fuels and the critical concentrations for plants and humans

GAS

Carbon nonoxide

Carbon dioxide

Ethylene

Hydrogen sulfide

Nitrogen oxide

Sulfer dioxide

TOXIC LIMITS

Plants

s00

10 ,000

50

20-40

J

0.19

(ppur)

Huma¡s

2.4.3 Control of Ventilation

Ventilation is essential for the following reasons (Morris and

Winspear, 7967): (i) to linit the temperature rise resulting fron solar

heat gain, (íi) to liurit the hunidity rise resulting from the noisture

transpired fron the growing plants¡ and (iii) to replace the C0,

constmed by the photosynthesis. It has been reported that the control

of C0, at higher concentlations is only possible if relative hunidity

can be controlled at the maxinum a11owab1e linits. High hr:midity can

pronote fungus disease problens.

Bildring (1975) reported that 2 to 5 air changes per hour in

100

5,000

500

REFERENCE

Thomas (1961)

Barksdale (L967)

Barkel (t967)

Thomas (1961)

cRc (Le72)

Thonas (1961)
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greenhouses or gro\{rth charnbers are enough to supply CO, fot photo-

synthesis. Many researchers have reported decreased 1evels of CO,

concentratíon (220 to 270 ppn) even when the ventilators have been

opened (Burrage, 1.972; Klougart, L967; Moss, 1962) in the daytine with

vi-gorously growing crops " Natural ventilation takes place due to the

chirnney effect (Winspear, 1968), and ridge ventilators are sufficient

to provide a large number of air changes to keep the C0, concentration

norrnal. The rate of ventilation to replace the depleted carbon dioxide

depends rnostly on the nunber of plants.

Whittle and Lawrence (1960) suggested air changes of from 2 to

10 per hour for normal photosynthesís. High ventilation rates (up to

160 air changes per hour) are necessary in order to keep the inside CO,

1evel close to that of outside air (KÍougart, !967; Nitsch, 1972). In

sunmer, even when the ventilators are open, C0, levels can be reduc-ed

so that the rate of photosrrnthesis is also reduced. Moderate reductions

of C0, (Z2o-270 ppm) Uo ,roa affect photosynthesis seriously.

Moss (7962) reported in detail the threshold values of CO, for

different crops. Table 2.3 shows the mininurn C0, concentrations at about

75000 lx light intensity and 23oC tenperature.

2.5 Parameters Affecting C0, Loss

Carbon dioxide loss fron greenhouses takes place due to unwanted

leakage of the internal atnosphere through cracks, slits, slots and

holes in the covering material (Whittle and Lawrence, 1960). The

nagnitude of this loss depends directly upon several factors, sone of

which are listed below (ASHRAE, 1960; Barkel, 7967; Ifhittle and



Table 2.3 Minimum Levels of
75000 lx and 23oC

Crop

Corn

Sugarcane

Orchard Grass

Tobacco

Tonato

Norway Maple

CO, fot Photosynthesis to 0ccur at
(Moss, 7962).

Coz (pprn)

Second colunn shows the ratio of
(PfOO) compared to the rate for

9

60

60

75

145

15

PlP?k' 100' - 300

0.63

0 .67

0.22

0 .33

0 .31

0.00

the rate of
normal fresh

pÌrotosynthi-'sis àt
air (P369) .

100 ppn



Lawrence, 1960; Malinowski, 1971) :

(ii) temperature differential, (iii)

(iv) total diffusion area.

2.5J Wind Speed and Direction

Air flow due to wind around and over buildings creates regions

in which the static pîessure differs from regions of undisturbed air

(ASHRAE, 1967). In general, Plessures are positive on the windward

side resulting in an inflow (infiltration) of air and negative on the

leeward side resulting in an outflow (exfiltration) of an equal volume

of air

The leakage (or infiltration and exfiltration) rates for any

enclosed voh:me are conmonly reported in terms of an air change rate

(Coblentz and Achenbach, 1963; Wh'ittle and Lawrence, 1960). The air

change rate is defined as the ratio of the volume rate at which air

enters and leaves the greenhouse to the voh:me of the greenhouse.

Malinowski (1971) reported that air exchange of internal air

depends on the wind pressure distribution on a building. The shape and

size of a building, the environmental conditions and the nature of the

winds determine the pressure distribution. Higher wind speeds increase

the diffusion rate via openings in the greenhouse cover (Barkel, 1967).

The pressure at the stagnation point due to an avelage steady wind of

144 kn/h nay increase to 5000 N/n2 (skPa) which can 1eàd to structural

failure (Thonann, 1975) . Bahnfleth et a1. (1975) reported that the

rate of infiltration increased with increasing wind velocity. Wind

direction nay also have an effect on infiltration provided there are

unequal openings on various sides of the building.

(i)

gas

wind speed and direction,

concentTation gradient and

t6



It rvas also concluded that for each krn/h increase in wind velocity the

infiltration rate increased about 0.0075 air changes per hour.

2 "5 .2 Indoor-Outdoor Temperature Differential

Air exchange fron any building, because of the difference in

indoor-outdoor tenperature, takes place due to the I'chimney effect'r

(ASHRAE, 1960; Winspear, 1968). This process is most easily explained

by the t'Neutral Zone'f concept (Bahnfleth et a1", 1957). The neutral

zone is the elevation in a building where the pressure indoors is equal

to the pressure outdoors when the building is exposed only to an indoor-

outdoor temperature difference. Air flows into the building below the

neutral zone and out above it when the ternperature indoors is greater

than the tenperature outdoors. The flow pattern is revet'sed when the

outdoor temperature exceeds the "indoor temperature.

Enswiler (7926) reported a detailed analysis for deternining

the position of the neutral zone theoretically and practically. Sone of

the inportant characteristics are listed below:

(i) the pressure differential is proportional to the distance

of the leakage site fron the neutral zone

(ii) the amount of leakage fron any site is proportional to the

sguare root of the vertical distance from the neutral zone

(iii) for ideal conditions the neutral zone ís at midheight for

equally distributed openings with no temperature

differential

(iv) in general the neutral zone will shift towards the group of

openings with the largest area and tobrards the region of

the highest temPerature differential

77
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Theoretically, the expected pressure differential causíng the

be calculated fron equation 2.2

h = L0 .87 l,tlD/T (Z.Z)

= pressure differential, Pa

= height of the building, rn

= tenperature differential, oC

= âverâg€ absolute temperatule, K, of warn and cold air colunns

= ((.*"r, * t.otd)/z + 273.75)

- f+ + I- \'waïm - tcoldJ

flow can

where h

M

D

T

T

D

Bahnfleth et al. (L957) showed thar a change of 1oC in the

tenperature differential was equivalent to about 0.73 kn/h change in wind

velocity causing the sane infiltration rate. It was also shown that for

èach degree Celsius change in indoor-outdoor temperature differential,

the infiltration rate increased approxímately 0.00367 air changes per

hour. Brown et 41. (1963) have reported a detailed analysis of air flow

due to natural convection through openings in horizontal and vertical

partitions.

2"5.3 Conbined Wind and Temoelcature Effects

It is unfortunate that only a few attempts have been made in the

last two decades to study the dependence of leakage rates on the combined

effect of wind velocity and indoor-outdoor temperature differentials.

The only detailed study to separate the effect of wind speed and indoor-

outdoor temperature differential was available frorn Bahnfleth et al.

(1957, 7957a). The work reported by Banfleth et al. t1957) and Coblentz

and Achenback (1963) were essentially based on a multiple regressi.on



analysis between one dependent variable (air change rate) and two

independent variables (wind speed and indoor-outdoor tenperature

differential) .

The technique of double approxinations for correction of data

for constant wind speed and constant indoor-outdoor temperature

differential as reported by Bahnfleth et 41. (1957) was not explicit in

explaining the correction factors. Equation 2.3 was developed by

Coblentz and Achenback (1963) from the graphical replesentation of

results reported by Bahnfleth et a1. (1957) .

where R

W

AT

R = 0.15 + 0.0083W + 0.0061 47

= ait change rate, 7/h

= wind speed, km/h

2.5.4 Gas Concentrati-on Gradi-ent

= indoor-outdoor temperature differential. oC

Barkel (1967) reported that the loss of gas

is proportional to the difference in concentration

outside air. The higher the concentration that is

will escape into the outside atTnosphere.

2.5.5 Diffusion Area

19

Loss of gas is directly proportional to the total diffusion area

of the greenhouse cover (Barkel, 1967) .

2.6 Modes of Air Leakage

Air leakage fron and

variety of ways. Malinowski

phenonenon as the resultant

l¿.r)

(C02) to outside air

between inside and

desired, the more C0,

into any building can take place in a

(1971) considered the air exchange

of the following four factors: (i) through



flow, (ii) pulsating flow, (iii) turbulent flow and (iv) static,

nolecular or theflnal diffusion.

Figure 2.3(a) explains the phenomenon of through f1ow. It is

almost the sane as forced ventilation except that the rate of flow is

unsteady. Through flow depends on external weather conditions and

differential pressure across the openings through which the flow takes

place. Pulsating flow only takes place when all the openings are

located in an area with the same external pressure, or when the pressure

differential is very sma1l wíth oscillations in pressure with tine

predorninati.ng. Figure 2.3(b,c) shows this mode of leakage.

Turbulent flow or eddies are produced either due to changes in

the external wind velocity or to changes in the internal convection

currents. Turbulence and eddies cause air infiltration and exfiltration

to take place at the sâme opening in the corner.

Molecular flow is perhaps the most conplex type of flow taking

place through openings which are not sufficiently large enough to a11ow

the other typgs of flow (through, pulsating and/or turbulent flow). The

essential features of this tlpe of flow have been described by Sparrow

et al. (1969) . The same t)?e of flow has been investigated in detail by

Wang and Yu (1971) where the mass flow is considered due to finite

pressure and ternperature ratios.

2.7 Leakage Measurement

20

Two nethods have been
;

of anv enclosed structure such

compressed aii leakage nethod

reported for deternining the leakage rate

as a greenhouse. The methods are (i) a

and (ii) a tracer gas technique.
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(a) Through flow

21

(b) Pulsating Flow

,'? l\Ì,

Pulse in

(one hole)

(c) Pulsating Flow (two holes)

Figure 2.3 Different rnodes of aír leakage



2.7 .1 The e ompressed Air Leakage li'lethod

Pflug and Southwick (1954) devised a method using an air

compressor with a variable flow capacity. The structure was pressttized

to a constant pressure to ensure that all leakage would be out of the

building. In this situation the rate of air being punped in is equal

to the air leaking out. Sirnilar nethods have been reported by other

researchers (lVolf et al., 1969; and Zahtadnik, 1968) .

Linitations of this technique are the difficulty of naintaining

a 1ow constarit pressure differential and excessive leakage at high

pressure differentials .

2.7.2 Tracer Gas Techniques

The conventional method of deternining leakage lates for any

enclosed structure is to release a suitable gas inside and then to'

nonitor the depletion rate (Bahnfleth et a1 ., L957; Bowman and Hand,

1968; and Dick, 1950). The concentration of the tracer gas decreases

exponentiaLly. hrhen the Naperian logarithn of the tracer gas

concentration is plotted against time, the slope of the plot will be

the air change rate.

