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Abstracet

A physically based evapotranspiration model has been developed

,

. : - . . -~
and tested in an experimental greenhouse. Good agreement was foudd

- -

LN - - .
between hourly model estimates and mass balance measurements of the

latent heat flux. The model recognizes the advective nature of the

]
greenhouse microclimate and thus represemts an,improvement over empirical
.
model estimates of evaporation based on the measurement of radiation

alone. Although radiant heating is the deominant mechanism responsible
for evapotranspiration it does not represent a constant proportion on

L]

an hourly or daily basis. As a result, the Bouen‘racio varies over time.
Most of the v;riacion was attributable to advection, and to a lesser
extent, the sensible and latent heat fluxes at :he.glazing. During the
daytime, the evapotranspiration process utilized in excess of 70% of the
net available energy at the .surtace. However, model estimates and empirical
evidence indicate this proportion can equal or exceed 100%. Variations in
the latent hé;t flux are shown-gd depend on greenhouse design and the
ambient microclﬁnate. Simulation of the greenhouse humidity envirorment
using 10 year hourly climatic means for Woodbridge, Ontario demonstrates
the éffect of modifying ventilation raﬁes, glazing transmission and intake
humidity on po:ehtial evapotranspiracion. A relation is presented which

permits the real-time adjustment of ventilation resistance from

_ meteorological measuremerts of solar radiation and dry and wet-bulb air

-
LY

temperature. The maintenance of potential ev&bBtranspiracion for optimal

crop productivity is shown to be incompatible with the collection and

storage of sensible heat of the exhaust air as a means of defraying

greenhouse heating-costs.

f .
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- CHAPTER ONE

INTRODUCTION

1.1 THE RCLE O% EVAPOTEANSPIRATION

Evapotranspiration is impbrtanc in two major areas of greenhouse
research. The first pertains to ;oil uater'uptake by plants and ché
opt imum irriga;ion~required to érodhce a profitable crop. Aysoﬁﬁche
incidence of plan:'pathégen; and physiological disorders is related to
the so?l and air molsture environments. The second pertains'to solar
heating and the ability of the greenhouse structure to provide an
adequate growing environment with a reduced dependence on supplemental »
heating. -

Since plants and the soil are the principle sources of moisture
forlthe air in the greenhouse, determ;nation of evapo;ranspiranion.is an
important task. Greenhouse crops do not receive precipitation thefeéore' “
1r£}gation takes its place. The optimum growth of crops requires
optimum moisture supply. Measurement of crop water us?ge is a d;rect.
meéns of evaluating irrigation requirements,

The relgtion%hip between evapotranspiration and sclar heaging is
less well understood as it has only recently been brought to focus by
the rapid escalation ir fuel priges. ?he solar énergy entering a gﬁeenhouse
is generally stored in two ways. Mainly, it is absoébed'by the g¥ound
or other objects of large the;mal mass and warms theq condpctively. As

the greenhouse.- air cools 1in the evening, the stored heat is released

thereby moderating the greenhouse enviromment. .The second method involves
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- extracting warm air which has been heated convectively by the surface

and transferring the heat to an isolated-storage mass. The stored energy
- .

isjchen mechanically transferred back to the greenhouse in the evening.
- .
© The former method of passive solar energy collection and storage

is well hnderstOOd and has been extensiﬁely modelled'by Mazria (1979),

Balcomb, Hedstrom and McFarland (1977), Wray and Balcomb (1979) and

Besant (1979). } *
Passive solar heating has been demonstrated to be the most cost
effective means of providing heat for tuildings. Nevertheless, increasing

research is devoted to the second type of sclar collecticn as amn exclusive

[a)

means of heating buildings or.as a passive/active hybrid system. This is
. - .
because 1in some instances, passive heating alone cannct supply one

hundred per cent of the structure's heating requirements.

4 .

_However, the enviromments that have been studied have been devoid
of vegetation. The primary fuffcrion of tke simulation models of the

above authcrs has been to assess the potential for solar heating in

integral or attached solariums -or "sun-rooms". Unlike sun-rooms, the

microclimate cf plant environments is very -different. Conductive ground

heating and convective air heating are relatively minor terms in comparison

to the latent heatirg comprizing evapotranspiration. Outdoors, ground
. l-_ . N

heating,cypically-cons:itutes 6-10% of the energy available at tke

surface and evapotranspiraticn is three to ten times greater than-'sensible
" . - ’ -
.heating. Hence, in a greenhcuse containing vegetation, evapotranspiration

-

is a major term and it itz likely that current mcdels would greatly
overestimate potential solar heating.
Since the accurate prediction of evapotranspiration is central to

a .

the estimation c¢f irrigaticn requirements and boten;ial for solar heating

—F



in domqstic and codmmercial greenhouses, it is appropriate to review the
progress that has been made in-this regard.
'
L

1.2 ESTIMATING EVAPOTRANSPIRATION
1.2.1 Simularion Models

The purpose of greenhcuse simulaticn models has been to predict
the behaviour of air :empérature and humidity and soil temperature over

3

time as a function of outside temperature, humidity and solar

radiation. Although these mocdels do not provide a direct assessment
;of the sensible and latent heat fluxes per se, the résults are amenable
to ;hese calculaticns. Very few authcrs, (Takakura et al., 1971)°
_bqwever; have chosen to présent their results in this manner. g
- ?his typé of moaui has the advantage that the impact of design

changes on the microclimute can be assessed. {Unfortudately, several
. - L4 '

models have been presented which have not A€ alidqtéd with field .

~~ \ -

} } . . .
measuremffijj(&imball, 1973), and others that have report orly modest
success in replicattng actual conditions (Froelich et al., 1979). Whai

distinguishes these models from thcse for solariums is the parameterization
of evapotranspiration. Unforturately, the simulation of the latent heat
flux not: 6nly requires the parameterization of the radiation and §

tempefafﬁ?g\éﬁzironmeni but the plrameterizaticn of moisture supply as
¢ . :

well. Clearly, the availability}of water has as dominant a role

latent heat flux as-the energy e movemedt

ailable to evapoface water.
of soii water to the root zone is \likely the ieast well und
_component of che‘greeﬁhouse ené;ro nt. —Nakayama et el.
.that‘approximacely TOi of moisture supply came from irrigati.n, 11.

from herizontal subsuffac moisture ffow and 12;5% from vertical subsurface
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¢ moisture flow. However, these propertions are dependent on location
within the greenhouse and would be expected to vary with soil type,
. outside precipitation and greénhouse manageﬁent. Even if soil_moistur;
~ supply were ample the avaiiability of the moisture to the air is
controlled by the plant mata. As Takami and Uchijima (1977) point out,
moisture not only has é:”:javerSe the aerodynamic resistance offered by
the venrilation “wind" regime, but the c;nopy resistance offered by the
composite e}fect of all of the stomata of the crop. An 'a priori'
knowledge of stomatal closure requires conciderable further research.
.Being unable t; account for moisture availabflipy, current greenhouse

simulation models have provided minimal insight into the role of

evapotranspiration in greenhcuses to date.

1.2.2 Empirical Models

The most common approach to evaluating evapotranspiration is to
use regression relationships between evapotrenspiration and radiant
€energy supply.

- force behind the

; ,approach assumes that the sun's energy is ‘the driving

vapotranspiration process. Alcﬁough this assumption

-

will Qg}examined orc detail in Chapter Two, it nevertheless provides

an attractive methodologi due to the abundance of mefeorological stfatioms

measuri ncident sol::/;adiation and the common use of pyranometers in
_most greenhouse microclimate studies. Relaticnships of this type could

also be useful to hortevlturalists. As Mastalerz (1977 ) states, "It
. - . e .
would be interesting to know if the amount of water per unit of solar

radiation remains constant.-(sic) 1f this were so, would plants be

subjected to the same degree of moisture stress between applications?t

Unfortunately, this is not known since empirical findings differ considerably.

. ‘ P



For example, Hanan (1967) reported correlation_coefficients of 0.57 and
0.52 between evapotranspiration and solar radiation for separate
experiments in one location. Similarly, Morris et al. (1957) reported
correlation coefficients getween 0.41 and 0.97.

Also, regression coefficlents are highly variable. Morri; et al.
reported values from 0.229 to 1.38. Sgaﬂhill et al. (1973) reported -
values of 1.54 between evapotranspiration and net radiation. -Na;ayama
and Yamanaka (1%75) found values ranging from 1.37 to C.79." Linacre
et al. (1964) found evaporation to exceed net aQailébleQenergy by 27%.

It is 21ear that this empirical approach i{s not well suited to
estimating evapotranspiration. It does emphasize the variability in the
evaporative flux however. It also demonstrates that it is not uhcommon
for the latent heat flux to exceed net radiation or incident solar
radiation. This latter observatiom is particularly impcrtan; because
it is responsible for the gencral belief that these findings were
physically imposs}ble and incensistent*with observed greenhouse performance.
Consequently, most of the results ﬂave Been attributed-to mweasurement
error and ignored;_ |

A second empirical approach employed in Japan, involves the
regression of measured evapotranspiraticn and evaporation from a 20 cm
diameter pan located within the greenhouse. Nakayama and Yamanaka reported
high correlation coefficie;ts kO.SS, 0.99) but regression coefficients
varied frbm 2.28 to C.68. Also, the regression of pan evaporation and
net ;adiation indicaced pan evaporation erceeded net radiation. Although
this empirical approach demonstrates no marked advantage over the previous

methed it also supports the contention that evaporation can exceed the

radiant energy supply. -



’
1.3 RESEARCH OUTLINE

This thesis will investigate whether evapotraﬁspiration can
exceed received net radiation and remain consistent with observed
greenhouse performance using the energy budget frumework., 6 A physically
based model is developed which dccounts for four goajor influences on .

evapotranspiration. The construction and instrumentation of a small
greenhouse are outlined. Model estimations of evapotranspiration are
compared with measured values. Model sensitivity to various assumptions

and measurement errors 1s analysed. The suitability of the greenhouse

combination model as a design tool i{s investigated.

oJ
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CHAPTER TWO
THEORETICAL FRAMEWORK

2.1 THE ENERGY BUDGET APPROACH

Greenhouse environrwnts fall within the btroader categorization
of "man modified climates'., However, the extent of this control is so
great that the term *'controlled environment agriculture" is used to
distinguish their unique attritutes. The energy budget approach
formalizes the envi:onmcn;al control that greenhouse design and

management exerts on the microclimate.

2.1.1 Radiation Hudget

Figure/ 2.1 shows how the component f{luxes of shortwave K

and longwave L radiation are modified in the greenhouse environment.

The radiation balance at the—crop surface is defined as

d* = K* + L* . (Wmiz) (2.1)

where Q* is the net radiation, K* is the net soladr radiaticn and L* the
net "longwave radiation. (K* = K4- K4 3 L* = L4 - L4+) )

The net sclar radiaticn is a functicn of tle outside incident
solar radiation,'the reflectivi;; 08 and absorptivity of the glazing
aS and the albedo of the surface xgt Figure 2.1 if necessarily

simplified as the total net sclar flux at the surface is a composite of

glazing reflectivity and absorptivity of all facets of the greenhouse.

. Structural members will have different characteristics from those of the

glazing and both the type of glaziné and proportion of glazing te

~
7
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structural members will differ with greenhouse dtsign. The angle of
incidence of the solar bteam, the ratic of éirect tc diffuse solar
radiation, and the occurrence of condensation and dirt on the
élaziqé causes the incident solar flux to vary with time. The:
" albedc of the crop surface is also dependent on the direct/diffuse
ratio and spectral nature of incident solar radiacicn. Crop:
characteristics including crop type, percentage cover, moisture content
and row orientation also affect albedo. .

The net longwave radiation at the crop surface is also affected
by the outside longwave ra&iati:n. The extent of this dependence is
a function of the longwave transmission of the glazing T Glass
exhibits a longwave transmission clese to zerc but pclyethylene exhibits
transmissions as large as 80%. -Dir£ and-condensation also
affect lcngwgve transmission of polyeghyléne. A decrease of polyethylene
transmission resulting trom the presence of water or dirt also increases
polyethylene emissivity (g= 1 ehk -p ),.Hhere p is longwa;e reflectivircy.