, It is assr¡ned that the reduction in the tracer gas concentration

per unit time for the whole enclosure is equal to the amount of the

tracer gas leaving that particular enclosure with the exfiltrating air

in the same unit tine. The concentration of the tracer gas during the

decay, as shown by equationI.4, holds true only if conplete and

instantaneous mixing of the replacement air with the air in the

enclosure is assumed (Dick, 1950). The xûathenatical statement is:

22



hrhere

dC
-V--=XUclt

C = concentration of tracer at
volume of air

x = volume of air entering (or
tirne

t = tirne

v = volume of enclosure

The solution of the above differential

condition of C = Co at t = 0 is

o1

where

C = Co EXP(-xtlv)

C = Co EXP(-Rt)

tine t, volume of tracet gasf

leaving) the enclosure per unit

C = initial concentration of tracer gas in air
o

R = nunber of air changes per unit tine (x/v)

By plotting the natural logarithm of the concentration against

time on a linear scale (abcissa) the rate of air change (R) can be

obtained from the slope of'the best fitting line for the observed

concentrations; i.e. frorn equatlon 2"5

-R = ( Ln(co/ c)) lt (2 .6)

Gases corunonly used for leakage rate deterninations are heliun,

nitrogen, hydrogen, carbon dioxide and so¡ne radioactive gases like argon

41 and krypton 85 (ASHRAE, 1960; Coblentz and Achenback, 1963; Whittle

and Lawrence, 1960; Dick, 1950). Results of various researchers in

deternining leakage rates of greenhouses are sr:runarízed in Table 2.4.

23

(2.4)

equation with the initial

(2.s)
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2.8 Methods of Measuring C0^ Concentratíon

Various techniques of gas analysis are to be found in any

standard book of chenical analysis. Some of the nethods inost cornrnonly

ernployed for C0, analysis in field and research laboratories are listed

below (Bowman, 1968a):

Field Methods: (i) optical interferometer, (ii) chenical absorption

(indicator tube), (iii) filtration of an alkalisolution and (iv)

visual cornparative colorinetry.

Laboratory Methods: (i) katharorneter, (ii) chenical absorption

(volunetric), (iii) electrical conductivity of an alkali solution, (iv)

electrical conductivity of deionized water, (v) infrared absorption and

(vi) gas chromatography.

A gas chromatograph was aúai1able for use on this research

project. A basic explanatì-on of gas chronatography is given in Appendix



CHAPTER III

ÏNSTRTJMENTATION

3"1 Gas Chro¡natograph and Recorder

An Aerograph Model A-90-P2 Gas Chronatograph was used to

analyse the air sa.nples frorn the greenhouse for C0, content. The

response of the instrument r,,ias recorded by using a strip chart recorder

(Brown Electronik).

3 .1 .1 The Colunn

The colunn uras prepared using stainless steel tubing (5.5 m

1ong, 3 nn 0D, 2 nn ID) which was washed with toluene and rinsed with

ether to make the internal surface clean and. free of any grease or dirt.

Porapak Q (100/L20 nesh size) was used as the solid adsorbent for the

gas chronatographic analysis. The column vras packed using a slight

vacuu¡n and an electric vibrator. The colunn was coiled to fit into the

oven and was conditioned at 250oC for 20 hours. The flow rate of the

carrier gas during conditioning was 15 nl/min at 24A kPa.

3"2 Gas Flow

Figure 3.1 shows in schematic form the gas flow through the

instrr:ment. The carrier gas fron tfre cylinder enters the instrument

through the gas valve E. The flow controller F divides the carrier gas

flow into two streams. One stream flows directly to the reference arm

M after passing through a flow restrictor J. The second gas stream

passes through the one way check valve H into the injector cha.nber I
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Figure 3.1

L
I

L
i

L

M +

Schenatic
used for
samples.

of varian A-90-P2 Gas Chrornatograph
quantitative analYsis of C0, in air



and then into the coh:mn K and finally through the sensing arm L of the

detector D. The gas sanpling valve G (optional) is placed in the gas

stÎeam ahead of the column.

3 "2 .t Gas Sanpling Valve

A six Part gas sa:npling valve (Figure 4.3) nanufactured by

Carle Instruments Inc., Calífornia, was used to introduce the air

samples into the gas chromatograph.

3.2.2 Gas Sanpling LooP

The gas sarnpling valve was provided with two capillary

connecting tubes. Each tube was 25 cm long, 1.5 mm 0D and 1 run ID with

a total volumetric capacity of 0.4 mL (CT in Figure 4.3). A piece of

stainless steel tubing L9 cm long, 3 nm 0D and 2 nn ID'with a volumetric

capacity of 0.6 mL was coupled (SL in Figure 4.3) to the two tubes of

the gas sampling valve using reducing swagelok fittings resulting in a

net volume of 1.0 url for the sample 1oop"

3.3 The Gas Dry Filter Trap

28

A gas dry filter trap (Figure 3.2) was used in order to absorb

any moisture present in the sanple to avoid contamination of the column

packing naterial and the detector filaments. A 6 run 0D glass tube about

6 cn long was fil1ed with anhydrous nagnesium perchlorate. Both ends of

the glass tube trap were plugged with glass wooI. Qne end of the

noisture trap was connected to the gas sarnpling valve iíjection port

(using a reducing swagelok fitting). The other end was nodified to

accept a Luer lock syringe (Figure 3.2) .
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To sanpling valve injection
[]P, Figure A.3J

29

port

Glass tube
(Anhydrous nagnesíum perchlorate)

Graphite Ferrule

Figure 3.2 Gas-Dry filter trap with
syringe adapter.

Modified needlè head to accept
Luer lock BD syringe tip

nodified female



3.4 Syringes

Two Ha¡rilton gas-tight syringes of 1 lnl and 2.5 mL capacity

were used for trial injections to choose an appropriate sarnple size

(Section 4.6). Both gas-tight syringes were also used to prepare

sanples with known eoncentratíons of COr. The C0, was mixed in

nitrogen. These samples were used for the basic calibration and also

for daily calibration of the gas chronatograph.

Another 30 mL glass Luer lock syringe was used to draw sanples

(standard mixtures for calibration or air sanples fro¡n the greenhouse)

frorn the gas sarnpling bottles. The gas sanrpling loop (Figure 4.3) was

designed to hold a 1 nL sanple for injection. A 30 mL sample drawn

from the gas sanpling bottle was t'sed to flush the gas sanpling 1oop.

lrlhen the carrier gas path was shifted by turning the handle of the gas

sampling valve a 1 mL sanple was swept into the colunn for analysis.

3"5 Description of Greenhouses

Research greenhouses (nrmrbers one and two) of the Plant Science

Department at the University of Manitoba were selected for determination

of the leakage rates. The greenhouses had a double covering. The

external covering materi.al was glass reinforced plastic sheets while the

inner lining was flexible polyethylene. Both greenhouses had wooden

rafter construction. The inner lining of greenhouse number one waS

replaced just a few days before the experinent was conducted. The

dinensions of and other information for both greenhouses are presented

ín Table 3"L.

The south wal1s of both greenhouses contained two exhaust fans

with a jet fan in the niddle at the top for drawing in fresh air through

30



Table 3.1 Description of the Experinental Greenhouses

Year of construction

Oriented

Length, n

widrh, n

Height, m

3*volume, m

2
f, Ioor area, m

*Crossectional 
area r^ias calculated by the trapezoidal rule (Thonas, 1966)

by assuning a top inclination angle of 50o and a base curve tangent

angle to the horizontal of 20" giving the radius of arc, r,

r = (b/2) lcos 20

where

b = base width of greenhouse (Chandra, 1976)

Greenhouse Number

L¿

37

L970

NS

IJ.J

9.5

4"2

382 "81,

745

7977

NS

15 .3

11.9

5.2

590.43

182



the damper notor operated louvers. The north wal1s were fítted with

suction lift louvers to adnit fresh air.

3.6 The C0, System

Carbon dioxide was supplied fron compressed gas cylinders

(Figure 3.3) . One cylinder was kept in the laboratory for preparing

knovm concentrations of C0, gas in nitrogen for calibrations (Section 4).

A second C0, gas cylinder was used to enrich the greenhouse air. During

the first three tests the total amount of C0, added for enrichment was

measured using a wet test neter. Figure 3.3 shows the schematic gas

supply system for the greenhouse enrichnent. A two stage pressure

regulator was used. Flow was controlled with a needle va1ve. The gas

was distributed in the greenhouse through the jet fan to ensure uniform

nixing of the C0, Bas with the greenhouse air

An infrared heat lamp was used during gas enrichment to avoid

any pos.sible gas choking due to freezing of C0, in the pressure

regulator.

3.7 The Gas Sautpling Systen

Air sanples hrere collected near the centre of each greenhouse.

Tivo sanpling bottles were flushed by using an air blower (Figure 3.4) .

The stopcocks of the sampling tubes were lubricated with "Apiezon"

grease grade M to nake a vacuum tight sea1. The gas sarpling bottles

used for naking the standard'gas mixtures were calibrated with water to

determine the volume.

3.8 Temperature Measure¡nent

T\^Jo nercury thernoneters were used to measure indoor and



1. CO, Eas source (conpressed gas cylinder)
2. Tank pressure gage

3. Low pressure gage

4. Gas supply valve

5. Needle valve

6. Tygon plastic tubing

7. Jet fan

8. Infrared heat lanp

9. Wet test meter

33

Figure 3.3 Schematic diagram of, the C0, supply to the greenhouse
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outdoor temperature every 30 ninutes duríng each test.

3.9 Wind speed and Direction Measurement

Wind speed was recorded by a 3 cup anemometer installed 2 m

above the greenhouse (nunber 2) roof. The wind direction was observed

on a simple wind vane which was fabricated in the Agricultural

Engineering workshop. Figure 3"5 shows the instrunents used for

detennining wind speed and indicating wind direction.

3.10 The Liquid Displacement System

The gas sampling bottles with an average capacíty of 300 mL

were used to collect the air sarnples for determination of C0, content.

The gas samples were drawn in a 30 mL syringe for flushing the gas

sanpling loop for injection. It was not possible to draw a sanple of

30 mL from a StjO ml, flask without adrnitting a displacing liquid into

the sanpling tube. Paraffin oi1 was used (because it does not absorb

C02) to replace the volume of sarnple drawn by the syringe. Before

connecting the paraffin oil line to the sampling tube, one arm of the

tube was filled with paraffin oi1 in order to expel any trapped air

which othe:rvise would result in a significant error

The pressure in both vessels (gas sampling bottle and funnel,

Figure 3.6) was not equalizedby adjusting the liquid 1eve1. Any high

pressures in the samples in the 30 nL syringe were automatically

released when the hypodernic needle !{as removed frorn the syringe prior

to introducing the sample to the gas sanpling 1oop. Figure 3.6 shows

the paraffin displacement assenbly.
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h

l\rind speed meter

,a,:::
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llrì ltli n.l rl i racf ìr,,) ,,---IOn Vane

Figure 9.5 InstiumentS for'ineasuiing wind'speed and <i.i.rcction



1. Stand
2. Clamps
3. Funnel
4. Paraffin oi1
5. Plastics tube
6. Gas sanpling bottle
7. Rubber septua cap
8. Sanpling syringe

(30 nr' 1

37

Figure 5.6 Paraffin displacenrent systen



Air change rates for tr¿o research greenhouses at the University

of Manitoba were measured during the months of July and August, 1977.