% oy

The emissivity of the glazing affects the emitted longwave flux from
the g}azing through the Stefan-Boltzman Law (L= ¢gg Tga, ghere. g is

8 W =2 =4

the Stefan-Boltzman constant 5.67x10° Wm < K~ ). The incident longwave

flux at the crop surface is reflected (L4 i = [Le oTg +28578“J(1: €0,
where ¢ ¢ T 0.95). The surface emits longwave radiation as a function of
the fourth power of the absolute surface temperature. An understanding
of the inégraction of tte component radiative fluxes of energy with the
structure and crop -surface permits the greenhouse designer to optimize

: E
the net radiation at the surface. U&fortunately, an 'a priori’ knowledge

of the net radiation of the ctop surface has been difficult to

-3
\

*
estimate. 1In general, the greenhouse structure reduces light transmission
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-

to 40 to 8C% c¢f that outside, -thereby reducing net radiation during the
day. Because the glazing aiuays has a higher temperature than the sky,
.

the downward longwave radiation and hence net longwave radiation is
always larger inside. This effect is not large enough to counteract the
decrease in solar radiation. However, ﬁocturnally it results:in the
net radiation being greaEer inside than outside.’

However, the specific flux of net radiation at any moment in.time
is more difficult to assess, primarily, due to the variability in
raaia:ive transfer causcd Ly cendensation and dirt acdumulation on the

- /
glazing. These can further reduce solar transmission by 3C and 40%

respectively. In tle cecse of lengwave transmission in pc¢lyethylene,
values as low as 20% have been reported when ccndensation is heavy.

Considering the importance of net radiaticn as the driving force
- *

-

P .

betind all environmental energy processes, it is unfortunate that models
- ‘ ~ - .
do not exist wkich enable its predicticn with any degree of accuracy.

Of greater concern i¢ the absence of net radiation measurements in all

but a very few experimental progiams.
2.1.2 The Energy Budget

Figure 2.2 summzrizes the components of the energy budget.
The energy bucget equaticn for the crop surface is given by

Q*=Q, +Q +Q.+Q (Wa~2) (2.2)
H E G p

is the latent hear flux, QC is

the s0il heat flux and Qp is the photosynthetic heat flux. The energy

where QH is the sensible heat flux, QE

utilized in net photosynthesis is generally only 1-3% of net radiation
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(Oke, 1978) and is commonly ignored in energy budget analysis.

The sensible heat flux is determired from

0 C, v dT Aq , :
= - ) — T __ = 7.
o . V(T -T) + pC —Asdt + UAS(Tin Tout) (Wm ) (2.3)

The first term of (2.3) is tte component of the sensible heat

flux determined by measuring exhaust 'I‘e and }ntake Ti tenperatures,

where p is air density (kgm-3), Cp is air specific heat (J kg-lc-l),
¥ is the ventilation rate (mjs'}) and AS is surface area (mz). The

second term represents the storage of sensible heat in the air,'where

VvV is greenhouse air vo lume (m3) and dT/dt is replaced by the finité

‘difference ferm A T/ 4t and represents the change in -average inside

remperature over time interval L‘t. The third term represents the

sensible heat lost through tﬁe greenhouse glazing of area Ag s

where U is the glazing heat loss factor (glazing » | -factor", wm™%c™ )

and T is the time average of {nside (in) and outside (out) temperatures

(C). 1In general, when the grcgnﬁouse ventilators are on the first term

dominates QH’ the third term is secondary and the second term is negligible

and can be safely ignored. When the ventilators are turned off the first

term is zero and only the final two terms are operative (Appendix One).

Similarly, the latent heat flux be is determined froﬁ

o= Po¥ (e yaPRY de TalRy AN B @mh)  (2:4)
E v A, A, dt ASY w z )

The first term represents the change in water vapour content
between exhaust and intake air, where v is ‘the psychrometric constant

-1 ‘
(kFaC ) and e 1is vapour pressure (kPa). The second term represents
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the change in the vapour pressure of the air volume over time. The

third term is the condensation latent heat flux of the glazing -(positive

ourwards ), where K, is the eddy diffusivity for water vapour, €. is

the vapour pressure of the inside air at distancelz from the glazing

and eS is the vapour pressure of the glazing surface. The third term is

" particularly difficult to parameterize as eg is dependent on moisture
availability. When condensation is absent the third term equals zero.

Once condensation has commenced, the surface vapour pressure will be

dependent on the extent and size of water-droplets which are difficult

to measure. Also, it is not known how beadflew and dr&pping affect
condensation extent and what effects, if any, these have on surface
vapour pressure. The use of (2.4) is ~ therefore simplified when
condensation is known not to be occuring. Again, the ventilation term

dominates Q_ when the fuans are on and is zero when the greenhouse is

closed.

The latent heat flux can also be measured gravimetrically or

lysimetrically from

-
-2
Q. = AE , . (Wm ™) (2.5)
. where E is the evaporation rate (kg w2 5-1) and Ais the latent heat

of vapourization of warer (J kgfl). A discussion of the relative merits

-
-

of (2.4) and (2.5) for measuring evapotranspiration will be reserved for
Chapter Fivex,

The ground heat flux caﬁ be measured directly by implanting soil
heat flux transducers immediacelf below the.soil surface. Several of

these transducers are commonly employed and located at several positions



in the greenhouse to eliminate spatial bias resulting from a single

c .
measurement locarion.

-

Equations (2.3) to (2.5) demonstrate the means of assessing the

various surface energy budget components from a greenhouse air volume.
However, because the surface contributes the energy required for the

- . ,
various environmental processes it is.illustrative to re-express QH and

Q£ in terms of surface parameters. Thus

WL «dT
= = 2.6
ASQH cpi‘_of}(ﬁ pdzdxdy » ( )
—
WL
ARy = Gy /S Ky oz x4y . @.7)

where the fluxes are assumed to bé uniform’across greenhause width W

and KH and KW are the eddy diffusivities for sensible and latent heat

respectively. In practice (2.6) and (2.7)are approximated by

-

Lo g
ASQH = WCp xio hH Q.EE A X k . )
L re .
ASQE = NCP ¥io L = ax 3 . .9)

where T and e are measured pAgzapart in close proxiﬁity to the surface.
Equations (2.8) and (2.9) are inappropriate for-the measurement .of QH
and QE since many measurements are required along the.greenhouse leggth,
separated at intervals A x. Also, eddy diffusivitfes vary with time and
location and require detailed wind measurements for:their assessment.
Furthermore, it 1is unlikeiy that a fully adjusted boundary layer of

sufficient depth would be established to enable flux measurements from

“'-,\



veFtical profile analyses (see Appendix One). First, the nominal 100:1
ferch-height ratio.would not be satisfied in all but Ehe-longest
commercial.greenhouses. Secoﬂd; vertical flux gradient techniques

require some uniformity in the horizoétal wind regime to ensure the

data collected is represcntative of the underlying su;face.“Since

there is no uniQerspl standard for thF location of intage and exhaust fans

it would appear-thai three dimensional variability in the wind regime

A
would preclude this type of analysis. Never;helesé uith\{i;;: and (2.9)
it is possible to describe how property gradients near the cZpp surface
are responsible for the cbserved microclimate in greenhouses.
Equation (2.2) can be rearranged to yield the latent heat flux
Qp = (@ - Q)/ (1 +8) (2.10)

-

where Q% - QG is referred to as the net available energy as it is the

energy available for atmospheric processes, and B (= QH/QE).iS the

_Bowen ratio. TIf an 'a priori’ knowledge of ‘the Bowen ratio were possible

then QE could be evaluated without the calculation of QH' If the Bowen
ratio were constant over time then the prediction of QE would be

simplified considerably. This is the basis of the hypothesis forwarded

by Mastalerz (1977) and-is.implicit in the energy balance

calculacions of Walker (1965). .

The Bowen ratio can be evaluated from !




)

lo

K . -
H AT
= = - | . (2.11)

B=1+ Y
Swinbank and Dyer (1967) and Dyer (1967) demonstrated that the ability
. L S

r .
of eddies to transport becth :ensible and latent teat was equal hence

(2.10) reduces to

Q= (@ - )/l +y &) . (2.12)
Excellent agreement tctween resules f}om;this type of anal;sis and direct

‘ 1§simeter measurements has been demonstrated consiécently‘ LO SUppoTL,

the methed and its assumpticns. However, the Bowen ratic

“varies ovér time and surface. Bowen ratios of 10.0

for dry desert surfaces, and 0.1-0.2 for fréely transpiring‘vegetaticn .._
and ugLer bodies are ccmmcnly reported. Negative Bowen ratios are a159
reported. These are generally Eound'jn proximity to coastlines and

“over irrigated fields surrounded by non-irrigated land. Clearly, the

=

greenhouse microclimate falls intc this latter category. In microclimates
. ) o

where the Bowen ratie is negativé the term "adve?tive environments™ is: _ﬁ"d//-
: o ' -
used to typify the energetics of these surfaces. >
>

'2.1.%, The Greenhouse as an Advective Enviromment

The nature of advecticn can be demonstrated with the example of

- -

an open irrigated field surrounded by ncn-irrigated land. (Consider for
the moment, the energetics of these two surfaces in the absence of wind.
’ Pa

Under these conditicns eéch surface will promote its own distinctive.

environment, As water is freelyavailable over the irrigated plot during
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P

. the daytihe, the ner available energy at the surface raises the vapour:

~

pressure  at the surface causing a largé surface to air vapour pressure
gradient. From (2.7), this results in a large larent heat flux. With
little energy remaining.tc sensibly heat the surface the vertical
tenperature gradient remains Qmall and coqsequently from (2.6), QH is
small. A 5m511 Bowen ratio results.

Over . the non-irrigated land, in the absence of freely available

water, the vipour pressuré gradient remains small as doe§ QE' Intense
heating of the surface ensues which promotes a large vertical temperature
gradient, thereby gausi;g a large sensible heat flux. ThefBowen ratio
is large. The air over the irrig%ted plo: i« more moist and cool than
-éhat over the surroundiﬁg land.

Wher! a wind régiwe i{s intrcduced the eﬁergetics of the irrigated
surface are disruptgd. The dry air from the surrounding land overflows
the irrigated plet. The vapour pressure gradient is now larger thaq
normal and the surface responds Py evapotranspiring more water. This
leaves lfss energy for sensible heating and the Bowen ratic approaches
zéro: Typically, tre evaporative flux is enhanced to such a large extent
that iE exceeds the net available energy at the surface. Conservation
of energy princibles reéuire that this excess be matched by a supplemental
energy source. In this case, the source is the downward direéted (negatiﬁe)
sensible heat flux.. This is possible because the advected upwind air -
is warmer than the irrigated surface. Hence, dT' is negarive and
inversion goﬁditions exist. pqwén fatigs are negative. This is consistent
lwiﬁh (2.10) wherein negative wvalues of g are necessary for QE to

exceed QF - QG'

,

Constructing a glass or polyethylene enclosure over the irrigated

-



plot has interesting implications for the surface, in terms of the energy
budget. Businger (1963) indicated the nature of zhe control that

the greenhouse exerts on the outside environment. Because the net
radiation is generally smaller inside the greénhouse, its higher
temperature can not be attributed to the radiative considerations of the
vereenhouse effect”. Only at ;ight does the enhancdment of che net
longwave flux have any appreciable effect on greenhouse warming. The

-

principal cause of greenhouse warming is the suppression of natural
convection. Because greenhouse vqpcil;tcrs do not premote the same degree
of air exchange with thd c¢rop as the natural wind regime the gréenhouse
structure acts to trap the sensible and latent lLeat depa}ting the
surface. Being unable to disperse as readily within a 1argeﬁ'volume, the
temperature and humidity of greenhou&“.e air increases. This trapping of
energy is ;hown in (2.6) and (2.7) wherein the sensible and latent heat .
flux is seen t¢ te proportional to théﬁéady diffusiyity. Since eddy
diffusivity increases with Iincreasing wind speed the impact of greemhouse
and ventilaticn design bccomes apparent. If the greenhouse structure
severely restricts the natural wind regime and/or the ventilation rates
are small, the eddy diffusivities are small. The surface responas b&
increasing surface temperature and vapour pressure thercby providing
gradients large enough to sustain sensible and latent heat fluxes that
~balance the net available energy at the surface. If the ambient wind
regime‘ueré unrestricted by the greenhouse structure or venti]ator§

maintainec an equivalent air exchange with the crop, then the greenhouse

would resemble the microclimate of the open field irrigated crop except

that the net radiacion may differ. » Thus the ventilation rate has a

»

large impact on the microclimace.
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If the ventilators are turned off, the air would rapidly Ltecome

sacturated because the greenhouse air has been completely isclated from
th® larger atmospheric sink. This would restrict evapotranspiration.
The sensible heat flux on the other hand, is not completely isolated

from the atmospheric sink because sensible heat transfer preceeds through

: —————
the glazing. This resistance is, nevertheless, larger than the convective
L J -

resiﬁtance when the -ventilators are open. Latent heatirg does not cease
completely because the greenhouse air will increase in temperature

thereby reducing the relative humicity of the air. Hernce, evapotranspiration
still remains coppleq to air temperature increase even when the greenhouse

——

is closed. Air temperature will continue to increase until glazing

-

sensible heat lecss equals or exceeds surface sensible heat flux (2.3).