Four tests were conducted in greenhouse No. 2 which was built in 197L

while three tests were conducted in greenhouse No. 1 which was built in

1970.

For sinplicity, greater reliability and ease of continuous

recording (Dick, 1950) it was decided to use a tTacer gas technique

[section 2.7.2) for detennining the, leakage rates for two research

greenhouses. A step by step flow diagram of the experinental

procedure is presented in Figure 4.1.

The gas chronatograph was calibrated after controlling all the

operating parameters (ternperatures of the colunn, the injector, and

the detector, carrier gas flow rate and selection of an appropriate

attenuation for ¡naximtm sensi.tivity). Carbon dioxide mixed in

nitrogen at known concentrations was used in L mL sanples for all

calibrations.

The greenhouse atmosphere was enriched by releasing CO, Eas

(Figure 3.3). Air sanples from the greenhouse were collected after

each 0.5 h and were analyzedby gas chromatography in the Pesticide

Research Laboratory. Enrichment was continued until a predetern:ined

PROCEDURES FOR MEASURING LEAKAGE RATES

AND DEVELOPMENT OF A STMULATION MODEL

TO PREDICT CARBON DTOXIDE CONCENTRATION

CHAPTER IV



gas chromatograph
Calibrate the

Collect air sanple in greenhouse
and record wind speed, wind
direction and indoor-outdoor
temperature (every 0.5 hour)

Analyse air sample
for C0, content

/COc teached
preãeternined

enrichnent

stopped?

level ?

Stop enrichnent

C0, depleted

sufficiently?

Figure 4.1 Flow diagram for
'collection for enrichment

procedure of. data
and depletion
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naximum concentration of C0, was achieved. The C0, supply r{as shut off

and sanpling and analysis of greenhouse air was begun for the depletion

of COr. Sanpling contínued until sufficient data were obtained or

until instnunent response became too 1ow. Data for wind speed, wind

direction and indoor and outdoor temperatures r^rere collected at each

0.5 h interval during enrichment and depletion.

Air change rates or air i-eakage rates for the greenhouses were

determined by perforning an exponential regression analysis betvreen the

two variables, tine in hours and C0, concentration in ppn. A nultiple

regression analysis was performed with air change rate as the dependent

variable and wind speed and indoor-outdoor temperature differentials as

the independent variables .

4.7 Selection of Operating Parameters (Gas Chronatograph)

' A large nr¡nber of trial analyses were rnade to select the

optinal operating parameters (carrier gas flow rate, column and

detector temperatures) for naximun sensitivity and maximum separation

of CO, fro¡n air. All the analyses were done at a colunn tenperature of

30oC, detector tenperature of 170"C and carrier gas flow rate of 45 nL/

min. The recomrnended filanent current of 150 mA at maximum attenuation

was used.

4.2 Static Calibration

After selectins the

the instrunent response $¡as

sensitivity of the detector.

parameters for optinal operating conditions

calibrated to establish the linearity and
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4.2.7 Making of Standard Gas l,lixtures

The accuracy of prepared gas nixtures of known concentration is

inperative for the calibration and performance testing of any gas

analysis instrument. A batch rlixing technique was used to prepare the

various C0, concentrations in nitrogen gas. The following sirnple

relationship was used to calculate the exact volume of CO, required to

get a desired concentlration (Cotabish et a1., 1961) .

V =Ç V 10-6rppnc

where

\¡r

ppm

1¡

Two separate gas sanpling bottles were flushed continuously

with nitrogen and carbon dioxide " The stop-cocks of the sampling

bottles were closed and excessive pressure was released by opening one

end of each tube monentarily. A Harrilton gas-tight syringe ulas flushed

several tines with pure CO, and a measured volume of C0, was injected

into the sampling bottle containing nitrogen. Before injection an

equal amount of nitrogen was re¡noved to ensure that the nixing took

place at atnospheric pressure.

Due to a lack of low volume gas-tight syringes and in order to

ninirnize errors it was necessary to use large sanpling bottles. The

large sanpling bottles were nanufactured by the glass blowing shop in

the Chemistry Department, University of Manitoba. Three different

bottles (847, 329 and 49 nL) were used to nake the standard calibration

mixtures.

the required volume of COr, nL

desired concentration of C02, ppn

volume of n:ixing container, flL.



4.2 "2 Basic Calibration

The instrunent response for linearity and sensitivity was

determined by perforning a basic calibration with sanples of known

concentrations of up to 50000 pprn of COr. Samples were taken in a 30 inl

glass syringe by displacing the same volume with paraffin oil as

already discussed in Section 3"L0. These sarnples were used for

flushing the gas sanpling valve loop for the injection of a sarnple of

one mL.

Table 4.1 shows the various concentrations used for

calibration puryoses and the corresponding peak heights measured at

various attenuations,

Vok¡ne of Mixing
Bottle, mL

Table 4.L Calibration Data for Gas Chronatograph

A'+L

+

-.-847

847

847

329

329

49

49

N2 renoved
C0, added,

and
mL

0.5

0 .85

1.70

1..75

J.J

1.0

coz

Fresh air sample
**

1000 ppn C0, in Heliun
***

Peak heights above 200

concentîation,
ppn

330

1000

590

1000

2000

5300

10000

20400

s 1000

Average of
4 peak
heights, nn

(Applied Science Laboratories)
Ím were measured at lower attenuations

8:4

33 "2

16.0

3L.5

63.6

775.3

329.3***

6 78 .0***
1640 .0***

u 
,.,, 

:!:;,., .

\,,i#t'



A regression analysis of the data in Table 4.7 gave the following

ca1íbration equation:

C=30.98h-62.24

where

C = CO, concentration, ppn

h = response (peak height) , rrun

The correlation coefficient was l-.00.

The instrument sensitivity (Ho1nan, 7977; Lawson and Mi11er,

1966) was rnêasured as the ratio of the change in instrurnent response

(nn of peak height) to the change in concentratíon (ppn of C0, in

standard nixtures). Thus the sensitivity is given as

S = Ah/AC

where

S = sensitivity, nm/100 ppn

-/ Ah = change in peak height, nm

AC = change in concentration, 100 ppn

For this instrt¡ment the sensitivity vras 0.03228 mm/ppn for the basic

calibration.
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4.3 Routine Calibration

To avoid changing operating conditions of anbient temperature

and fluctuations ín the power supply from day to day a quick routine

calibration was carried out before each set of analyses in order to

establish the daily response. 0n1y three sarnples were used for this

purpose. Nornal atnospheric air sarn¡lles were assuned to contain

330 ppn while a corTrmercially prepared C0, nixture in helium of 1000 ppm

(Applied Science Laboratories) was used as a second sanple. A third



concentration of 6000 ppn was aLso nade for injection.

The sensitivity as deterrnined at each routine calibration

varied fron the basic sensitivity. Regression equations for routine

calibrations to deterrnine the C0, concentrations (C, ppn) for a known

instrument response (h, nm) are listed below. The values quoted in

parentheses for equations 4.3 to 4.9 are the sensitivities as

determined fron the routine calibration.

C = 30.2I h + 13.94 [S = 0.03310 mn/ppm] (4.3)

C = 28.25 h + 6.81 [S = 0.03540 nn/ppn] (4.4)

C = 28.76 h + L5.32 [S = 0 .03477 nn/ppn] (4.5)

C = 29 .27 h + 2 .9! [S = 0 .03423 nun/ppn] (4.6)

C = 28.59 h + 22.54 [S = 0.03498 mn/ppn] , (4.7)

C = 28.38 h + 2I.73 it = o .03524 run/pprnl (4.8)

C = 27.23 - 0.04 [S = 0.03672 mn/ppn] (4.9)

Correlation coefficient in all the regression equations (4,3 to 4.9) was

1.0.
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4.4 C0^ Enrichment of Greenhouses

-/
Most of the experinents were conducted at night since the

greenhouses r{ere too hot during the daytíme. C0, Eas was released

(Figure 5.3) at a rate of about 800 to 900 L/h. Sanples of greenhouse

air were collected each 0.5 hour after enrichment was started. The air

sanples were taken to the Pesticide Research Laboratory where they were

analysed for CO, concentration" The analysis was conpleted before the

next saûpling períod.



4.5 Analysis of Air Samples

Air sauples fron the greenhouses were collected in 300 nL gas

sanpling glass bottles using a blower (Figure 3.4) . The sanples l{ere

taken during the enrichrnent and depletion of the tracer gas. Sarnples

were drawn at the niddle of the greenhouses, Two samples wele taken

for each test "

One mL samples were injected into the chromatograph coluinn

using the gas sanpling valve " A 30 :lL sarnple was first displaced into

the syringe with paraffin oil. The detector response for each sanple

was recor'ded on a strip chart recorder. The peak height deternined

the concentration of CO, in pprn in conjunction with the routine

calibration curves.

4.6 Temperature Measurement

Indoor and outdoor temperatures were recorded each

during the enrichment and depletion.

4.7 Wind Speed and Direction Measurement

45

' Wind speed in kn/h and wind directions wele also recorded each

0.5 hour during enrichrnent and depletion.

4.8 Development of the Sinulation Model

Ttre denands of economists and engineers have made the

technique of using conputer sirnulation models for continuous system

program ¡nanagement inportant. The specific purpose of this sinulation

model is to predict the concentration of carbon dioxide in the green-

house at any tine during or after C0" enrichrnent when the following

parameters are known:

0.5 hour
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(i) the rate of C0, coning into the greenhouse due to

infiltration of external air

(ii) the rate of C0, input (depends on the source of COr)

(iii) the rate of COr leakage out of the greenhouse due to

exfiltration of the internal air

(iv) the uptake rate of C0,, by plants
L

4.8.1 Assunptions

The following assurnptions have been nade:

(i) Infiltration and exfiltration are the nonnal air changes

per hor.rr (a) and are in the range of 0.01 to L.O/h depending on the

tightness of the greenhouse, wind speed and direction, indoor-outdoor

temperature differential and the concentration gradient of C0, between

the inside and the outside of the greenhouse

(ii) The volume of C0, added for enrichnent is very smal1 as

conpared to the greenhouse total volume and therefore the voh:mes of

air infiltrating and exfiltrating are assrmed to be equal

(iii) The normal concentration of C0, in the air is assuned to

be constant at 330 ppn

(iv) Instantaneous and homogeneous nixing of CO, (due to

infiltration or enrichment) is assumed so that the outgoing air

contains the instantaneous C0, concentration

(v) The C0, input rate is proportional to the source of C0,

(i.e. assr:ning conplete cornbustion of the hydrocarbon fuel and the

burners rated capacity, lrl)



4.8.2 General Solution

The change in the amount of C0, in the greenhouse can be

expressed as

CD = CD, - CD_ (4.10)l-o
where

Cd = C0., change, L/nin'¿
CD. = sum of C0^ inputs, L/rnin

I¿

CD- = snm of C0^ losses, L/nino¿
The inputs are:

CD, = CDI + CDA (4.11)
1

where

CDI = C0, in due to infiltration, L/tn:in

, CDA = ,o:added by enrichnent, L/nin

The losses are:

CD_ = CDO + CDC (4.L2)
o

where

CDO = Co, lost by exfiltration, L/nin

CDC = co] .or,ruted by plants, L/nin

Conbining equations 4. LL and 4.L2 into the equation 4.10 gives:

CD = CDI + CDA - CDO - CDC (4.13)

Fron equation 4.13 CDI can be expressed in ter¡ns of air volumes and air

changes per minute as

CDI[C0^, L/mtn) = C- V a/706¿ n t/70" (4.I4)

where

C_ = nor:nal concentration of C0" in atmospheric air, ppmn¿
C_ = iSO ppn
n
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V = voh¡me of greenhouse, L

a,= infiltration rate for air, air changes/min

In equation 4.13 CDA can be expressed as

CDA(CO2,l/nin)-B (4.15)

where

B = a constant C0, rate (L/rnin) which depends on the source of

the C0, for enri-chnent. The most coÍmon sources of C0, for the

enrichnent of a greenhouse atnosphere have been discussed in Section

2"2"2. Most of the comnercial burners are rated in terms ofwatts (or

kilowatts). The following conversion factors (K1) are used to convert

burner ratings in W to L of COr/nin output:

(i) Kerosene (2.12s7) (10-3)

(ii) Propane (1.8176) (10-3)

(iii) Natural gas (1.5997)(fO-3)

(iv) CO, Eas frorn cylinders is measured directly from the flow

meter (L/rnin) .

In a sinilar manner the C0, losses can be expressed as:

CDO(C02, L/min) = CYa/106

where

4ö

ppn

C = instantaneous concentration of C0, in the greenhouse air,

CDC(CO2, L/min) = PLU

where

PLU = C0, used by plants, L/nin.

ït has been reported in Section 2.2.3 that as the C02

concentration in the greenhouse atmosphere is increased the rate of

(4 .16)

(4.17)



photosynthesis

increasing COZ

is also increased.

concentrations for

Table 4.2 The effect .of C0, concentration
photosynthesis in single leaves

C0, uptake
-1

lmg/ (dn". h) l

Table 4.2 shows

tobacco (Hesketh

10

1n

48

29

The experiments
that of norrnal
between 25 and

C0^ uptake for

and Moss, L963).

The sinulation model assumes that these data can

comparisons. The data of Table 4.2 were used in

regression analysis.

The fonn of the regression equation is:

UU=nexp(nC)

where
)

tIU - plant use of COr, mE/ (dn-. h)

n and n are constants

on

of
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the rate of
tobacco*

were conducted
aunlight, 400 nrn

310C.

coz concentration

lppnl

150

500

600

1000

at a light
<À<700

intensity approxirnately twice
rm with leaf ternperatures

C - instantaneous C0, concentration, ppn

The regression analysis deternined the values of n

4.18. The values were

be

an

used for qualitative

exponential

(4 .18)

and n in equation



n = 10.09 mgl(¿r2. ir)

n '= 0 .002776 1/ppnû

Substituting these values into equation 4.18 gives the final expression

for estirnating CO, consr:mption on a unit basis

The total C0, consumed by a growing crop depends on several

factors. One of the major factors is the total leaf area (TLA) of the

crop. The total leaf area is a firnction of the plant leaf area index

(PLAI), the floor utilization factor (FUF) and the greenhouse length

(GIL) and width (GIIW). PLAI varies from crop to crop and is in the

range of 4 to 8 (Zelitch, 797L). PLAI is rhe ratio of leaf area ro soil

surface area used by or allotted to each plant. The total leaf area
a

(cn-) can be calculated as

UU = 10.09 exp (0.002116C)

TLA = (PLAI) (FUF) (GIt) (GIw)

when greenhouse length and width are neasured

use of COr(L/nin) can be expressed as

PLU = (Kr) (UU) (TLA)

where K, is a ¿:.iens:.ons conversion factor.

this sinulation
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Kz = 8.4848(ro-8) (L/nin) / (ne.. 2/ G^1))
Sinilarly

cD = v(dc /dt)/to6

where

(4 .1s)

dc/dt = rate of change of concentration
ppm/nin

Equation 4.L3 can now

V(dcldt) /706 =

(4.20)

in centinetres. Then plant

(4.21)

For the dirnensions used in

be

Cn

w-ritten as

valtoí +B- CYa/706 -PLU

of C0" in greenhouse air,

(4.22)



Dividing by V

rearranging

dcl dt

o1

and nultiplying by

Equation 4.24 is an ordinary first order differential equation with

constant coefficients. The general solution of equation 4.24 is

= Crr" - ç¿ + (B/V

dC/ dt + Ca = Cr," o (B/V - PLU/V) 106

C = K e;ç(-at) * cr, * (B/(va) - PLu/(va)) 106

where K is a constant detemined fron the initial conditions C =

t = 0,

6
10- in equation 4.23 after some

- PLU/Ð 106

K = Co - Cn - (B/ (Va) - pLU/ (va) ) 106 (4.26)

Substituting the value of K into equation 4.25 results in

a= (co-cn- (B/(va) -PLl/(va))106)exp(-at) *cr,* (B/(va)

- PLU/(va))106 (4.27)

4.8.3 CSMP Continuous System Modeling

A computer simulation rnodel, based on equation 4.23, was

developed using the CSMP systen/360 continuous systen rnodeling progran

number 3604-CX-16X. The program hras capable of predicting C0,,
-

concentration (ppn) at any time during or after enrichment. The dyna:nic

se$nent of the program (Figure 4.3) is the nain part of the siurulation

while the variables used are defined in Figure 4.2.

)I

(4.23)

(4 "24)

(4 "2s)

Cat
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5.1 Gas Chronatographic Analysis

The Porapak Q packed column was used to separate the C0, gas in

the air. A complete separation was obtained under optinal analysis

conditions. Response of the thermal conductivity detector was found to

be linear to 50000 ppn (5e") C0, concentration as shown by the basic

calibration equation (Section 4.2.2) . The separations were perforrned

at an average operating tenperature of 30, 31, 164 and L36"C for the

cohmn, injector, detector and collector respectively. The observed

C0, concentiations as determined by gas chromatographic analysis of

the air sainples are listed in Table 5.1. Sarrple calculations for these

data are shown in Appendix B.

In most of the tests the indoor-outdoor temperature difference

and the wind velocity were not constant throughout the whole test

period. Therefore, infiltration rates could not be expected to be

constant for the test periods. In order to detect changes in leakage

rates for a particular test due to changing indoor-outdoor temPerature

differences and changing wind velocities, the data of Table 5.1 were

plotted on senilogarithmic graph paper with tine as the linear scale

(Figure 5.1). It can be seen fron Figure 5.1 that each test showed a

shift in the slope of the leakage rate curve with the exception of

Test No. 6. The duration of each leakage rate in a particular test

$¡as established by exanining the change in slope of the curves of

RESULTS AND DISCUSSIONS

CHAPTER V



Sanple Tine
No. h

Table 5. L Measured C0, Concentrations for the Tests

1

2

2

+

5

6

8

9

10

11

1,2

1,3

1,4

15

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4"5

5 "0

5.5

6.5

7 "25

8.0

Greenhouse No. 2

2657 2L48

2400 1702

2228 1510

L978 L340

1857 7207

L637 1213

1343 1193

1041 11s1

959

/OJ l'IJb

Test Nurnber

2009

L491

1160

927

849

705

662

611

547

447

2588

1990

1507*

1268

1005

707

508

465

456

368

Greenhouse No. 1

55

5¿54

2770

2167

L924

1.761

1558

7324

7223

1095

966

880

877

2803 2524

2363 1688

2094 L771"

1810 8L7

1620 708

1347 572

1,1,20 525

964 485

831

669**

**
neasured at 0.92 hours
measured at 4"75 hours

1066

973

919

911
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Data plotted fron Table 5. L
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Figure 5.1 Change of leakage lates due to changing indoor-outdoor
temperature differentials and wind velocities.
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Fígure 5.1. The leakage rates and the average air change rates for each

test were calculated by perforning an exponential regression analysis.

Sautple calculations of such an analysis are shown in Appendix C for Test

L.

Table 5.2 sun¡narizes the results for the seven tests conducted

in both greenhouses along with the nain factors affecting the leakage

rates. Both greenhouses were oriented almost north-south. The wind

direction lrras recorded with respect to the greenhouses assuming a

north-south orientation. The 16 point direction concept as reported by

Middleton and Spilhaus (19531 was used. Wind conponents on the long and

the narrow sides as reported in Table 5.2 were obtained by resolving

the prevailing wind into two components by using the following relation-

ships:

WLS = !Ìl sin 0

WNS=Wcos0

where

WLS = wind cornponent on long side, kn/h

WNS = wind conponent on narrow side, kn/h

W = prevailing wind speed, kn/h

Q = angle of prevailing wind with respect to long side
of greenhouse, degrees

For example a wind speed of 26.1 km/h in test 4 fron the WNW direction

gives the following results:

WLS = 26.7 sin 67 .5

= 24.1 kn/h

and WNS = 26 "7 cos 67 .5

l).rJ

t\ ./l
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5.2 The Effect of Wind Speed on Leakage Rates

The phenomenon of infiltration or exfiltration is highly

dependent on wind velocity and the indoor-outdoor temperature

differential. The effect of wind velocity on the observed leakage

rates can be observed in Table 5.2. It can be seen that the measured

leakage rates are higher when the wind speed has incteased. In tests

4 and 5 the indoor-outdoor temperature differentials are the same for

LR,, and LR"r. The wind direction is not the same but with respect to4L 5t

the long side the effects should be si¡nilar. Therefore any increase or

decrease in wind speed should result in a corresponding increase or

decrease in the leakage rate. It can be seen fron Table 5.2 that LR/1

= 10.0 kn/h

and LR' where the wind speed changed fron 20.0 kn/h to 3.0 kn/h,

respectively, the leakage rate changed from 0.44Uh to 0.343/h.

Another illustration of the effect of wind velocity on leakage rates

can be seen in test 3 and 4. The leakage rates LR' and LRO, are

approxirnately equal since all other parameters renained approxinately

equal for both tests. The wind directions in the tÌ,ro tests above were

not the same but the conponents on the long and on the narrow sides

appeared to have equal effects.

5.3 The Effect of Wind Direction on Leakage Rates

OU

It was not possible to measure the effect of wind direction on

leakage rates. This ü¡as so since each test was of a linited duration

a¡d a long time interval was required for sarple analysis. However in

some cases it was possible to note the effect of wind direction. For



example, in test 7 (LRTL and LRrr), it can be seen that in spite of the

fact that the indoor-outdoor tenperature differential for LR, increased

the velocity renained the same. The increased tenperature differential

should have increased the leakage rate, but the leakage rate was much

lower compared to LRr, " The only changing parameter was the wind

direction which changed frorn WNW to NW resulting in a decreased wind

component on the long side of the greenhouse.