Most greenhouses would lie betweén the extremes of a totally

. 1

isolated air volume and an urrestricted ambient wind regime during the

" course of normal operation. The findings of Stanhill et al. (1973) are
illustrative in this regard. 1In an open-sided greenhouse in Israel,
evapolranspiration exceeded net radiatigﬁ by 37%. ’The authors noted the
large evaporation totals but offered nco cxplanagicn. However, they also
indicated that air temperature was 2 C warmer than the crop surface

. below. 1Interestingly, the authcrs precluded advecticn from having any

| influence as there wa; no pignounced spatial assymetry iﬁ evapotranspiration
(measured gravimetrically) witﬂin the greenhouse. This is not surprising

-~

consideriné the nature of wind flow through an open-sided greenhouse.

r
Clearly, In such advective enviromments the Bowen ratico can be negative

and evapotranspiration can exceed net available energy. Furthermore, it

1s not incongruent with observed greenhouse performance thaé_evapotrans-

piraticn equal or exceed ner available energy and that greenhouse air,



particularly in the upper levels of the greenhcuse be warmer than

outside. As (2.11) indicates, inverted temperature profiles lead to
e &

negative Bowen ratios. Also, it is not Aecessary for the Bowen ratio

to be negative for an advective environment to exist. Even in more

restrictive ventilation regimes, the introduction of drier outside Alr
. . . 2

will increase 0E above that which would normally be experienceg,

though not necessarily in excess of Q¥ - QG.

The atundance of experimental findings showing latent heatirg in
excess of radiaticn receipts would indicate that negative Bowen ratios
are not isclated occurrences in greerhouse microclimates. However, it ~

r
renains difficult to assess what characteriscics of greenhouse design and

what types of ambient environments are conducive to the evapotranspiration

totals reported. -

2.2 THE GREENHOUSE COMBINATION MODEL =
2.2.1 Purpose

fhis model prevides a framework for delinetting and assessing
mechanisms responsible tor evapotranspiration. Thé’frameuorkIFOt the
first combination model was proposed bty Penman (1948). It recognizes
that the flux of latent energy is a function of radiant energy, the
ability of the atmospherc to withdraw this energy and the ability of the
surface to supply moisture. Variants of the combination model bave been
developed for water bodies (Priestley and Taylor, 1972), arid en;ironments
(Rouse and Stewart, 1972), outdoor agricultural crops (Davies and Allén,
1973) and for forests {(Tan and Black, 1976). Other researchers-have
di;sected the model to enable a better understanding of surface control

- on evapotranspiracion (Monteitch, 1965; Tanner and Fuchs, 1968; Sziecz

*
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and long, 196%9; Thom, 1872). However, none of these models is appropriate =
for advective environmencs‘because they require measurements within the fully

adjusted boundary layer.
2.2.2 Derivation
In an idealized greenhouse where neither sensible ncr latent heat
flow takes place at the glazing the latent heat flux of the crop is
~defined bty

pC

Wy
_ e
%y = T E, (e, = ¢yp) - (2.13)

The ratio Aslw has the dimensions of a -resistance (sm-l) and will be

called the ventilation resistance r,e _Strictly speaking r, = AS/ P
is valid only when the evaporating surface is equal to the ground
surface area, Furthermore, AS will increase as the crop matures as will the
ventilation resistance. Thus
pC

= p
Q, = JE. (e, -~ e} . (2.14)

’

S{milarly, the surface sensible heat flux is defined as

H1 ~ T e i’ - (2.15)

Using the slope of the saturation vapour pressure-temperature curve 35

d es(T) es('l‘) - eS(Tw)

5= 3T o T < Tw . (2.16)




and the psychrometric equation

e = es(Tw) - y(T - Tw) . (2.17)
(2.16) and (2.17) yield
e (T) =e= (5 +Y)D , _ : - o (2.18)
where e is the saturation vapour pressure at temperature T, and
D=T-T, and is referred to as the wet-bulb depression where T and
T, are the dry and wet bulb temperatures of the air respectively.
Hence,
€1~ es(Twi) - YDi
€e = es(Twe) - YD,
e, - € = S(Twe.- Twi) -y (De - Di) . (2.1%)
The energy budget now tecomes
pC '
*.qQ. = - P be AT . )
G- =C vy = 4 TG . (2.20)
: v v
P s 2.21
= T[T(TWE-TWi) = (De-Di) + (Te-Ti)] l( - )
where pe = e, - ¢ and AT = Te - '1‘i « Since =T - ?w’



pC
=0 + == P r 5 - - ] 2
Q* - Qe = Qg * O ? L?(‘rwe Toi) ¥ (T, - T,9)) (2.22)
pC .
= B (3EYy 47 (2.23)
T 'Y W
v
Y * flEE : (2.24)
and (S+Y)(Q -QC) = rV-ATu . .
From (2.14) and (2.19) -,
DCP 5 .
= 7 - - a 2.25
QEl ™ [Y ATw aAb. ( )
v
pC y pC
Y —_ P P
and 'S-QEI = = ATH -3 T AD , (2.26)
v v
where AD = De - Di' Using (2.25)
ol
Y Y y °p
= —— X - - : .
W % = T @ -+ Ry -y (2.28)

The latent heat flux has been separated into a radiation

dependent and a ventilation dependent term. The second term describes

the coupling between evapotranspiration and the outside temperature and

humidity. If the incoming air is very dry them D is large and so is

i

the advective influence on evapocranspifation. In 2 mid-latitude
"enviromment this would occur during an extended period without precipitation.
Shortly after a xrainfall Di may be vefy small and the advection temm

cculd; Be¢ome -negative. This would be the case if the greenhouse surface
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‘dried out or stomatal ciosure occurred. In this case advection is still
oﬁcurring but acts to retard rather than enhance the latent heat f{lux.
When Di =lDe there is no advection, the second term equals zero
and evapotranspiration is controlled sclely by the radiacive rerm. It
should be noted that when 'Dc = Di the exhaust and intake vapour
pressures are not equal. Due to the nature of D (see 2.18) the exhaust

'

vapéur pressure is higher owing to.its higher temperature. Tﬁé cendition
1

are in equilibrium. The first term of (2.28) is therefore referred to

as the Mequilibrium" term.

Equillibrium evapotranspiration Qould similarly occur when the
ventilators were turned cff. 1In this case T, e and the advection
term approaches zero. .Evapotranspiration continues as a functicn of the
net available energy, as long as it is positive. The term S/(5 +Y)
deserites the coupling hutwan dn increase in air temperature as a result
of sensible heating and the ability of the air to accept more moilsture.

Equation (2.28) does not account (1) for the part of the latent
heat flux emanating from the surface in response to condensation on the
glazing (2) fotr sensible heat loss through the glazing. The reason for
including these two terms is apparent from (2.3) and (2.4). 1If

condensation is occurring on the glazing then the vapour pressure of the
exhaust air is lower thar it would normally be. The converse is true

if condensate is evaporating from the glazing. Similarly, if sensible

heat is being lost through the glazing, the exhaust air temperature would

be lower than normal.

Let Q be the glazing sensible heat flux (positive outwards).

- H¥%

Let OE* be the klazing latent heat flux (positive for condencation,

(5]
-

[ 4
D. =D indicates that the interior and exterior water vapour environments
e

1}
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negative for condensate evaporation). The energy balance is now defined

as

A QR Q) = A Q) = A(QHR ) + A Qi) (2-29)

where AS is glazing area (mz). Making appropriate substitutions for

Qup 2n¢ Qg
C .
S~Y P
A (Q*-Q.) = A —r\'—AT + A Qux + A Qe (2.30)
Y pCp a °
W = — Y . -
ST-_Y(.Q %’ T, AT +s+Y ARQH* TEQE*] (2.31)
/
The latent heat flux is given by
AK
Qe = QEl +'K;‘QE* (2.32)
pC S Ag '
R L RRY I P 2:3)
v s
N S R YO 4
EQE_ T ATw -3 ﬁD-i-—sA QE* . (2.34)
v v s
Using (2.31)
Y Y Y g
pC_ A
Y p Y s
"3 TR @39



the latent heat {lux then becomes

pC

A
- oo (0*- 2 py -8
Q, = moc (@*-q) + —F (©,-D) % Q

g "5 2
- (2.36
E S+Y v S+Y ( )

Qe

Y A
et T
e T SEYR

Equacion (2.36) is referred to as the Greenhouse Combinatfon Model. The

first twe terms (equilibrium and advection) remain unchanged. Since the

-
L)

glazing sensible heat transfer is usualiy directed outwacds, the third
term acts to depress evapotranspiration as this energy is unavailable
tc the evapotranspiration process. Increasing condensation increaces
the surface Jatent heat flux. Evaporation of condensate depresses the

surface latent heat flux,

2.2.3 Application
Net radiation, soil heat flux, intake and exbaust dry and wet
bulb temperatures are nceded to evaluate the model. With these six

measurements the equilibrium term can be estimated. The saturation

vapour pressure e at wet bulb temperature is given by Dilley (1968) as

b Y

es(Tu} = a exp [bTw/(Tu +c)l (kPa) (2.37)

where a = 0.61078, b = 17.2693882, c = 237.3 .

Hence, the slope of the saturation vapour pressure-temperature curve can

be evaluated from ‘

-

de bT 1

2 w -
S = T;fi = [f/(-rH + c) | exp [f:_?_g 1, (kPac™ ") (2.38)

where £ = 2502.99221 and Tu is evaluated a¢ the mean of the intake and

’

exhaust wet bulb temperatures.



The glazing sensible heat transfer is given in (2.3) as

Qs = UTin = Toue?) - (2-39)

The assumptioé that U is a constant is‘a simplification. Being a
cemposite of conductive, convective and radiacive terms it can vary
considefably ovér time. A more detailed examination of the U-factor
is reserved for Chapter Four. .The U -factor can be evaluafgd if
initially periods are selected when condensation is not occurring.

When the ventilators are closed, combining (2.3) and (ZiA)

gives the sensible and latent heat fluxes as

vdr e = = ﬁE'Vde ’
Q*-QC = QH + QE = pcprﬁ at +I‘S' U(Tin-Tout) + ” F-L.; aa ! (2.30)

-

and

= = -1
U =A(Q*-Q) -V pCp[dT/dt + de/ Ydt][:Ag(Tin-Tout)] - . (2.61)

-

Sampling errors in 'I‘in are minimized‘if the greenhouse air is well mixed.
The ventilation resistance must be evaluated when the ventilators

are operating and again this is simplified if periods are selected

when condensation is not occurring (QE* = 0). The vc;tilation resistance

is calculated by residual by comparing measured evapotranspiration with

combinatien model egcimations. QE can be measured lysimetrically,

gravimetrically or by use of (2.4) -

A

S
- 537 (@9 +I§ Q

-1
) (2.42)

¢ .
— A
Ty © ( pcp(pi-ne)'[QEmeas.



In mechanically ventilated greenhouses the venrilation
resistance should vary little over time pericds as short as two or
tirec days. This is partly beczuse turbulent exchange is constant and
controlled. 1In the outside enviromment, T, is affected by both wind-
speed and tuoyancy effects. Buoyancy effects become more pronounced
when the surface.is warm. Even though the greenhouse ground surface is
warmer than outside the glazing acts te retard tuoyant convection. Also,
the buoyant con;ection that does occur does not interact with the
atmespheric sink. Thercvfore, drier air i: not brought cown to replace
the moist eddies lcav{n; the surface.

As the crop mature;, surface roughness increases as would the
ventilation resistance. Hence, a cgmpariaon gf T, from (2.42) with
r, = Aslq; where AS is ground Qurface area should indicate any crop
growth effects as the plants reach maturfty.