A¡other example of the effect of wind direction on the leakage

rates is presented in test 5 (LRSf and LRrr). The wind speed and

indoor-outdoor tenperature differentials were approxinately equal.

When the wind direction changed from WSW to SW resulting in a decreased

wind conponent on the long side of the greenhouse the observed leakage

ratL also dropped fron 0 .343/h to 0.227/h

5.4 The Effect of Temperature Differential on Leakage Rates

Any increase in the indoor-outdoor temperature differential

will result in increased infiltration rates. In these tests it was not

possible to maintain a constant indoor-outdoor tenperature differential.

Therefore it was a matter of chance in obtaining data to explain the

effect of tenperatlrre differentials on the air change rates.

Tn test 4 of Table 5.2 the leakage rate changed only due to

changing temperature while all. other parameters renained reasonably

constant. Another example can be seen in test 5 where the leakage rate

decreased with decreasing wind velocity and indoor-outdoor tenperature

differential.

6,1
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5.5 Predicting Air Change Rates from Observed Wind Speeds and fndoor-

The technique of double approxination for separating the effect

of wind speed and indoor-outdoor temperature differentials was not

explicit in explaining the correction factorsl(Section 2.5.3). A

rnultiple regression analysis using the data reported by Bahnfleth et al.

(1957) yielded equation 5.3

0utdoor Temperature Differentials

The accuracy of the prediction equation 2.3 developed by Coblentz and

Achenbach (1963) was compared to that of equation 5.5. The average

errors in the predicted air change rates from the observed data for

wind speed and indoor-outdoor tenperature differentials fron both

equations were 22% fron equatíon 2.3 and 12% from equation 5.3. Better

accuracy for predicting leakage rates was achieved from equation 5.3

which was obtained from a rnultiple regression analysis.

Multiple regression analysis r{as used on the data of Table 5.2

to separate the effect of wind speed and tenperature differentials on

leakage lates. A nultiple regression analysis for two independent

variables requires a minimr:m of four data points. The data for green-

house nurnber 1 were insufficient for nultiple regression analysis.

There were nine data points for greenhouse nr:mber 2 (Table 5 -2) .

The nultiple regression analysis resulted in the following

regression equation:

AC = 0"15 + 0.0045 W + 0.007 AT

R = 0.0383 + 0.00929 W + 0.0171 AT

where g = predicted air change rate (leakage rate), Utt

W = wind speed, krn/h

(s .3)

(s .4)



AT = indoor-outdoor temperature differential, oC

The multiple correlation coefficient was 0.75.

An attenpt was nade to account for wind direction. The wind

speed conponent norrnal to the long side was used in the multiple

regression analysis but the nultiple correlation coefficient was less

than for equation 5.4.

Equation 5.4 is of the following form:

R=R00+cx'W+ßAT

where

P = predicted air change

R.,., = air change rate forvv o.og83/h

r S = increase in air change rate per unit increase in indoor-
outdoor temperature difference, (0.0L77/h) /"C.

Leakage rates predicted by equation 5-.4 were not accurate when

wind speed was less than 5 kn/h and ternperature differential was also

less than 5"C" Table 5.3 shows the percent errors in the predicted

air change rates cornpared to the measured rates. The average

inaccuracy of the predicted air change rates (excluding Test 2) !ùas not

nore than 169o.

Figures 5.2 and 5.3 were plotted for constant wind velocities

and indoor-outdoor tenperature differential from equation 5.4. An air

change rate of 0.0383/h for no wind and no temperature difference could

be due to nolecular diffusion of the gases through the covering

naterial due to the concentration gradient. Figures 5"2 and 5.3 can be

used directly to dete:mine the expected air change rates when wind

o = increase in air change rate per unit increase in wind
veloci.ty, (0 .0929 /hVGnltr)

63

Tate, L/n

no wind and no temperature difference,

(s .s)



Table 5.5 Percentage Error of
Conpared to Average

Test #

1

2

+

5

6

,7

Predicted Air
Measured Rates

Air Change Rate

Measured
(average)

0.276

0.071

0 "272

0.43\

0.234

0 .305

0 .407

Change Rates When
(Table 5.2)

* Average error excluding value of test 2 - I6eo

Predicted

64

0.227

0.L74

0"330

0.475

0 "226

0 "247

0.562

% Error

1ð

145*

2L

-10

/l-
21

38



1.0

0.9

0 "8

0"7

0.6

0,5

0,4

0.3

0.2

0.1

È

!.t
o

+J

.Fl

H

0)

Ft

65

Figure 5.2 Air change rates
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67

velocities and indoor-outdoor temperature differentials are known.

The data points plotted in Figures 5.2 a¡d 5.3 are from both

greenhouses. The points shown in Figure 5.2 are the corresponding air

change rates observed for various indoor-outdoor temperature differences

whereas the data points shown in Figure 5.3 are the air change rates for

observed wind speeds.

5.6 Sauple Outputs of the Sinulation

0utputs of the mathenatical simulation model for Test 1 are

shown in Figures 5.4 to 5.7 for enrichnent and depletion in the presence

and absence of a crop. A ¡neasured air change rate of 0.272/h (Table 5.2)

and a known input rate of 954.5 L/h of C0, from a gas cylinder (wet test

xoeter; Figure 3.3) were used in all sirnulations of enrichment. During
I

the sinulation of CO, depletion the input rate of C0, was set to zero

and the initial concentration was set equal to the maxirnr:m neasured

concentrations in Table 5.2. For the simulation the initial C0,

concentration was assumed to be 370 ppm, a value that was measured in

the greenhouse. When a growing crop was assr¡med the floor utilization

factor (FUF) was assurned to be 0.8 and the plant leaf area index (PLAI)

was assuned to be 4.0 (Zelitch, 1977).

The measured concentrations of C0, in the greenhouse atnosphere

during depletion have been reported in Table 5.1 while ìh" r"as.r"ed

leakage rates ¡LRij) and average leakage rates are listed in Table 5.2.

The concentrations of CO, during enrichrnent were recorded only for the

first three tests in order to conpare them to the sinulated C0,

concentrations obtained fron the computer sinulation model (Section

4.7.3). Table 5.4 shows the measured CO,, concentrations during the
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greenhouse atnosphere enrichment.

The expected C0, concentrations were calculated using actual

neasured parameters for greenhouse vohune, air change rate, COZ input

rate, etc., for the condition when there was no crop growing in the

greenhouse. The si¡nulation C0, concentrations for the first three tests

for greenhouse 2 ate shown in Table 5.5. A graphical representation of

the results from Tables 5.4 and 5.5 is shown in Figure 5.8.

The irregular build up of C0, concentration for Test 1 (Figure

5.5) was the result of freezing of C0, in the regulator. Freezing

occurred twice during the second and the third hour after the enrichnent

was started. An infrared heat lamp (Figure 3.3) was used in the

renaining tests to avoid any possible restriction of gas flow due to gas

"freezing

It can be seen from F.igure 5.8 (sinulation test L, with crop)

that for a known air change rate of 0.272/h and a CO, input rate of

954.4 L/h the naximm C0, concentTation increased to only 524 ppm after

two hours (Table 5.5). There rrras no furlher build up. This shows that

if the C02 1evel $¡as to be increased to 2000 ppn (optimal level; Section

2.2.3) then the C0, input rate would have to be increased.

The results for sinulation CO, concentîations during depletion

using the measured air change rates and the ¡naximum neasured C0,

concentrations as the initial concentrations in the sinulation model

are sunmarized in Table 5.6. When these sinulated values a¡e compared

with the actual neasured values of C0, concentrations in Table 5. l-, a

great deal of deviation is noted. The maximum deviations of the

sinulated values of C0, concentrations were found for Test 2, whereas

72



Sample
No.

Table 5.4 Measured C0, Concentrations during Enrichment

1

2

3

4

5

6

7

8

Y

10

Tine
h

0.0

0.5

1.0

1.5

2.0

2"5

3.0

5"5

4.0

4.5

Test 1

C02 Concentrations, ppm

370

981

1358

7706

T9L7

2023

2286

2379

2787

2959

Test 2

289

690

1066

1377

1770

1928

Test 5

s39

943

IL87

1504

1777

7877

1986

2009



Table 5.5 Simulated C0, Concentrations during Enrichnent

Sample Tine
No.

al.

2

3

4

5

6

8

9

0.0

0"5

1.0

1.5

2:0

2.5

3.0

3.5

4.0

Test L

(no crop)

370

828

L228

1577

1881

2L48

2380

2582

17c,4

C0, concentÌations, ppn

(crop)

370

469

506

519

-^-J¿Z

s24

Ê,1 /1

524

524

Test 2
(no crop)

t4

289

6s5

1009

l_JÞ l-

1680

1998

Test 3
(no crop)

339

721.

1054

r346

1600

t822

20L5

2784
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//

the best natch was found in Test 1 and 6 as shown in Figure 5.9.

The effects of changing wind speed, wind direction and indoor-

outdoor teüperature differential have already been discussed (Sections

5.2" 5.3 and 5.4; Figure 5.1) " The measured C0, concentrations were

deterrnined for changing leakage rates whereas the sinulated values

reported in Table 5.6 were obtained by considering average air change

rates (Table 5.2) for each test.

When the leakage rates (LRij, Table 5.2) for different tines

were used vrith the corresponding initial CO, concentrations in the

simulation node1, the deviations of the simulated values from the

measured values were much 1ess. An example of such a comparison for

Test.S is shown in Fígure 5.10 and Table 5.7.

The depletion rate of C0, gas was also considered by simulating

the plant consunption assurring the same parameters as discussed for test

1 (Figure 5.9). It was found that the C0, concentration dropped fron

2657 ppm to 264 ppn within 50 ninutes. These resuLts indicate and

confirn the need for CO, enrichment in order to maintain favorable C0,

levels for optimum photosynthetic rates in greenhouses.



ã. 20

+J
(Ú

.{J

c)
O

at

c\¡

rf

measured Test 1

measured Test 6

simulation Test 1

simulation Test 6

sinulation Test 1

(growing crop)

78

I
I
\
\
\
\
\\ \\

Figure 5.9 lvteasured and simulated CO, concentrations during C0,

depletion (Greenhouse t and 2)



#measuled LR51

measured LR52

2000

.-l
P

F.t

(.)

C-¡

1000

sinulation LRSl

simulatio. LRS2

79

Figure 5.10 Measured and sirnulated
C02 depletion, Test 5

and LRtr, (Table 6.3).

3

Time, h

values of CO2 concentration for
using two leakage rates; LRSt



Table 5.7 Conparison of measured and
C0, depletion (Test 5)

Sanple Tine
No. h

1

2

4

5

6

'7

8

9

10

11

72

0.0

0.5

1.0

L.5

2.0

2.5

3.0

3.5

AA

4.5

5.0

measured

Carbon

LR-.
51

sinulated C0" concentrations for
L

3254

2770

2767

7924

Dioxide Concentration (ppm)

LR-^
>¿

simulated

32s4

2793

2400

2078

measurec

80

7924

1.767

1558

7324

7223

1095

966

880

817

sinulated

1924

1757

1608

]"474

1354

1247

r_t5 l_

1065

988



The following conclusions were drawn fron this research:

1" The naximr¡m measured air change rate was 0.726/h at a wind

speed of 31,.4 kn/h and an indoor-outdoor temperature differential of

77.7oC. The minimun air change rate was 0.053/h at a wind speed of

2.3 km/h and a tetperature differential of 5.7oC.