It is inmstructive Lo note that t%e greenhouse combination mocel
in its prescnt form differs from previously published evapotranspiration
models bécause it rgquireb the measurement of T and '1‘w betweern inlet and
outlet of the greenhouse air volume. Therefore, it is sensing the
response of the air temperature and humidity regimes resulting from
latent and sensible heating at the surface. Pecause of :his,parameierizaticn
cf water availability and stomatal response is ﬁoc required because
these influences are emtodiedPn the difference between inlet and outlet
wet bulb depressions. As such, the ventilation resistance is a purely
derocynamic term and should not te influenced by stomatal response.

With a parameterization of U and r, the evaluation of the
combination madel is‘made possible. fhe sole exceptién is that the

solution for the glazing condensation flux Q has not been treated

Ex
e
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explicitly. Further discussion of glazing condensation will be presentec

in Chapter Four.




CHAPTER THREE
EXFERTMENTAL PROCEDURE

3.1 EXPERIMENTAL SITE AND OBSERVATION éEPIOD

The research site was located at Creensville, Onrario, about
6Akm from Hamilron® (LAT. 43%1 N; LONG. 80°00" W). A greenhcuse was
constructed cn flat land in the centre of a 0.6 heétare garden-uhich
was bounded on all sides ty farmland in vegerzktle prgducnicn. A‘baéﬁ
was situated due west, 70 m away from the greenhouse. During the summer
sclstice it hacd no effec;‘on solar radiation reaching the greenhcuse.
Approximately 50 m gre cast of the greenhouse, a farm house ard row
of mature maples would shade the greenhouse between 0630 and 0830 for ‘*——-\\h“
intermittent periods during the summer solstice. The south and north
horizons were unobstructed.

Eneréy budget data were collected from May 25lto June 2h§h, 1978.
Radiarion data was collected from May 2 to December 18, 1978 and during
July.1979. The measurement program was disrupted during the major
measurement period as a result of severe thunderstorm activity. This
necessitated repairs of the greenhouse and replacement of instruments and
data loggegs. The faru$ouse'basemen: was used as a laboratery. It
housed the data logger (Solatron, 2.5 pV resolution). Values were
recorded every ten minutes and stored on hardcopy and puhched paper tape.
3.1.1 Greenhouse Construction

The greenhouse had a square;floor plan and was designed after

the Brace greenhouse (Brace Research Institute, Lawand et al., 1975).

30
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It was a wooden lean-to styleggreenhouse of 40 m2 ground area. The north
reof /wall was oriented due east-west and insulated-with R-10 fiberglass
lLates and covered“ihside and cut with 9 mm construction grade Plywood.

Three coats of exterior grade white latex paint were applied to all

wooden surfaces. The roof was angled towards the south at 25° from the

vertical. This angle ic approximately equal to the zenith angle of the - .

J
sun at solar noon at thé summer solstice.

" Thus, no part of the growing

surface was shaded. The soutt roof and wall and the east and west gable

rs

ends were covered in a double layer of 0.15 mm ultraviolet resistant

¥

pclyethylene (C.I.L.). The two polyethylene layers were attached.to the
outside of the frame at their 'margins by an aluminum extrusion (Polylok)
and separated by pressurized air supplied by an inflation fan. °The

separation between the layers ranged from 0 m at the margins to 0.3 m

e

near the centres of roof and walls. (Figure 3.1) The entrance

was a small door cn the east gable end adjacent té the north wall. The

total surface area of glazing and wall was 2.7% times that of the floor
area (110 mz). The ratio of glazing-area, including gablé ends, to floor
area was 2.0 (80 mzj. The ratio of insulated wall to floor area was 0,76. E;:D-

The floor of the greerkcuse comprised the indigenou$ garden soil.

-

The greenhouse was ventilated with two thermoﬁcacically controlled
blowers. The,bf;wer near groun; level operated ;ontinuéusly. When the
gtfenhouse air temperature exceeded the thermostat setting, a mechanical
damper system admitLed‘outside air through tgis blower via an air inlet
lccated C.5 m atove ground level midway throuéh the ﬁ;rth wall. Tﬁis
coincided with the operation of the éxhaust blower which was %g&gfnded

«from the north wall, near the"ridge of the greenhouse.

wWhen greenhouse air temperature fell below the thermostat setting,



.
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the exhaust blower was turned off and the damper system prevented outside
air entry and diverted air flow through a vertical duct, which extracted
air from the ridge of the greénhouse, thoroughly mixing the greenhouse
air.

Blower capacity was determinecd by pericdically measuring blower
cage rotation. Ventilation rates werc then determined from data supplied by

the manufacturer. Thesc tests indicated an average ventilation rate of

0.75512 m3 5-1 (¢ 5%) during the measurement period. This is somewhat

1Y

less than ventilation rates previded in commercial greenhouses as 4.5

minutes were required tor oneair volume change. The implicarions of

this ventilation rate for the energy budget will be discussed in Chapter

Four. .

[

Board insulation 5 em thick was buried around the perimeter
of the greenhouse to a dcpth of 30 cm. The purpose of the insulatdon is

to minimize sut-surface horizontal heat loss from the scil block. . The

- (?J

material used was neither as thick nor as deep as commonly recommended
- . . *

(Mazria, 1979) but was limited by the -rcsource:_; available at t:hé time.
3.2 INSTRUMENTATION AND FIELD PROGRAM AR '
3;2.1 Radiation Measurements

The instrument locations and greenhouse dim%nsions are ,shown in
Figure 3.2. Five raéiometers were located centrally at a height of 2 m
above the ground. One prley (black and.white) pyranumeter‘measured
incoming sola¥‘radiation. A second inverted Eppley pyranometer measured

reflected solar radiation. The third and fourth radiometers were Funk-

type, Swissteco (S-1) pyrradiometers. One had both upper and lower

themmopile surfaces covered Qith thin polyethylene domes. As this
B ) . +

L]
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polyethylene transmits both short dnd longwave radiation this sensor.
measuréd net ;radiation Q*. At nigﬁc it provided a measure of the net
1ohgwave radiation dire;tly. During the day, the net longwave radiatipn
was determined by subtracting the net solar flux from the net radiation.
The second pyrradiometer was fitted with a lower cast aluminum shield
(black body cavity). The temperature of the cavity was monitored with

a copper-constantan thernocoyple embedded in the aluminum. This sensor
measured incoming allwave radiation (K++ L4 ). Thus, the upward and
downward longwave fluxes could be determinéa by residual from the K ¢
and Q* measurements. The Swissteco instruments were continuously
éspirated with dried air. The air flow was necessary to inflate the demes
and reduce variations in convective regimes about the uppgper and lower
thermopile su}faees. The fifth radiometer measured diffuse solar

radiation but deoes not constitute part of the present analysis.

The view factors for the downfacing sensors were determined from

7 VFA= r2 / thz + :2) , (3.1)
where r is the average radius of the crcp surface underlying the sensor
and h is the height of the sensor above the crop surface. For bare
soil VF = 0.€8 and for a mature canopy VF = 0.83.

Post experimental calibration comparing all pyranometers with a
precision Eppley pyranometer showed that pre-expe;imental'calibration,
by the Atmospheric Envircnment Service radiation laboratories in Toronto,

agreed within 3%. The calibration of the downfacing Eppley pyranometer

) was increased 1.4% folluwing the recommendaticns of Latimer (1970) for

inverted sensors. After the experiment the Swissteco pyradiometers were



o

found to agree withine53% of each other.

1.2.2 Temperature and Humidity Measurements

Dry and wet bull air temperatures were measured-at two lccations
in the greenhouse with five-junction copper-constantan chermobiles.
Companion sensors were housed in aspirated psychrometer shields
(Lourence and Rruitt, 1569). One was located in the ceﬁtre of the
airstream from the intake blower, approximately 0.5 m above ground
level. The second was located at the ridge of the gé%enhouse, midway
(0.5 m) btetween the exhaust blower outlet and the recirculation duct
inlet. When the exhaust ventilator was on, the lower psychroneter
measured inlet temperature and vapour p}essure. The upper péychrometer
measured exhaust temperature and vapour pressure. Whgn the exhaust
véntilator was closed and air was being recirculated'w%bﬁin the greenhouse,
ﬁhe psychrometers measured temperatufe and vapour pressure at their
respective locations. A comparison of temperatures and vapour pressures
between them provided a measure of the thoroughness of air mixing.

The upper psychrometer was within 0.5 m of the glazing and was

used to determine inside temperature in the calculation of the glazing

.
[N

U-factor. When in the recirculation mode, the evaluation of dT/dt and
de/dt was provided by the lower psychrometer.

A fifth thermopile was located outside at screen height in a

similar aspirated psychrometer shield. It provided a measure of the

outside air temperature.
Wet bulb feeds consisted of muslin wick extending approximately

5 cm from the &1p of the thermopile. The oﬁher end of the wick was

immersed fn a small, shiclded water reservoir. Wicking was inspected and

.
-



replaced periodically when the surface accumulated dirt.

All thermopiles were referenced to an ice-point coil bath. Some
difficulties were encountered, early in the measurement program, in
maintaining the oil bath at 0 C due to the very hot greenhouse remperatures.
This problém was circumvented by locating tﬁe oil bath in the incoming
ventilator air stream ard ty adding a shading device te reduce radiant
heating. All data prescnted were collected after this adjustment.

Fivecjunction copper-constantan thermopiles produce a nominal

emf of 0.2 aV c‘L. Pre and post season laboratory calibrations
against precise platinum resistance thermopiles ‘indicated that the

thermopiles are accurate to tetWeen 3 and 8 one-hundreths of a degree

Eetween € and 40 C.

3.3.3 Soil Heat Flux Mcasurements

?oil heat flux was measured directly with soil heat flow
transducers (Middleton). Four transducers were wired in series and
buried approximately 5 cm below the soil su?face befcre the greenhguse
was planted. The four nencors were spaced equidistant across the north-
south midline of the greenhouse te provide a spatially representative
vzlue for QC. Planting, transplantiné and irrigation were performed
irrespective of sensor locatior. % R

Soil thermisgors were buried at depths of 5, 10 and 25 cm- at
two locations adjacent to the most southkerly and most central soil heat
flux plates. .The resistance of the six sensors was measured periodically .
with a portable digital mulcimeter (Kiethly). Because these signals were

collected manually, the freqdeﬁcy of data collection differed from that

of the data loééer and the signals were incompatible for the calibration



of s0il hear flux divergence in the upper 5 em. The soil heat flux
values reported are therefore, the raw values collected from the soil
heat flow transducers. A post season calibration of these sensors
against a comparison set cf heat flux plates show'that the Panufacturer's
calibrations were valid ﬁo within 2-3%. This is better than the

manufacturer’s claimed accuracies of 5-10%.

3.3.4 Supplemental Measurements

Cumulative wind kilometers were reccrced with a cup anemcmeter
{Casella) located at screen height 5 6 south-east of the greenhouse.
A rececrd was kept of the prescnce and absence of condensation on the

glazing.. Idiosyncracie~ in radiation receipt (shading by trees, rafters,

etc.) were noted as was radiometer and psychrometer maintenance.

3.3 CREENHOUSE MANAGEMENT

The greenhouse was managed as a typical holtby-greernhouse. It

" was planted with an assortment of vegetakble and flower seedlings. As a

particular plant reached maturity it was harvested and replaced with a

,
.

new seedling, also raised in the greenhouse. After May 22, when the

last of the criginal secdlings was transplanted, there were no large
expanses of spil unoccupiedlty plants. However; with seedling spacing
of approximately 0.25 m, bare soil did dominate the surface at this

time. The lﬁtest data presented kere, represent 33 days of plant growth,

at which time the surface, except for walkways, was dominated ty

. vegetation.

Irrigaticn was performed manually when it was observed that the

soil surface had undergone significant drying and later when any plant

[ 3

38°



wilting became apparent. Pest and disease prcblems were also dealt with.

Because greenhouse management departs consideratly from
:

cenventional commercial practice and was not aimed at optimal crop
productivity, a horticultural assessment of the crop was not performed.
In retrospect, an independent assessment of plant mass (dry matter

prcduction or leaf area index) would have Leen desirable in the

parameterization of the ventilation resistance. However, it was felt

that periodically reffioving plants for such analysis would unduly

influence the characgs:ﬁgﬁ;&hs*&rowing surface because of its small size.
: - | .
All aspects of the resedrch program with the exception of ”

e e

" “greenkouse construction were perthrmed solely by the author.
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CHAPTER FOCUR
. RESULTS
4.1 RELATIONSHIP BETWEEN INCIDENT SOLAR RADIATION AND NET RADIATION
, Although incident solar radiation is not required for the
greenhouse cémbinacion mcdel it is gquite cften the only radiative flux
measured in greenhouse research programs. Hence, the model has greate¥
applicability if the¢ requirement Tor measured' Q* is relaxed. The
assessment of radiation in greenhouses however, is complicatec by shacding
by components of the preenhouse structure. In the Brace greenhouse, the
opaque north wall aftects radiation receipt, particularly %n early
merning and late evening. However, this poses minimal problems because
the shading of the radioneter gencrally coincides with shading of the
crop 5urf§Fe. The greatest difficulty is posed by feaming mem§ers and,
in this respect, sampliny errors are similar between the Brace greenhouse
and more conventional greenhouses. Measured radiation is not representative
of surface radiation when rafters shade the gyranometer. Also, sensor
location further obscures the true surface flux because the pyranometer
receives direct racdiaticen through a »ingle facet of the greenhouse,
-wqusfs, the crop is rec;iving radiation through the integrated effect of
541 facecs. .

During the measurcvment program, a small experiment was conducted
to assess what bias may exist from measuring sclar radiation at ; single,
centrally located positicn. A pyraﬁometez was alternately moved every
10 minutes throughout the day from a purlin 2 m to the north, then 2 m

to the south of the central pyranometer. Signals from both pyranometers

were recorded every 10 minutes. Thus, a comparison of incident solar
[
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radiation between the central senzcr and either north or south was possible

every 20 minuvtes. Figure .1 indicates the mdsured values of K¢ at
the three lecations on Junme 10, which was a relatlively cloudless day.
. : -2
In general, the south sensor receives appreximately 3-5 Wm — more, and
>

the north sensor 3-5 Wm = less than the central sensor around midday.

In early mcrning and late afternoon, the north receives less K4 due to

-

wall shading. Because dﬁring this time of the vear the sun views very

.
little of the north wall, the reflecting capabilities of the white surface
play a neglig&ble rcle in the spatial variaticn cf solar radiation. The
higher and lower values for the south and north locations respectively
resclt from the ccclusion of north sky diffuse rad;ation by the wall.
These eftects would be more pronounced for overcast skies but there are
no direct measurements to confirm this. The resulrs indicate that for
cloudless skies at this time of year, the central sensor does provide a
representative value for incident solar radiatien.

Nevertheless, the rafter effects are pronounced and,similar effects

for measured net radiation also occur but not at the same times due to

slightly different sensor locations. Thus, when comparing incident solar

- -

and net radiation, the instangaﬁeous values show a large amount of scatter.
Hence, the relacionship between the hourly values of these two fluxes

was examined by numerically integrating values using Simpson's rule.
Daytime net and solar radiation were ﬁighly correlated dur;ng':he
measurement ,period (0.91 < r < 0.96) however, regress;on coefficients
ranged frdm 0.56 to 0.76 with the values generally decreasing from

spring ‘to summer. Since an errdk in the estimation of Q* of 35% 1is

probably too large (Chapter Five) for the successful use of the combination
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mocel, it would appear inappropriate toluse K 4 as a surrogate for Q*
within the regression framework. There is no tasis, nocturnally, to
estimating Q* from K+ . Cirect measurement of net radiation is the
best alternative at this time.

It should be ncted that although scanning radiation signals
every 10 minutes over this measurement period produced voluminous amounts
of data, this is clearly toc leng an inﬁerval to gét aﬁcurate hourly
radiation torals. It is suggested that scanning data loggers should use
a gme or two minute interval such éha: anomalous values caused by shading,
would receive lesser numerical weighting in quadrature formulatioms.
The use of inEegrating data loggers demonstrates a marked superiority im

this regard.

4.2 RELATIONSHIP BETWEEN NET RADIATION AND SOIL HEAT FLUX

The measurement ,of #oil heat flux with transducers, although
stra%ghtforuard, requires the additional investment of time and rescurces.
This measurement program indicates that the soil hear flux may be
estimate¢ with a purely empirical approach. TFor the period May 25 to
July 12, regression of hourly soil heat flux and net radiatiom indicates
regression coefficients between 0.09 and 0.12 (0.91 < r < 0.95)L
Integrated cdaily totals also ihdicate the‘é;il heacing‘component of net
radiation falling between 9 and 12%. Figure 4.2 2, b shows the regression
of chand Q* for 24 hourly values on two days. The hysteresis effect
is apparenmt. Even thcugh few of the data points acrually fall on the
regression line the correlation coefficients are sufficiently large and
the magnitude of QG sufficiently small that minimal error would result

from estimating QC in this manner. It is valid to point out however,
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that the limiggﬁ cata set reported here wculd prohibit any sweeping -

generalizations being drawn ;:\Phis regard. Also, instantaneous values

of QG approach 20% of Q* andsignoring soil heat flux altogether would

lead to systematic errors of atyleast 10% in the estimarion of net”

-

available energy.

4.3 MODEL ESTIMATIONS OF EVAPOTRANSPIRATION

L}
The latent and sensible heat fluxes were initially calculated

using instantaneous values in (2.3) and (2.4). A channel of the data
. ' v
logger was reserved to monitor fan operation. A shorted sgignal signified

that the exhaust fan was on. When the greenhouse was being ventiltated

the storage terms in (2;3)fand (2.4) were found to represent 1.1% and 0.8%

of the net radiation of the crop surface respectively during the N

midday' period. Hence, their omission in energy budget calculations is
" justified when the ventilators are on.

. Generally, the cry and wet bulb temperatures show a predictable

trend over the day with air temperatures reaching 39 C as a result of the

-
-

low ventilation ratés. Figgre 4.3 a, b shows.the course of dry and ;ec
bulb temperatures for Lwo diurnai periods. Relative humidities as low

as 35-407 are reached during the day and as high*as 95-98% at night.
'Upper and lower dry bulb temperatures departed as mucﬁ as 0.5lC during

the evening when greenhouse air was being recifculated‘ but were‘d;1te
often le;s ;han 0.1 ¢ indicating Ehorough air mixing. One benefit of the
high,iﬁsfgf temperatures was that they permitted a more reliabie

‘estfmat #n of the glazing U-factor, although they are too kigh for .

‘optimal crop growth. Cpol weather crops in particular lettuce and chard,

",
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demonstrated a strong tenéency to bolt.
TWo problems.were encountered in the calcuia:ion of QEI and QHI'
The first occurred in early morning and late evening when air temperatures
- fnside were close to tge thermostat setting. During these periods, the
exhaust fan would typically cycle on and off a few times. This made it
4/’4difficu1t to determine the mode of fan operation from the single scanned
value once every ten minutes. . The ventiiation terms (first term) of
(2.3) and (2.4) are highly dkpendent on the mode 6f fan opgggcion.
Second, when rhe fan switched from ventilation to recirculation, the
storage terms of (2.3) and Qz.A) were difficult to assess.because they

>

require the evaluation ot de/dt and dT/dt respectively. However,

at the previoqs scan T ané Tw " were representative of the‘in;oming air
because the fan was still in the ventilation mode. An attempt was made
to avoid applying the model on days where ghis cycling éffect was
persistent, nevertheless at least one value each aay will contain, this
_error. Instaptaneous values cf QEl énd QHl were integrated numefigally
to de:ermineﬂhoqe&ggﬁgiais for the sensible and latént heat %1uxes

o ol vl . |

The equilibrium an¢ advection terms of the combination model
were then calculated. The shading effects of rafters wérg reddééd
somewhat when hourly values of Q* were-&etermined. The systematic
unﬁgrestimation of true net radiatibn, however, cannot be removed by. this
process. Rafter shading was particularly acute, for the 17th and 19th
\ hourly values for net radiatioé, each day. An inspeccioﬁ of the other
radiation signais indicated that, the sun was tracking along a raftey

which shaded the net radiometerfor extended periods (30-40 minutes).

These‘valugs were replaced with interpolations from adjacent values of

)
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net radiation.

-

. Hourly averageﬁ were used for T and_Tw and in the subsequent
calculation of S from (2.38). The evaluation of T, &ab-acccmp]ished
using (2.42) for the data from May 27 initially. The derived value of
r, was then applied to the May 26 data with the assumption that plant
eftects oa €, yould be negligible over such a short time interval.
Egquation (2.&2) requires ah 'a priori' knowledge of QH* the glazing
. :
sensible heat flux. Again, May 27’daté was used to derive the U-factor
needed for QH*' The use of (2.41) for this.purpose was not satisfactory
for early mdrn{ng ygfues becaute condensation w;s present on the glazing
at this time. The atsence of céndenséticn is ;fﬁondition réquired for
:(2.41). iate afternoon und éa;Ly evening values were mere appropriate
because condensacion‘hac not‘yet dccur;ed and because :h; inside-ocutside
:empergéure difference wis still la;ge enough to provide reasonable
accuracy in the determination of U.
May 26 te§u1ts'are illuscrated in Figure &.4 a, b . The abscissa

is local apparent time (;olar timej for the c;lendar day. Figure 4a

<
shows how the estimated evapotranspiration is made up of the equilibrium

component and th; advection,component; This day is particularly
interesting because it represents the mieroclimate of the greenhouse only&t\//
four days afrer transﬁlancing was completed. The advective term was, ?ﬁ;"\Q
course, zero until fan operacion commenced just before 0800. The

advective influence was large as ai; initially entered the greenhouse

because of the damp and high humidity coﬁditions prevailing thro;gh the
grﬁuioué evening. Soil moisture was freely available at the surface.

However, after a short period of time the scil surface dried and with a

relatively sparse plant covering,water could not be supplied on deﬁpnd.
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Figure 4.4. a. Varilation in the equilibrium,
advection and combined terms of the combination
model for May 26.

Figure 4.4. b, Comparison of coembined term and
measured evaportranspiration for May 26.
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The acvective influence in fact rapidly btecame negative. Thus D,
exceeded Di and the greenhouse surface depressed evaporaticn while
enhancing sensible h;ating. A major applicaticen of water just before
1200, rapidly forced the advection term positive again. However
the advective influence did not return to.its early morning magnitude
tecause radiant demends were at their peak by then, as was the evapégacive
flux. The desicaticn of the soil surface is represented by another
decrease in the advection term tc negative values. Another irrigation
f"\—

prior to 1600 again Tcaused an enhancement of the latent heat flux
resulting trom positive advection. Because radiant energy suﬁply
‘diminishcc rapicly, the rurface was able to maintain an adequate
mcisture supply until tﬁe cessation of fan operation around 2000.

Figure 4.4 b compares the measured e;aﬁétranspiration using (2.3)
(lower cuf»e) with that estimated.by the tirst two.terms of the.
;ombtnati&n model (upper cyrve). _&hu ;iurna] variations "in measured QE
are well represented by the equilibrium and advection terms bf-the
cembination model. To test the accuracy of the comtinatidn mcdel, the
third term (glazing sensible heat flux) was subtracted from the first
t?o terms (2.38) and the mocel estimate was regressed wich-measured QE.
As Figure 4.5 suggests, agreement is quite good with r = 0.95 and slope
of 0.98. For comparison purposes a regression of measured QE‘and net
radiation yields, oE'= 0.458 Q@ - 0.06 (r = 0.89).

Twenty days after transplanting, transpirationm by the crop had

begun to dominate QE' As Figure 4.6 a illustrates, advection always:

. ~
. -
enhanced evapotranspiration.and only a minor decrease’ in advection occurred

prior to irrigation before 1200. After irrigation,the advective

irfluence increased but in 2 more controlled manner. Again, model
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advection and combined terms of the combination
model for June 1l.

Figure 4.,6. b. Comparison of combined terms and
measured evapotranspiration for June 11.
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estimations prior to the inclusion of.the glazing term demonstrate
overestimation (Figufe 4.6 b) and the regression.resulets (Figure 4.7) show
very good agreement (r = (.68, slope = C.%6). For comparison purposes, .
-~

the recresczion cf QE measured and Q% yields QE -~ 0.00 Q* - 0.05
(r = 0.94).