2. The air change rate v¡as found to be highly dependent on

indoor-outdoor temperature differentials and wind velocity. The effect

of wind direction on the air change rate was inconclusive.

3. Air change rates can be estimated by the following

enpirical forrnula:

R = 0.0383 + 0.00929 W + 0.0171 AT

where

R = Air change rate, t/h

W = Wind speed, km/h

AT = Indoor-outdoor teûperature differential, oC.

4. The C0, concentïations predicted by the conputer simulation

nodel were quit" 
"ioru to the neasured concentrations of C0, during

enrichrnent with or depletion of C0, in the greenhouses.

5. Porapak Q was found to be a satisfactory column packing

naterial for the analysis of carbon dioxide as a tracer gas in the

greenhouse air by gas chromatography.

CHAPTER VÏ

CONCLUSÏONS



1. Air change rates under different environmental conditions should be

used to estinate heat loss due to leakage.

Air change rates should be taken into account in studies of plant

uptake of CO, in greenhouses.

.The feasibility of CO, concentration control at any desired value

should be investigated in greater detail.

The possibility of developing a gas chrornatographic controller to

control the concentration of C0. in a greenhouse should be
L

investigated.

A large nr¡mber of tests for dete:mining air change rates should be

conducted on an isolated greenhouse under controlled indoor

temperatures and existing wind speeds in order to separate the

effect of different para.neters like indoor-outdoor tenpenature

differentials, wind speeds and wind directions.

Wind tunnel investigations are highly reconmended to establish the

dependence of air change rate on indoor-outdoor tenperature

differentials, wind speed a¡rd directions.

2"

SUGGEST]ONS FOR FUTURE INVESTIGATIONS

3.

CHAPTER VII

4.

6.



Acock, B. t972. A prototype, airtight, daylit, controlled-environment
cabinet and the rationale of its specification. In "Crop
Processes in Controlled Environment.'r (Rees et a1., eds) "

Academíc Press, London and New York, 91-104.

Applied Science Laboratories, Inc. Pennsylvania, U.S.A.

ASHRAE. 1960" Guide. Instrunents and Measurenents; Amer. Soc. Heat.
Refrig. and Air Cond. Engrs. New York, 645-656.

ASHRAE. 1968" Guide and Data Book" Applications. Environmental
Control for Animals and Plants. Amer. Soc. Heat. Refrig. and
Air Cond. Engrs. New York, 191-L98.

ASHRAE " 7967. Þlandbook of Funda¡nentals. Infiltration and Ventilation.
Amer. Soc" of Heat, Refrig. and Air Cond. Engrs. New York,
405 -4 18 .

SELECTED BIBLIOGRAPHY

Baes, C" F. Jr., H. E. Goeller, J. S.01son and R. M.
Carbon dioxide and clinate: The Uncontrolled
Scientist. 65 (3) :310-320 .

Bailey, W. 4., H. H. Klueter, D. T. Krizek and N. W. Stuart. L970.
C02 Systems for Growing Plants. Trans. of the A.S.A.E. 13(2):
263-268.

Bahnfleth, D. R., T. D" Moseley and W. S. Harris.
of Infiltration in T\,i¡o Residences, Part I.
A.S.H.A.E. 63(161) :439-452 .

Bahnfleth, D. R., T. D. Moseley and W. S. Harris.
of Infiltration in Two Residences, Part II.
A.S.H.A.E. 63(1615) :453-476.

83

Barkel, N. Van. 7967. Some technical aspects of C02 enrichment.
Proceedings of the Xt/II International Horticultural Congress
Vol. Iïf2333-347.

Barksdale, B. L967. The Invisible Fertilizer. The Farn Quarterly.
22(4) 21.77-1.72, 115.

8e11, R. G. 1968. Separation of Gases likely to be evolved from
flooded soils by gas chronatography. Soil Sci. 105(2):78-80.

Bickford, E. D. a¡rd S. Dunn. 1972. Lighting for Plant Growth. The
Kent State University Press . 62-80.

Rotty. 7977 .

Experirnent .. fun.

L957a. Measurement
Trans. of the

7957. Measurement
Trans. of the



84

Bildring, N. de. 1973" Controlled Environments for Scientific Research
and Horticultural Practice. Acta Hort. 46. Synpos. on Green-
house Design and EnvironmentJ Silsoe, England. 97-108.

Bowman, G. E. 1968. The control of carbon dioxide concentration in
plant enclosures. Fr¡nctioning of terrestrial ecosystems at the
prinary production 1eve1. UNESCO, Paris. 335-342.

Bowman, G. E. 1968a. The measurement of environmental factors in
terrestrial ecology. B1ackwe11 Scientific Publications. Oxford
and Edinburgh. 131-139.

Bowrnan, G. E. and D. W. Hand. 1968. A cuvette glasshouse for
specifying the environmental requirements of glasshouse crops.
Acta Hort. 6:49-57.

Brown, l{. G., A. G. Wilson and K. R. Solvason. 7963. Heat and Moisture
flow through openings by convection. Trans. of the Amer. Soc.
Heat. Refrig. and Air Cond. Engrs. New York 69(7844):351-356.

Brtrn" W" A. and R. L. Cooper. 1967. Effect of light intensity and
carbon dioxide concentration on photosynthetic rate of soybean.
Crop Sci " 7:451-454 "

Burrage, S. W. 7972" Analysis of the-Microcliinate in the glasshouse.
Crop processes in controlled environments. Proc. of an Intn.
Sytnp" held at the glasshouse crops Res. Inst. Littlehanpton,
Sussex, England. Academic Press. London a¡rd New York, 79-90.

Callender, G. S. 1958. On the anount of carbon dioxide in the
atmosphere. Tel1us, 10:243.

Calvert, A. L972. Effect of day and night temperatures and carbon
dioxide enrichment on yield of glasshouse tomatoes. J. Hort.
Scí" 47:231-247.

Carle, G. C. 7970. Gas chrornatographic deternination of hydrogen,
nitrogen, oxygen, nethane, kry¡lton and carbon dioxide at room
tenperature. J. Chronat. Sci. 8:550-551.

Carle Instn¡nents, Inc. Gas Sanpling Valve. California, U.S.A.

Carpenter, W. J. 1966. Effect of Internittent misting with carbonated
water on.the growth of greenhouse chrysanthemus and lettuce.
Proc. of XVII Int. Hort. Cong. Vol. I, Abst. #349.

Chandra, P. L976. Predicting the effects of greenhouse orientation and
insulation on energy conservation, Unpublished M.Sc. Thesis.
University of Manitoba, Winnipeg:41.

Chronatographic Specialities Ltd. 7977. Catalogue. Brockville,
Ontario, Canada:81 pp.



8s

Coblentz, C. W. and P. R. Achenbach. 7963. Field measurements of air
infiltration in ten electrically-heated houses. Trans. of the
Aner. Soc. Heat. Refrig. and Air Cond. Engrs. New York, 69
(1845) :358*363.

Cooper, R. L. and W. A. Brr¡n. 1967. Response of Soybeans to carbon
dioxide enriched atmosphere" Crop Sci " 7:455-457"

Cotabish, H, N., P. W. McConnaughey and H. C. Messer. 196L. Making
known concentrations for instrunent calibration. Industrial
Hygiene Journal : 392-402

CRC Handbook of chenistry and physics. 7972-1973. R. C. Weast, editor.
The Chenical Rubber Conpany, Ohio, U.S.A. Section F:L69-174.

CRC Handbook of Environmental Control. 7972. Vo1" I, Air Pollution.
R. G. Bond aird C. P. Straub, Editors. Chenical Rubber Company,
Ohio, U.S .A .:127-199 .

Cross, R. A. 1966. AnalySis of the najor constituents of flue gases
by gaç chromatography. Nature 271(5047):409.

Derge, K. 7972" Some questions of interest for inproved quantitation.
Part I. Chronatographia 5:475-421.

Dick, J. B. L950. Measurement of ventilation using tracer gas
technique. A.S.H.R.A.E. Journal Section, Heat. piping and Air
cond. 22(5):L3L-L37.

Doebelin, E. 0" L966. Measurement Systems: Application
McGraw-Hill Book Company, New York, St. Louis, San
Toronto, London, Sydney:29-73.

Emswiler, J. E" L926. Neutral Zone in Ventilation. Trans. of the
Amer. Soc. Heat. Refrig. and Ventilat. Engrs. 32:59-74.

Folmer, 0. F. Jr. 7971. A syringe dilution nethod of calibration for
the gas chromatographic analysis of gases. Ana1. Chin. Acta"
562447-455.

Ford, M. A. and G. N. Thorne. L967" Effect of CO2 concentration on
growth of sugar beet, barley, kale and naize. Ann. Bot. 3L:
629-644.

Forsey, R. R. 1968. A dual colunn gas chromatographic nethod for the
analysis of light gases. J. Gas Chronat. 6:555-556.

Gaastra, P. 1963. Clinatic control of photosynthesis and respiration"
Environnental control of Plant Growth (L. T. Evans, Eds.).
Acadenic Press, New York and London, 773-140.

and Design.
Francísco,



86

Gardner, R. 1966. Effect of carbon dioxide enrichment on crops of
tomato, lettuce and chrysanthemlm as grohrn conmercially on the
N.A.A.S. E:çerinental Horticulture Stations in England and
Wales. Proc. of the XVII Int. Hort. Cong. I:346-347.

Goldsberry, K. L. 7963" The effects of C0, on carnation growth. Proc.
Amer. Soc. Hort. Sci" 83:753-760.

Grice, H. W. a¡rd J. D. David. 1969. Perfornance and applications of
an ultrasonic detector for gas chrornatography. J. chromat. Sci"
7:239-247 "

Hand, D. I4r. and J. D. Postlethwaite. 7971" The response of CO.,

enrichment of capiTIary-watered single-truss tomatoes ' at
different plant densities and seasons. J. Hort. Sci. 462467-470.

Hardman, L. L. and W. A. Brun. 7977. Effect of atmospheric carbon
dioxide enrichment at different developmental stages on growth
and yield components of soybeans. Crop Sci. 11:886-888.

Hesketh, J. D. and D. N. Moss. 1965. Variation in the Response of
Photosynthesis to Light. Crop Sci. 3(2):107-110.

Ho11is, 0. L. 1966. Separation of Gaseous lt4ixtures using Porous
Polyaromatic polymer beads. Analyt. Chen . 38(2) :309-316.

Holnan, J. P. 7977" Experirnental nethods for engineers. Second
edition. McGraw-Hi11 Book Company. New York, London, Toronto:
423P.

IBM Application Program; Systen/560 Continuous Systen Modeling Progran
Userts Manual. Program Nr:mber 3604-CX-16X.

Instruction Manual Model A-90-P2" Gas chrornatograph with nanual
tenperature prograurming. Aerograph; Wilkens Instrument and
Research, fnc., California, U.S.A.: 50p.