By June 24, thirfy-one days had elapsed since transplanting.
Irrigation water was applied just after rocn on the previcus day.
Advection was positive during early morning but ther tegan te¢ decrease
towards a noon=hour minimum (Figu}c 4.8 a). After 1200 advection
again increased. However, irrigation waler was not applied'untfl just
befere 1600. The role ot the plant stomata are clearly evident.
Under intense demand arcund roon, the plants could no longer extract
s0il moisture at a rate sufficient to prevent wilting and the stomata
closed in response. As net radiation rapidly decliaed, root extraction
could.keep up with demarnd and the stomata re-opencd, thereby humidifying
the air and increasing advection. With :hc’application of water around
1600, moisture supply was ample and the advective influence more
pronounced. Again, Figure 4.8 b compares estimatea (equilibrium +
advection) evapotranspiration with measured values and Figure 4.9 shows
the regression relationskip (r = (.9, s{ope = 0.96). Regression of QE
measured and Q% yields QE = 0.560 Q¢* - 0.083 (r = 0.90). Figure 4.10
suﬁmarizes the relationship between measured and predicted QE for the

six complete 24 hour periods of the data collection period (r'= 0.95).

A.&,/KEZZ;SIS OF RESIDUALS

-

In general, the greenhouse combination model has provided a fairly

good representation of measured evapotranspiration. Approximately 9C% of
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the variability in actual evapotranspiration can te predicted by mcclel
estimations. This is approximately 1C% more explaﬁation than provided
ty a bimplé regressicn of QE mea2sured and net radiation. The regres:zion
ecuations of ccurse have different slopes to account for the advective
affects on QE.

The CCrived wodel, howevers, contained a feurth condensaticn
term which was not treated ¢xplicitly. ' In the absence of instrumental
or sampling errors, the difference tetween measorements and model vaiues
could be attributed to condensation. Figures &4.2la , 4.11b and 4.llc
are the caily plots 6f1differcnces for the three previously discussed‘

days.

The results indicate that the data and/or the analysis is too
¢ruce to provide an analvsis of condensation. The results indicate that

glazing condensation and condensate évaporation (negative cordensation)

occurred at various time: throughout the day when/}t was otserved that no, )
condensation existed. Furthermore, the magnitude of the value: is
probtabtly incorrect. The calculation of the residual was based on per o

meter squared of glazing area. This was felt to be the most physically

TN
satisfying means of presenfng the dare as chkservartion indicated that
~

nost condensate accunulated on the glazing., However, the wall of the

Brace greenhouse did not ren2in dry. Correct parameterization lies

- &
sorewhere tetween the present assumpticn and one- where-condensation occurs

uniformly on glazing and wall. . . ‘

-

Nevertheless, the trend in residuals is interesting. All days
indicate & peak in condensatien in early morning with a subsequent

cecline to negpative values shortly thereafter. This is consistent with
the mere rapid rise in greenhouse air temperature and vapour pressure‘than
/ ,

.
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outside before the fan comes on. As ventilation commences measured QE

i

exceeds that predicted ty the model. The source of this moisture is the
glazing condensate.

Interestingly, the June 11 values are minor compared with those

for the other two days. June 11 was a dé?gwhen particular note-was made

of the absence of appreciable condensaticn. However, the closeness of
r : -
fit between measured and model results on this day is almost certainly

- 14 ‘ .
fortuitous and may bte attributed as much to the small varjatility in

’

advectiorf as anything elze. .

This data set doues not provide a particularly good assessment of

s

glazing condensation in greenbouses because outside air temperature was

typically only 1-2 C below duw point temperature and therefor€ not

conducive to large latent heat exchange at the glazing surface. The

inability to expligitly treat condensation is disappointing in view of

the findings of Mihara and Hayashi (1979) which showed that condensatiorn

N N .
increas%a'greenhouse heat loss by 17%. This data set deces not permit

-

such analysis. N
<

4.5 THE GREENHOUSE ENERGY BUDGET. . N

' A

The present measurement program would preclude any conclusions

being_drawn regarding a "rypical® gréénhouse energy budget. Figures

4.12 a, b and 4.13 a, b indigate the energy budget and Bowen ratios

=)

for May 26}&ﬁ3\132f 11. The Bowen ratio was lower and much less

v

variable on June 11 whes the crop canopy was develcping and exerting a

greater influence on enc etﬁcs..’Yet, it is doubtful chat.che frll

. c - ..
significance of advection is demonstrated in these examples owing to

the restrictive vencilatiog regime.' Certainly, very'small or negative

. -~

y

60

-



BOWEN RATIO
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Figure 4.12. a. Energy budget components for May 26,
Figure 4.12, b. Variation in Bowen ratio for May 26.
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Zowen ratios are not a;proachec in these cases during the daytime. ,

One interesting cutcome of the energy hucget results is presented
in Figures 4.14 and %.15 . Model estimates of the latent heat flux
are ad&ea to the sensible heat flux. The sum slhculd equal met available®
energy. It 1s apparent that although the smallest and largest values
compare well there appears to be a tias towards overestimating QH + QE
for intermediate values. A plausible explanation for this stems from the
undercstimation of net available cnergé. Net radiation was measurced
directly but as mentioned carlier, gencrally underestimates true net

h

radiation due to shading effects. Another factor may invelve the
horizontal divergence of net radiation. As the crop increases in *ght,
the sides of the crop around the perimeter cf the greenhouse preseng a
large area for radiation receipt. An upward-viewing pyradiometer is
unatle to account for the incident flux on vertical surfaces. At noon;
when the sun ib-near the zenith this is of little consequence. Similarly,

L .
near dusk the entire_growing surface is shaded by the opaque north wall.
In mid afterncon or morning, the maximum -effect would be expected. A
comparison.of the June 11 and June 24 results indicate that the greater
errors occur when the‘c;op is taller. This protlem may te accentuated
in winter. Cbnversely, the error may be insignificant in large
commercial greenhouses where the perimeter of the crop, as a propertion

of the total growing area, is smaller.

4.6 -THE GLAZING U-FACTOR
The values derived for the glazing U-factor vere determined from
. A " -
A 1 )

_ w S5 - =2 -1 -1
Uo = [ -7 Ly 8Tz 2T, (eim 8 e (4.1
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where U is the wall U-factor, Aw A AG ar¢ the areas of wall,
w 5

2
ground surface and glazing respectively (m”}, AT is the inside-outside

2,1 -1

T wads

-1
1e-1y.,

temperature difference. A value for U of 0.001759 Mim
2 -
determined from tables of Mazria (1979) ( =0.086 BTU ft 'k

-

The values for the glazing U-factor varied from a mininum of

1 2 -1_-1

£.0103 to & maxinun of 0.0133 Mim “h~1¢™! (= 0.50-0.65 RTU fr™>n"lF~1).

The smaller of these values is only 70% of that most conmﬁ%ﬁy repcrted

1

-2, -1 -
‘"h "C 7). The larger

in the literature-for douhle_glazings (0.0143 Mim
cf the two values occurred on a single day when average windspecd
exceeded 5 ms™ (11.3 mop.h.).
One explanation for this dibcreéancy with published resules may involve
a sampling error of inside air temperature. The dry bult temperature of the uppér
psychrometer was used in the evalua;ion of AT. 1t was chosen because
it was located only 0.5 m from the ipner polyethelsne surface. Nevertheless, -
due to its location near the ridge of the greethh{f where warm air tends
to accumulate, particularly if recirculation is poor, AT may have Leen
too large, therety reducing the dcriged value for U. However, three
common practices in estimating U -factors tend to bLias derived values for
U  towards overestimation. First, inside temperature is commonly
recordea centrally in the greenhouse near screen height. This is not
particularly effective in estimating air temperature near'the glazing.
Second, studies are usually conducted in the heating beason-when latent
heat transfer at the glazing is at a maximum. Third, soil heat flux is

rarely subtracted from furnace or toiler ocutput. Mocel sensitivity to

assumptions regarding glazing y -factors is presented in Chapter Five.
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4.1 VENTILATION RESIST:\‘N.CE

Figure 4.16 illustrates the change in the derived values for
the ventilation resistance from May 26 to June 24. The results appear to

-

correspond to the anticipated growth of the crop. Unfortunately, there
is ne independent asseésment of T, other t?an that the derived value
for May 27 appeared to provide sétisfactory results for May 26. - Although,
.it should be noted that May 26 residuals showed the greatest variability ‘\\
cf all days analysed. The ability of r, to indicate crop growth in a
pericds as short as two days (eg. May 27 to May 29) would seem to te
fortuitous considering the uncertainties in the mecdel discussed thus far.
of course; the cata presented are for the period of mést rapid plght
growth and extrapolation of the relaticnship wculd be unwarrantecd.
Nevertheless, it .appears that variatiens in r, related to dry matfer

production or leaf area index would warrant further study.
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CHAPTER FIVE
MOLEL SENSITIVITY
The ability of the greenhouse combination model to predict
evapotranspiration depends on the proper parameterization of severual
terms and measurement accuracy. Similarly, these two types of potential
error determine whether measured evapotranspiration is a true
N v
representation of realitv. Because (2.3) was used to determrine actual
evapotranspiration, medel estimates and measured values are not independent

of each other. For example, errors in the assumption of ventilation rate

and temperature manifest themselves in both measured and model results,

.

though not necessarily to the same degree or even of the same sign.
Cravimetric or lysimetric measures cf evapotranshiration dc provide
independent measures cof QE: but were not a part of the measurement
Lrogram,

The abtility of the co%bination.model to approximate mtrue
evapotranspiration as defined by (2:3) has already been illustrated by
the pler of residuals for three measurement periods. The effect of -

systematic error in three assumptions and three measurements will be

responsible for this result.
- Figure 5.1 2 shows the effect of a + 20%, + 10% and 0% change

in ventilation rate leaving all other assumptions and measurements

68
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unéhangeds Changes in ventilatien rate have a greater impact on measurec
QE than the advection term ¢f the model. Departures 2re greatest at
midday when fAe is largest and zero when the fan is‘off.
Figure 5.1 b shows the effect of similar percentage changes in
"ventilation resistance on model agreement. The result indicates that
errors in esti;ating r, are not és important because tﬁe ventilation
)}resistance appcars jiy(illtht model formulations. What is different
in this case 1is that changes in T magnify toth the positive and
negative changes in the advection rerm, unlike ventilation rate where
positive errors cause modei underestimations at all times. |

Figure 5.1 ¢ shows howrerrors in the U-factor affect model

agreement. Errors are gredatest when the inside-cutside temperature

70

difference is the largest Lut hecause of the relatively small magnitude ¢

) . -~

of QH* in relation to agvection and equilibrium terms, fairly large errors

can be tolerared.

4
Figure 5.2 a demonstrates how + 20%, + 107 and 0% errors in

net radi;tion affect model agreement. All differences here are a

result of changes in the ¢quilibrium term of the model. Mocel agreement

is much more dependent on accurate radiation measurement than any of the

errcrs discussed so far. It highlights the importance shading effects

wray have on model agreement and limitations posed by using solar radiation
. -~ -

as a surrogate for net radiation if Q* is not measurgd.

Figures 5.2 b, ¢ indicate the effect of a i}&%, + 2% and 0%
error in‘drf;bulb and wet=bult temperature measurements. The effects arel
pronounced and compare with 20% errors in radiation measurement. While
ch; tan is off temperature measurement error has lictle effect on measured

-

QE because the rate of change in T and T, are used to calculate the
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’ <
latent heat flux. When the exhaust fan is on, errors in T and T,

- & . ;
manifest themselves in the advection term as well. Particularly when

4D is small, very slight errors in T or T can reverse the sign of
o .

the advection term causing poor model! agreement. Errors in TH are
seen tc have 2 greater effect than similar errers in T. This results

from the mettod of calculating vapour pressure using (2.17) and (2.18).

-
-

The accupate measurement of temperature is the most important requiremefit

-

for the successful+applicaticn of the comtination model.



CHAPTER SIX

. THE" COMBINATION MODEL AS A DESIGN- TOOL

The combination model p}ovides a usefu% framework to examine the -
. A .

envirommental control t'at greenqpuge structure and management exercise -

on the micro-climate. The equilibrium term of the model is dependent on

-
-

+ - B .
- the available energy, at the surface. Both the net radiation and ground

. . ) - P . .
heat flux are terms uh1ch the greenhouse-designer can control. Solar

1} X - - .

transmission by various greenhouae >cructures and glazing materials has

\K\ been a traditional fOCUb of research. Hourly transmis: lons range mostly’

-

between 467 and 13?1. The longwave radiation transgittance of commonly
used glazings ranges between 0.0 and 0.9. .The enhagég;ent of ground

—— . o
heat storage by increasing thermal mass has been the focus of recent ‘5&

research aimed at maximizing the splar héating'frgction of the total

-

PR

heating load. Limited experimencaciog:indicétes that this fraction can
. ‘ . I3 - . ' .
. reach 100%. : h : ) -

Glazing heat loss can be controlled by'choice of gréenhouse ¢

. Structure and glaziﬁg.i Unfortunateli, optimum solar transmission

¥

'_chazgégéris:ics do not correspond to Yptimum heat retention characteristics. -

Hence,glazings have been designeﬁ.io optimize the former while moveable

‘curtains or panels havé been used to provide the latter.

- The advection term of the model describes the impact of importing

energy from the qucsideienvironmenc. The 1arges: éffect of.greenhouse v

decign'}s hrough ventilation rate. Changes/in the vehcilacion.resiscanéés
T ] . (5 '/ -. ". . .
xesulting/from different” fan speed are within the control of the designer,

] L ’ . »
. - . R \ .
s . ) .
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subject to economic constraints. Changes in the ventilation resistance

resulting from crop growth, however, are less well known. As the data

analyzed in this sctudy suggest, with a fixed vaentilation gate, the
) -
ventilation resistance increases dramatically during the early stages of

canopy dgvelopment. However, the limited data set is not-representative
of a fully developed canopy nor typical of monocultures raised in’

commercial greenhouses. Row orientation and pruning practice may also
A

influence the ventilation resistance. Nevertheless, traditional .cropping

sérategies_may exhibit 'typical' ventilation resistances which will

. - . , .
. .

facilitate the design of ventilation systems.
. o . ~

The advection term also-demonstrates the influence of ambient

air temperature and humidity on the latent heat flux. Geographical and

temporal varia:1025 in wet-bulb and dry-bulb air temperatures clearly
. i . : )
precludes %.single ventilation rate. from being appropriate in all

environments. However, the greenhouse designer may also maniplulate the

incoming: air :éﬁperacure and humidicy by use of e%aporacive pad ceooling’

systems. By drawingnthe intake air through a wall comprising a water-

-

soaked porous pad the dry-bulb temperature is lowered to within 1.5 C of

the outside wet bulb température. - The impact of thié‘praccice on the

greenhousq_micréclima:e 3111 be discussed later. It is pointed out,

however,’ that a constant intake wet bulb depression simplifies the

parameterization of'deection.
The fact that the three terms of the combanacion model can be

manipulated. by greenhousg design 5uggesh§ that a unique combinarion will

N - .

define an og;imum environment. .Defiﬁing an optimum environment poses

several questions. In cdmmegcial gréenhousqs, maximuth crop profitability

L] -

has cra@itionaliy been used as. a mqasurh of- the degign's success. This

74
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approach suffers from both management and markét influences. The

environmental .conditions necessary for optimum plant productivity are no

L 3

more straight forward. Although. this area of research is beyond the
scope of this thesis,it is of note that the last several years has seen
significant redefinition of optimum light intensities, particularly in

elevated carbon-dioxide atmospheres in greemhouses, and in optimum root
. -

temperature environments (Simpkins et al., 1979).
Not only would the optimum vary between crops but the optimum for
crop growth does not necessarily coincide with optimum solar hearing or

. ‘ , ™~ -
water application {f this resource were scarce. The optimum for solar

heating 1in particul?{/’would be of interest in domestic greenhouses where

energy saving is valued above pIant production.

-

. For the purpose of this discussion "potential evapotranspiration”

will be used as a benchmark condition. It will be definegd, as the conditiod

where 100% of the net available energy is utilized in evapocraﬁspiration.

4

From (2.1) this corresponds to

QE = Q* - QG - ] é\/ - (6°1)
This ‘condition is of particular significance. ft_;mplies that €ensible

‘heating of the air is absent. ce, conditions under which (6.1) apply

" are the coolest possihle without the aidfof artificial refrigeration.

L

All of the radiant energy absorbed by the .crop is dissipated by the latent

heat %ux. '

. . - L4
No energy remains to warm the crop above air temperature. Hence,
sensible heating is suppressed._ This condition is beneficial to plant

dry maccélaﬁproduction. Dry mattet production {s positively correla‘?e'd
- L ]

~
B

Fd



6.1 ,METHOD OF ANALYSIS . D

76

with evapotranspiration (Monteith, 1975). There are two principle

reasons far this. First, high leaf temperatures enhance respiration.
.4 : .

o
Since respiration-is a process which consumes carbohydrates produced by

photosynthesis, net photosynthesis and dry matter production are adversely
> ) '

affected when leaves become too hot (Thiessen, 1976; Oke, 1978). Second,

¢

soil nurtrient movement

b

o

-
transpiration is the primary transport mechanism for
-

into plants. The cessation of transpiration severely restrigts root
solute.uptake (Crafts, 1961). Thus cooler leaf'temperacutes and high
transpiration rates corfe5pond to optimal plant growth all other factors
being constant.

" The condition of zero sensible heating corresponds to a Bowen

ratio of zero. Several workers have found that evapotranspiration equalled
dr cxceeded net available energy. This measurement program indicated

~

that QE never exceeded 70% of Q* - QC.‘ Thus a Bowen ratio of zero delimits
A Co . ) '

those Yesults reported in the literature for greenhouses from those

positive values for g commonly reported in open non-advective landscapes

and in this measurement program. A zero Bowen ratio also corresponds

to the poorest conditions for collection and storage of solar energy from ,
the sensible heat of the air. This does not represent the absence of

solar collection altogechér because of the energy collected as QC' However,

it does point out a basic fhcombatibilﬂty between optimal plant growth

and sensible heat collection.

»
-

. < ‘ .
- ~
+The greenhouse combination modél is given by

* .
o = = (armq) + 2o *’>\ X "
A Y LR Sl P (6.2)

. _ (

. -

T
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When potential evapotranspiration exists, sensible heat flux is zero
which implies that the c¢xhaust air temperature equals the inlet and
outside air temperature. Glazing sensible heat flux and condensation

flux are both zero. Thus (6.2) can be rewritten as

-
. pcC y
- Q= s%y (@*-Qp) +—E ((T-T ) - (-7, 0] (6.3
v A Y
and
pc ]
r
T Y

we = Tut TSy e, (%) - (6.4

»

Equation (6.4) indicates that for fixed values of net available energy,
ventilation resistanqs and exterior wet-bulb temperature at screen level,

there 1s a unique valuc Tor exhaust wet-bulb :cmperathre such that the

advective term of the combination model is sufficiently large for

~

potential conditions to exist. The upper limic to T 4is T , =T =T,
, we wé e i

“corresponding to saturated exhaust air. The lower limit for ‘I‘we is Tue
= Twi’ corresponding to thke absence of advection, which implies that the
intake and exhaust relative humiditiesraré equal. . .

If :he'derived.valué of Toe liés berween these two liﬁits,:heh
potential conditions are possible 1f @ater supply:doéS'noc_rescrict
evapotranspirition. If the derivel value lies outside the two limits, then
potential conditions (and a zero Bowen ratio) are not poséible.

Hourly solar radiation and dry and wet bulb temperature data were

collected for the meﬁeorological station at Woodbridge Ontario, ‘near
Toronto, approxidateiy 60 km- east of the measurement site at Greensville.

Hourly average monthly solar radiation fluxes were reduced from clear
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sky data for the years 1968 to 1978. C(lear sky data for the months of
June and S%ptember were analysed corresponding to the time of greatest

solar intensity and the end of the ventilation season respectively.

6.2 RESULTS
The solar transmission for the Brace greenhouse was determined

from-data collected from the measurement program of 1978. During this time

Fa

very little data was collected for tocdlly-;vercast~sky condirtons because
these were almost always accompanied by vigorous thundergcorﬁ activity .
which made data collection inappropriace. Thus, the solar transmission
data for all of the measurement program illustrated in Figure 6.1 are

for clear sky conditions. The inside and outside radiation regimes were

" -
related by regressions, K+ i - 0.009 + 0.254 K-&o + 0.138 K4 0“ (M m 2

h-l, r = 0.97) and this relation was used to derive inside hourly

radiation values from the Woodbridge data. Différential roof and wall

. =2 - ' -
transmission is represented by the inflection point near 2.0 MI m  h 1.

The determination of net radiation inside the greenhouse was less

straightforward. As3discussed earlier the regression of inside net - \

radiation upon inside solar radiation, while having high corretation

- -

coefficients, h&d varying slopes throughout the measurement program for&

%

individual days. A physical.explanation for this involves the variation’

in the upward emitted surface longwave radiation flux. After several

- . I3

Lo ’ -
uninterrupted clear days the soil would continually warm. The increase 4

in soil temperature and particularly the increase in soil surface

- .

temperature Increased the emitted longwave flux thereby decreasing net

Y ) . . ’ .
radiation Q*. Conversely, on a clear day which followed severfl rainy

days, the soil block ‘was cooler’thereby moderating surface temperature.

As a result the upward longwave flux was smaller and Q* was larger. One

would expect similaggseasonal or diurnal trends in net radiation as a result

1
»
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of soil ;arming as well.

Evidently, the soil heat flux QG followed a similar pattern as
well. .After the soil block had cooled following several rainy days, on
2 subsequent clear day a large vertical temperature gradient promoted a
large.boil heat flux. After the soil block had warmed following successive
clear days, the vertical temperature gradiegt-aqd/or soil thermal
conductivity had decreased sufficiently to inhibit soil heat flux.
Maximal soil heating thus, coincided with ma;imai net radi;tion and vice
versa. This implied that variations in Q* - QG 'net available c¢nergy,
would tend to be conservative with respect to either alone. %fgﬁre 6.2—
shows .the regression of net available energy and inside solar radiation

.

for all data measured in 1978, (slope = 0.61 r = 0.94)., The relaﬂionship

N

-

is very satisfactory dEbpiﬁg{C%c inclusion of rafrer effects but more
importantly, thé rcgres»ionslfor individual days showed slopes varying
between 0.59 and 0.63 with similarly high sgaqistiﬁalicorrelatfbns- This
indicated that net available energy ;ould be estimated from outside solar
radiation fo£ cloudless dgys and since net available energ; was required
for (6.4),the necessity to estimate. Q* and QG independently, was eliminated.
Fiéure 6.3a shows tﬁe dsrived values of Toe (dotted line) for i
l|Toronto. The upper solid 1£ne is the exhaust and therefore intake dry-
bulb temperature and the lower line the intake wet-bulb temperature. The
assumed vaEue for the ventilation resistance is 0;03 hm.-1 corresponding
toé largest 5§Hae measured ;; the 1978 measpremént program cof%ésponding to

an underdeveloped

Crop Canopy.

HY

The results indicate that.potential conditions can not exist in

|

the Brace greenhouse in this locale for most of the day because the exhaust

wet bulb temperature would have to exceed the exhaust dry bulb tempecature,

Y
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which is an impossibility. These results corroborate the 1978 experimental
findings which indicated positive sensible heat fluxes at all times and
thus conditions under which zero or negative Bowen ratios could not
occur. It was postulated that the low ventilation capacity of the
experimental greenhouse was responsible for inhibiting advection.
Figures 6.3 b, ¢ and d indicate the effects of in;reasing the
ventilation rate by a factor of 2, 4 and ©. The stippled area indicates
the potential for negative Bowen ratios under these ventilation regimes.
Since Lﬁe dotted line Tue represents the derived value for the boundary
condition of (6.1) then an exhaust wet bulb temperature in excess of this
indicates greater e¢vapotranspiration than can be accounted for by net
available energy. Hence, negative sensible heating and thus ﬁegative"

) -~
Bowen ratios would prevail if actgal Twe fell into this zone. As the
ventilation rate and thus deection become more pronoynced,the Liieliﬁood
for this to occur increases. Ventilation rates two to three times greater

~ . -

than those used in the experimental program are likely to be more tyg£5a1
of those used in commerciallgreenhousés. Ventilation rates six‘time;. |
as great may not be cbmmonplace,although it-is not unreasonable that an
open-sided greenhouse ma; permit suﬁh air exchange during windy con@i:ions.
An inceréstihg feature of Figure 6.3d 1is that almost any exhaust wet

bulb temperature be:ween"re and Tw in Toronto would be sufficient to

i

promote potential evapotranspiration with this air exchange rate. It
would geem reasonable to assume therefore that the experimental findings

of the authors cited earlier were.plausible for a given set of environmental "

conditioqg.
-, . - .
As (6.2) and (6.4) indicatesadvection is not solely determined by

the ventilation rate. The humidity of the intake air influences advection,



-

Furthermore, the derived exhaust wet bulb temperature is also inf luenced
by the radiation load or net available energy. The daily trend of

T, illuscraczes this. 1In Figure 6.1b for example, zero Bowen ratios
<

are possible in early morning only if the exhaust air is completely

_’

saturated. This is because the intake wet bulb depression is quite small.