Jeffery, P. G. and P. J. Kipping. 7972. Gas analysis by gas
chromatography" Second Edition. Pergamon Press, Oxford, New
York, Toronto, Sydney, Braunschweig: 196p.

Jones, R. A. 7970. An Introduction to Gas-Liquid Chronatography.
Acade¡nic Press, London and New York.

Kamen, M. D. 1965. Prinary Processes in Photosynthesis. Academic
Press, New York, London: 183 p.

Keveren, R. I. 1973. Plastics in Horticultural Structures. Rubbers
and Plastj-cs Research Associatíon of Great Britain, England.
236 p.



87

Klougart, A. 1967. A look ahead based on research on C02 and growth of
horticultural plants in Europe. Proc. of the XVII Int. Hort.
Cong. III:323-332.

Koths, J. S. and R. Adzina. 7967. Carnation Quality as Influenced by
carbon dioxide enriched atmospheres. Proc. Aner. Soc. Hort.
Sci.83:753-760"

Kretchnan, D. W. and F. S. Howlett. 1966. The interrelationships of
temperature and carbon dioxide enrichment on several quality
attributes of greenhouse tomatoes. Proc. of the XVII Int. Hort.
Cong. T.:347-349.

Kretchman, D. W. and F. S. Howlett. 1967. Carbon dioxide fertilization
of greenhouse tomatoes. Ohio Report on Research and Developnent,
Ohio Agric. Res. and Dev. Centre, ltlooster, 0hio; 52Ø):56-58.

Kretchman, D. W. and F. S. Howlett. 7970. C02 enrichment for vegetable
production. Trans. of the A.s.A.E. L3(2):252-256.

Langes Handbook of Chenistry. t973. J. A. Dean, Editor. Eleventh
editlon. McGraw-Hi11 Book Cornpany, New York. 70-276.

Lawson, A. E. Jr. and J. M. Mi{ler. !966. Therrnal conductivity
detectors in gas chronatography. J. Gas Chromat. 4:273-284.

Lidstrom, R. S. 1965. CO2 and its effect on the growth of roses. Proc.
Amer. Soc" Hort" Sci. 842527-524.

Littlewood, A. B. 1970. Gas chronatography: Principles, techniques
and applications. Second edition. Acadernic Press, New York a¡rd
London. 546p.

Lorenzo, A. D. 1970. Trace analysis of oxygen, carbon monoxide,
methane, carbon dioxide, ethylene and etharie in nitrogen
mixtures. Using coh;mn selector. J. Chronat. Sci. 82224-226.

Madsen, E. 1968. Effect of CO2 c'oncentration on the accumulation of
starch and sugar in tomato leaves " Physiologia Plantarun 2L:
168-175.

Malinowski, H. K. 197L, ltlind Effect on the air movement inside
buildings. Proc. of the Third Int. Conf. on Wind Effects on
Buildings and Structures. Tokyo, Soikon Co. Ltd., TokyozL2S-134.

Martin, A. J. et a1. 1966. Phenonenon of overloaded G.C. column.
' Pittsburgh Conference preprint 116.

Middleton, W. E. K. and A. F. Spilhaus. 1953. Meteorological
Instrunents. Third Edition. revised. University of Toronto
Press : 135- 165 .



Monteith, J. L., G. Szeicz and K. Yabi¡ki. 7964. Crop photosynthesis
and the flux of carbon dioxide below the canopy. J. Appl.
Ecol. 1:327-337.

Morris, L. G" and K. W. Ïtiinspear. 1967. The control of ternperature
and hrmidity in glasshouses by heating and ventilation. Proc.

. of Agric. Engrg" Sytnp. Nat" College of Agric. Engrg" England.
Business Books Ltd., London Paper #7/E/70:1-4 p.

Moss, D. N., R" B" Musgrave and E. R. Lemon. 1961. Photosynthesis
under Field Conditions III: Some effects of light, carbon
dioxide, tenperature and soil ¡noisture on photosynthesis,
respiration and transpiration of corn. Crop Sci. 1:83-87.

Moss, D. N. 1962. Limiting carbon dioxide concentration for photo-
synthesis. Nature 193(4815) :587 .

Nelson, C" D. 1963. Effect of clinate on the distribution and trans-
location of assi¡nilates. Environmental control of plant growth
(L. T. Evans, ed.). Academic Press, New York and London, 149-774.

Nitsch, J. P. 7972. Phytotrons: Past achievements and future needs.
Crop processes in controlled enviTonments (Rees et a1., eds.) .

Acadenic Press, London and New York. 33-61,.

Obe:cnil1er, E. L. and G. 0. Charlier. 1968. Gas chronatographic
separation of nitrogen, olqrgen, argon, carbon nonoxide, carbon
dioxide, hydrogen sulphide and sulpher dioxide. J. Gas Chrornat.
6:446-447.

Palframan, J. F. and E" A. Walker. 1967. Techniques in Gas Chronato-
graphy, Part I: Choice of Solid Supports; A Review. Analyst.
92(1091):77-82.

Pallas, J. E. Jr. 1970. Theoretical Aspects of C02 enrichment. Trans.
of the A.s.A.E . 13(2) z24O-245 .

Pattison, J. B. 1969. A programmed Introduction to Gas-Liquid
chronatography. Heyden and Sons Ltd. Pub. 302 p.

Peterson, W.0., J. N. Walker, G. A. Dtrncan and D. T. Anastasi. 1975.
Conposition of Coal Mine Air in Relationship to Greenhouse
Environment Control. Trans. of the A.S.A.E. 18(1):140-144.

Pettibone, C.4", W. R. Matson, C. L. Pfeiffer and W. B. Ackley. 1970"
The control and effects of supplemental carbon dioxide in air-
supported plastic greenhouses. Trans. of the A.S.A"E. 73(2):
259-262, 268

Pflug, I. J. and F. I{. Southwick. 1954. Air leakage in controlled
atmosphere storage. Agric. Engineering. 635-637.

öð



Ponzi, S., J. L. Astor, J. Fontanari and R. Sanitas. L970.
Atnospheric analysis device for balloon errperimeriments. The
Rev. of Scientific Inst . 47(3):341-345.

Sharp, R. B. 7964. A símple colorimetric method for the in situ
measurement of carbon dioxide. J. Agric. Eng. Res. 9(1):87-94.

Shipway, G. P. 1964. Control of Environment for the growth of plants
_ in glasshouses. J" Inst" of Agric" Engrs. 20(2):U p.

Slack, G. and A" Calvert. 7972. Control of carbon dioxide concentla-
tion in glasshouses by the use of conductimetric controller.
J. Agric. Eng. Res. L7(1):107-115.

Smith, B. D. and W. W. Bowden. 1964. Accurate Multicomponent Analysis
by Gas Chromatography. Analyt. Chem. 36(1):87-89.

Sparrow, E. M., H. S. Yu and T. S. Lundgren. 1969. Free molecular
flow through slits and anular orifices in the presence of
participating boundary wa1ls. Trans. of the A.S.M.E. J. App.
Mech. 97:715-722.

Thornann, H. 1975. Wind Effects on Buildings and Structures. An.
Scientist. 63(3) 2278-287 .

Thomas" G. B. Jr. 1966. CalcuhÈ and Analytical Geonetry. Third
Edition. Addison-Wesley Publishing Conpany, Inc., Reading,
Massachusetts, Palo A1to, London:207.

Thonas, M. D. 1951. Gas danage to plants. tun. Rev. of PL. Phys. 2:
293-322.

Thonas, M. D. i.961,. Effect of air pollution on plants. Air pollution,
ffiO, Geneva . 233-278.

Tunstall, F. I. H. 7970. The dete:mination of gases evolved from
propellent coûpositions by gas chromatography. Chromatographia;
3(9) : 471.-41"3 "

Wang, P. Y. and E. Y. Yu. 7977. Nearly-free rnolecular slit flow at
finite pressure and terrperature ratios. J. Fhdd Mech. 50(3):
565-577.

Wet, W. J. de and V. Pretorious. 1960. Factors affecting the use of
gas-liquid chromatography for the separation of large sar,ples.
Anal " Chen. 32(2) :169-774.

Whittle, R. M. and W. J. C. Lar+¡rence. 1960. The clinatology of
glasshouses. II. Ventilation. J. Agric. Engrg. Res. 5(1):36-
47.

89



Wilhite, W. F. and 0. L. Ho11is. 1968. The use of porous polymer
beads for analysis of Martian atnosphere. J. Gas Chrornat. 6:
84-88.

Wi11ian, H. P. and J. D. Winefordner. 1966. Construction and operation
of a sirnple e:çonentíal dilution flask for calibration of gas
chrønatographic detectors. J. Gas Chromat. 42271-272.

e

I,liinspear, K. IV. 1968. Control of Heating and Ventilation in Glass-
houses. Acta. Hort . 6262-77 .

l{ittwer, S. H. 7970. Aspects of C02 enrichnent for crop production.
Trans . of the A.s .A.E . L3(2) :249-257 , 256 .

Wittwer, S. H. 1970a. Fertilizing with C02. Crop and Soil Magazine
2s(2) :70-1.2.

I4littwer, S. H. and W. Robb. 1963. COZ does increase yield and
quality. American vegetable grower. Reprint 3p.

Wittwer, S. H. and W. M. Robb. L964. Carbon dioxide enrichnent of
greenhouse atnosphere for food crop production. Econ. Bot. 18(1):
34-56.

Wolf, D. D., R. B. Pear:ce, G.E. Carlson and D. R. Lee. 1969.
Measuring photosfnthesis of attached leaves with air sealed
chambers. Crop Sci. 9:24-27 .

Zahradnik, J. W. 1968. Methods for evaluating controlled atmosphere
(C-A) storage gas sea1s. A.S.A.E. paper #68-887.

Zelitch, ï. 7971.. Photosynthesis, Photorespiration, and Plant
Productivity. Acadenic Press, New York and London; p. 243-266.

90



a

91

APPENDIX A

GAS CHROMATOGRAPHY



GAS CHROMATOGRAPHY

Principles of Gas Chronatographic Separation4.1

The nixture of gases to be analyzed is injected into a stream

of carrier gas at the head of a coltrnn containing a solid adsorbent

(Jeffery and Kipping, 1972; Jones, 1970). 0n passing through, the

adsorbent part of the sample is adsorbed by the adsorbent and an

equilibrium is established between the adsorbed sarnple and the portion

of the sample remaining in the carrier gas phase. ltlhen the moving

phase (carrier gas and part of sanple) moves forward, a part of the

sanple i.n the carrier gas is again adsorbed and at the same time a

part of the previously adsorbed sanple returns to the carrier gas

phase" This continuous change in equilibriun results in the compact

movement of the sample through the colr:mn.

The separated conponents leaving the colunn in the stream of

carrier gas are measured by the detector. A response is obtained

corresponding to changes in a suitable property of the carrier and

sample gas rnixture. For example, a suitable property that can be

neasured is thernal conductivity. The response is usually converted

to an electrical signal for ease ef ¡rnFlification and recording. A

schernatic block diagran of a gas chronatograph operation is shown in

Figure 4.1.

APPENDIX A
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^.2 
The Choice and Role of the Column

In nost cases conventionally packed columns are preferred for

the purpose of tracer gas analysis. A conplete review of literature

of adsorbents is available (Palfrarnan and Walker, 7967). In analysing

a given mixture, the aim in choosing an adsorbent ís to secure the

required separation of each cor¡ponent from every other component.

Jeffery and Kipping (1972) have reported the following five solid

adsorbents which are conmonly used in gas-so1id chromatography: (i)

ahulina, (ii) charcoal, (iii) molecular sieve, (iv) silica ge1 and (iv)

porous polyner beads.

4.3

. Hollis (1966) developed porous polymer beads that are

comnercially available as Porapak (P, Q, R, S and T) fron Water

Associates Inc., Massachusetts, U.S.A. and other chromatographic

suppliers. Porapak Q is ethylvinylbenzene (EVB) with divinylbenzene

(DVB) as a crosslinker. Porapak Q has a large surface area (660 
^2/g)

offering excellent chronatographic utility. various advantages a¡rd

linitatíons of Porapak Q are lísted below:

(i) sharp and symretrical peaks are obtained (Jeffery and

Kipping, 7972)

(ii) the beads are stable at high temperatures of 200 to 280oC

(Wilhite and Holl-is, 1968; Forsey, 1968) .

(iii) the separation of C0, fron air (0, and Nr) is difficulr at

higher temperatures (Ponzi et a1., 1970) but adequate at low

temperatures.

Several researchers have used Porapâk Q to separate C0, gas

Porous Polyner Beads

94



fron other gases. A sunmary of C0" analyses with

presented in Table 4.1.

4.4 Thernal Conductivity Detectors

director can be explained as follows. When an electrically heated wire

is placed in a stream of gas, the tenperature attained by the filanent

will depend largely upon the rate of conductive and convecti-ve heat

loss to the gas if the flow is kept constant. Any change in the

conductivity of the gas will lead to a temperature change in the hot

wire and hence the wire resistance. These changes in resistance can be

detected and measured electrically (Jeffery and Kipping, L972;

Patti.son, 1969) .

In the thermal conductivity detector there are tvlo passages

containing heated filanents (ams of a Wheatstone bridge, Figure 4.2)

through which the carrier gas passes. Through one of the arms known as

a rtreference amtf only pure carrier gas passes. Through the other a:rn

known as the t'sensing arm't the separated components along with the

carrier gas pass,, "The bridge remains balanced when only pure carrier

gas is passing through both arns. When any other component having a

thernal conductivity different from that of the carrier gas is passing

through the sensing arrn a change in heat dissipation results in a

filament temperature change, and consequentlry a change in resistance.

The out-of-balance potential across the bridge depends upon the extent

of the temperature change and can be conveniently displayed on a

Potentionetric recorder. The nagnitude of the response depends on the

diffèrence in thernal conductivity of the separated sample component

The principle of operation of the therrnal conductivity

Porapak Q is
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carrier gas and eluted sample conponents
from coh:mn

to flowmeter

9t

Pure carrier

R1, R2, R3, RO = Bridge artn resistances
R = recotder

Figure 4.2 Thennal

rl'l

conductivity detector

sens]-ng arm
reference a:m
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relative to the carrier gas. The direction of the response results

fron whether the thernal conductivity is greater or lesser than that of

the carrier gas. The following three features are basic to good

detector response (Littlewood, 1970; Pattison, 1969): (i) good

sensitivity, (ii) linearity and (iii) a reasonable time constant.

4"4. L

TTre response of a thernal conductivity detector is reported to

be linear for inany substances with helíurn as the carrier gas. The

response is proportional to the concentration and the thermal

conductivity of the eluted conponent and also to the filament current

(Lawson and Mil1er, 1966).

Therrnal Conductivity Detector Response

4"4.2

Two major difficulties in accurate analysis of rpulticomponent

gas mixtures by gas chronatography have been reported (Smith and

Bowden, 7964). The difficulties are (i) the tendency of the calibration

curves (detector response vs. amount injected) to shift because of day

to day variations in instrument conditions and (ii) the dependence of

the thernal conductivity detector response on sample size. It has also

been reported that the calibration of a thernal conductivity detector

is necessary because the relation between the detector response and

sample quantity is seldon linear over the entire concentration range

used (Jeffery and Kipping, 1972). The detector response is principally

dependent on sanple size (Littlewood, 1970) and therefore the range of

linearity for the calibratioo ",rtr" using the peak height measurement

is likely to be snall.

Calibration of the Detector



4.5

The choice and accurate control of detecton temperature is very

inportant for maximum sensitivity (Littlewood, 7970). As reported in

Table 4..2 an increase in terperature will cause an increase in the

thennal conductivity of the gases which will result in increased

sensitivity "

The Choice of and the Role of Detector Ternr:erature

4.6

Littlewood (1970) has reported that sanple size has a definite

and conplex effect on retention volunes. An increase in sanple size

can cause either an increase or a decrease in retention voh:me

depending on the specific situatibn. In most cases, the greater the

sample nass (size) chronatographed, the lower the perforrnance of the

apparatus. Wet and Pretorious (1960) have analysed in detail the

effect of sarnple size on various column parameters. Many researchers

have reported that sample síze should be within certain línits. A

large sanple volume will overload the colu¡nn resulting in poor

separation and band broadening (l4artin, 1966).

The Choice of Sanple Size and Injection Technique

99

4.6 .1

The purpose of a sarrple transfer system is to tra¡rsfer a

measured amount of the sarnple material for maximun chronatographic

separation without coh:mn overloading. Jeffery and Kipping (1972) have

reported the following two techniques which are most commonly used for

gas analysis:

(i) Gas-Tight Syringes are used to transfer a safip1e directly

at the colunn nouth through a leaktight septr.im in the injection port.

Sample Inj ection Techniques
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This technique of sa-nple injection with a hypodernic needle is only

suitable for qualitative analysis. For the purposes of a quantitative

analysis, reproducibility becomes a problern especially when the carrier

gas flow is at a high pressure. These conditions could cause leakage

of the sanple fron the septum and syringe plunger. This method is not

recor¡mended where quantitative accuracy is required.

(ii) A Gas Sanptring Valve is the alternative nethod for trans-

ferring a known voh:me of the gas sanple usually at atinospheric pïessure

and temperature. The gas sanple is held in a loop and then swept into

the colunn by redirecting the carrier gas path tenporarily. Figure 4.3

illustrates the most coïilnon síx port (rotating disc) gas sarnpling

valve. The known volme of the sanple loop ensures constant sample

size and transfer without any loss or ínterference with the carrier gas "

flor¿ rate is ensured. i

A.7

101

Cal ibration Technioues

gas nixtures covering the concentration range of interest. These

standard nixtures are made in gas containers using gastight syringes or

so¡ne other nethod (Jeffery and Kipping, 7972). This nethod is

theoretically sound but very inconvenient and tirne consuming.

Folner (1971) reported a nethod of preparing gas nixtures of

known concentrations for the purpose of calibration by using only a

gastight syringe. Both the sarnple and the diluting gas are nixed in

situ. A nethod of elininating the error due to residual gas in the

(i) The Classical Method relies on the preparation of special

needle is also given through the use of a dilution factor. Derge (7972)
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has reported this technique for preparing gas mixtures for the purpose

of calibration as the source of very irnportant statistical and

nethodological errors .

(ii) Exponential Dilution Flask - This technique has been

reported for detector response calibration (Wi11ian and Winefordner,

1966). The detector is directly connected to a flask through which the

carrier gas stream passes, sweeping the gas generated in the flask to

the detector. The decay of the generated gas in the flask is

exponential and the concentration of the calibrating gas at any time,

t, can be calculated.

(iii) The Method of Internal Standards is a very r¡seful

technique which elí¡ninates possible errors due to (i) slight

nonlinearity of the detector, (ii) slow drift of response base line

and (iii) any loss of sanple being injected. Derge (1972) reported

that this method was very successful in improving accuracy, reproduc-

ibility and, in general, the capability of gas chronatographic analysis.

The internal standard is a substance of a known quantity and quality

that is added to the original sanple. The advantage of this technique

is that a calibration factor can be easily established if the response

is linear. This avoids the necessity of measuring each peak height or

area for each concentration.

(iv) The Use of Calibration Gases for the pur?ose of detector

calibration is perhaps the nost convenient nethod of calibration.

Calibration mixtures in almost every concentration are available

commercially fron Union Carbide, Canada and Applied Science

Laboratories, U.S.A.



constafit

and slow

are only

(v) Other nethods reported for detector

volr¡ne pipets, Els perrneation tubes, gâs

injectíon devices (Jeffery and Kipping,

suitable for specific purposes.

103

calibration are

proportioning punps

1972). These methods
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APPENDIX B

SAMPLE CALCULATION



The instrunent response for one of the sanple analysis

(Sarple 1, test 6) is shown in Figure 8"1" The first peak area P6

represents the najor air constituents (nitrogen and oxygen) and the

next peak P" shows the relative concentration of C0, in the air. The

instrument response (peak height) for C0, was measured in ¡nm after

establishing the base line. The measured peak height from Figure 8.1

was 98 nn- The corresponding C0, concentration can be calculated from

equation 4.8:

C = 28.38 (98) + 21.73

= 2903 ppn

The uncertainty in this neasurement, calculated in the

absolute sense, üras approximateLy !7.9 percent (Doeblin, 1966).

APPENDIX B

SAMPLE CALCULATTON

105



Air
co2

coz

saurple injected = 1.0 nL

peak height, P. = 98.0 run

concentration (Equation 4.8) =

2803

106

ppfn

Figure 8.1 Typical
(Test 6

chromatogram
satnple 1)

for C0, concentration in air
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EXPONENTIAL REGRESS ION ANALYSTS
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After exarLining the data as plotted in Figure 5.1 it was

obvious that different leakage rates were occurring over the test

period" For exanple the duration of the first leakage rate, LRr. was

two hours. An exponential regression analysis was perforned for the

first 5 data points as shown in Table C.1. Sinilarly for the second

leakage rate the regression was perforned for the next six data points

and finally all the data points were used to perform an exponential

regression analysis to get the average air change rate for test- 1.

The exponential regression analysis to deterrnine the values

of R and C^ in equation 2.5 was done using a library progran for a
o

Hewlett-Packard calculator (Model 9100 A, 1970).

EXPONENTIAL REGRESSION ANALYSIS

APPENDIX C
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Table C.1 SamFle of Regression Analysis with Grouping of Data

Grouping Rate
Nunber (L/h)

L*tt

Tine
(h)

0.182

LRtz

coz

0.0
0.5
1.0
1.5
2"0

Concentration
(ppm)

0.372

0.0
0.5
1.0
1.5
2.0
2.5

2657
2400
2228
L978
18s 7

co
(ppm)

Average
R

109

Correlation
Coefficient

I

185 7
1630
L343
1041
959
/oJ

0.0
0.5
1.0
1"5
2"0
2.5
3.0
J"Þ
4.0
4.5

2988

0.276

0.997

2627
2400
2228
19 78
185 7
7636
7343
1041
959
/oJ

1938 0.991

3497 0.984