As the relative humidity of the intake air decreases towards mid-day

exhaust humidities below 5aturation will sustain potential evapotranspiration.
This occurs despite the increase in net available energy towards noon.

As net available energy begins to decrease afrter noon, derived values of

Tue decrease abruptly vven though intake wet bulb depressions are

relacively constant. This rcsults‘érom thé tncrgase of the advective term

in relation to :Ee equiliSrium term, as is indicated in (6.4). When the

. - -
radiation load decreases it becomes e¢asier for advected energy to augment

equilibrium evapotranspiration to potential conditions.
o

-

Figure 6.%4a, b, ¢, Jd shows a similar pattern for Toromto in

~

September. In September however; it is more likely that potential conditions
will exist. Despite the slightly smaller intake wet bulb depressions, the

radiation load at the equinox is sufficiently small to be dominated by

v’
advection. Again, potential conditions are seen to be only unlikely in the

case of the ventilation regime used in the experimental greenhouse.

-

It is apparent. now"that for a given outside set of solar radiation
; v ’ ' . : ) ”
and temperature conditions there is a range of ventilation rates which

could satisfy potential conditions. The minimum ventilation rate is qne
which occurs when the exhaust greenhouse air is saturated. This

corresponds-to Twe = Te'= Iﬂ. Fromequation (6.4)

('I‘A-T"‘ﬁ) C . , ) -
v = :; O . 7. (6.5),
&5 (T - Q) :
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The daily trend of maximum allowable ventilation resistance (minimum

venrilation rate) for June and September for Toronto is shown in Figures

6.5 and 6.6 . Although traditional greenhouse fan operation has . .

been in the on/off mode, more recently staged .tharmostats and controllers

have permitted a multiplicity of vefptilation rates in commercial

greenhodses. 1f a controller were gonstructed which measured outsid£~
wet bulb depression and inside net available energy or if the latter

Jere estimated from known radiation transmission functions of outside

p .

solar radiation, then real-tfme control of ventilation rates would be S
. s . .

possible. The major® obstacle to this  at this time 1is lack of knowledge

of crop effects on the ventilation resistance. It should be noted that

-

ventilation resistances derived from (6.5) are the maximum aL}owable and
that lower resistances should constitute a design objective.

As Figures 6.5 and 0.6 suggesty the maximum allowable ventilation |

) ' . . . \
resistance to achitve potential evapotranspiration is dependent on the .

2 R

radiation load. Since both the short and longwave radiation fluxes inside -
"and soil heat flux are influenced bj-greenhbuse design, the choice of o

structure {ncludiné glazing type 1is as critical a design decision as =

ventilation rate. Figure 6.7a, b, ¢, d indizaheé'hoq + 20% and - 50%

change in net available energy inside influence the Brace experimental
" greenhouse in September for Toronto. Twenty per ceng changes in net -

“radiawion are well within those reported in the literature for solar

L :
|';--._

radiation. Differences between longwave fluxes between polyethylene and
‘ - . . . Y- - . - -
glasshduses”may be expected to vary by a. similar ‘magnitude although very '

little'gxp;rgmencal evidence has been collected Ll’this area to date.’ .dj’——‘\\\\_—

- - Lo oo b
variations in cordensation and dirt accumulation alone have ‘been _shown '
to affect radiatid trhn§£lssion in excess of 20%. GeneTrally' however,

N o N - T4

“ o~ . - "
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the focus of greenhousc design has been to maximize solar receipt thereby

- . — -
allowing light saturation levels whichmaximize photosynthesis and dry

matter production. It is net clear that reducing the radiacion lead to
enable potential evapotranspiration would outweigh the negarive aspect
of lower light intensitiecs.

An important consideration in this regard results from the findings
of Chiapele and Damagnez (1977) and Van Bavel (1979) who have studied the
effects of glazing greenhouses with spectral bgndpass filters. The
glazing permits the transmission of photosynthetically active‘radiation,
necessary for plant phoﬁoﬁyn:hesis but absorbs or reflects the ultraéiolet'
and near infrared wavelengths., The filter has been shown Lo reduce net
radiaticn by as much as 50%. Figure 6.7d indicates the pattern of
exhaust wet bulb temperature uiﬁh &8 50% reduction in net available energy.
Comparison with Figure 6.4 indicates that the likelihood of potential
conditions are similar to those for a twofold increase in ventilation
rate. This type of greenhouse glazing is becoming commercially available
‘sdﬁ?he ;dded cost of this design remains unclear. It would of course
be decreased by the reduction in required fan capacity and operating
costs.

Figure 6.8 generalizes thenrelaticnghip between maximum
&gntilation resistanee, exhaust wet bulb temperature and outside solar
radiation for the Toronto summer. For typically high noon-“Royr solar
radiation levels the ventilation resistancg is relatively insensitive
Lo temperature. For example,if the intake ~wet bulb temperature is 15 C
and the intake dry bult temperature is 27.5 C,then saturated exhaust air

has a maximum allowable temperature of 27,5 C. This corresponds to a

ventilacion resistance of 0.03‘hm-1 which is the resistance determined
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fer the end of the 1978 experimental prcéram. Since saturated exhaust
air correspends to the maximum allowable ventilation resistance (minimum
fan rare), then a minimun intake wet bukp depression of (27.5 - 153.0 =)
12.5 C is required to enable pctential evapotranspiration to proceed.

An intake wet bulb depression of 5 C indicates that the saturated exhaust
air would have a temperature of 20 C. This corresponds to a ventilation
resistance of 0.013 hm-l or an increase of ventilation rate of almost
230%. For an in;ident solar flux outside of 1.0 HJm-zh-l, the
corresponding maximur allowable ventilation resistances would be §.13
— and 0.C55 b ! respectively (= 210%). For lower radiation levels
lower fan speeds and a smallerabsolute change in fan speeds are necessary
although the percentage change remains relatively unaltered.

-%igure 6.% 1is similar to Figure 6.8 but expresses the relationship
between ventilacién resistance and- intake relative humidity. For low
radiation loads fairly high relaﬁive humidities can be goleratcd. For
example, for the lowest radiation curve, intake relat%ve humidiries as.
high as 90% will still permit potential evapetranspiration with ventilation
resistances corresponding to those in the~mea§urement program (0.03 hm-l).
However, under typically high noon hour loads the "intake air cannot
exceed 30% R.H., if potential conditions are to prevail.

This has interesting implications for the design of evaporative

pad cocling systems: As Monteith (1981) demonstrates, it is erroneous

-
-

to assume that cooling the intake air by saturating it reduces surface
" temperature. The opposite isy in fact, the case. This'is because the
surface in question 1is composed of leaves which have their own

evapeorative cooling system comprising the stomata. As saturated air

enters“the greenhouse, it is unable tc accept any more moisture unless its
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temperature is increased. Upon encountering leaves,it creates a
situation where the vapcur pressure gradient between stomata and air is
zero or negligible. Thusrranspiraticn ceases. At the same time however,
the leaves are accumulating radiant energy and increase in temperature.
This creates a large leaf to air. temperature gradient and sensible
heating of the air ensues. Evaporative pad "cooling" systems cause leaf
warminé. Leaf warming allows plants to dispel accumulated energy
through sensible heating. However, the presence of sensible heating
violates the" design requirement for potential evapotranspiration or zero
Bowen ratios. As Figure €.9 illustrates, for saturared intake air
the ventilation resistance must be zero and hence the ventilation rate
infinity to achieve potential ¢onditions. In practice, commercial

-
evaporatiﬁé pad systems may only decregse dry bulb temperature to within
1 or 2 C of the outside wet bulb Eemperathre. Even at relative humidities

-2 -
of 95% however, ventilators must have a rate of approximately 103 m3m h 1

to achieve resistances as low as 10'3 hm"l. The difficulty in supplying
such a ventilation rate i: compcunded by the aerodynamic resistance of
the pad itself which reduces fan efficiency.

Since zero Bowen ratio; are clearly impossible with evaporative
pads it is interesting to postulate what effects the pads do indeed
have on the greenhouse microclimate and the plant.

"Since the leaves are increasing in temperature and warming the
air, the humidity will fall below saturation and the air will be able to
accept more moisture. As well, the vapour pressure of the leaf will

increase. This will promote a positive vapour pressure gradient and

permit the leaf to transpire to some extent.
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Examination of the advection term of the combination model
indicates that the maximun amount of transpiration that can take place
would saturate the exhaust air. This corresponds to an exhaust wet bulb
depression of zero. Since the intake wet tulbk depression is also zero,
this would correspond to the absence of advection. If we consider for
the moment the situation where average inside temperature eguals cutside
tempcracure,then tle glazing heat transfer terms are inoperacive. Hence,
evapotranspiration will proceed at the equllibrium rate. If the exhaust
air was less than saturated, then the advection term becomes negative
and evapotranspiration‘is sub-equilibrium. As well, the reduction in
transpiration that would coréespond to a p;b{tive wet bBulb depression
impiies a coincident increase in sensible heating. Thus, the inside air
temperature would increase and the glarzing heat loss would also reduce
evapotranspiration to sub-equilibrium levels.

If the greenhOUhciyere initially designed for potential
conditions, then saturated exhaust air would correspond to the cendition
where all net dvailable energy was utilized in transpiration ( 8= 0).
The installaticn of the evaporative pad causes sub-optimal evapotrans-
piration even when the exhaust air is saturated. The increase in leaf
temperature and decrease in nutrient uptake associated with suppressed

-

evapotranspirafion would not improve plant productivity.

Finally, the evaporative pad would serve a useful function in

-
-

highly advective enviromments. In a desert situation for example, where
the intake wet bulb depression is very large and the radiation load very
high both the equilibrium and advection terms may promote an evaporative

flux which the plant or soil moisture regime is unablé\(grﬁupply. When

stomatal closure ensues toth nutrient uptake is diminished and leaf
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temperature increases. A case could be made therefore, to regulate

the intake air humidicy by diverting a portion &f the influx through

an evapcrative pad system, thereby parczially mocifying the advective
T

influence. As Figures 6.8 and 6.6 suggest, however, modifying the

radiation load would have an equal if not greater impact on the

evaporation rate.
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CHAPTER SEVEN
CONCLUSIONS AND RECOMMENDATIONS -

A physically based greenhouse evapotranspiration merl has been
,develeoped and zested with data collected from an experiﬁen:al greenhouse.
The model accounts for fou; processes which affect evapotranspiration.
These are radiant energy supply, advection, glazing sensible heat loss
and condensate accumulation on the glaecing. The first three of these
terms can be evélugted with meteorological measurements. The last term
requires measurements cf the amount of condensate on the glazing.

Concensate accumulation was only assessed qualitatively in this study

and was cmitted in the analysis. Comparison of hourly model estimates

-
L]

with measured evapotranspiration stowed very gocd agreement when the
first three terms alcne were used. The principle reason for gocd
agreement was the small magnitude of the condensate term in summer.
Nocturnal air temperatures were typically only 1-2 C below dew point
temperature which are not conducive to large latent heat fluxes at the
glazing.

The division of the eﬁaporative flux into three components
provides insight into the mechanisms-respoﬁsible and their relative
impcrtance. Because tle data analysed corre;pond to clear sky conditions;
it i3 relacively easy to discérn that short term fluctuaticns in
evaporapion are caused by variations in advection. This accounts in
part, for thg inability of empiriﬁal moE;1s, based ‘on in situ measurement

cf radiation alone, to adequately represent latent heating. Nevertheless,

the analysis indicates tlat radiation dominates evaporation on a daily
96

\,9
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basis. Since this is toc leng a tire interval for useful estimates of
irrigatipn requiremurts and for many solar heating applications, empirical
R .
models do not provide adegquate resoiuticnvfcr the prediction of the "latent
heat flux. The relative dmpcrtance of radiaggzh is greatest during the
s .

ncen hour period and diminishes cduring early ;Lrning and late afternoon.
In general, the relative role of advecticn iskgqpa:est in late afternoon
when relative humicdities outside are still relatively low and irradiances

are low. Relative rcles nocturnally are less clear because the
’ -
magnitudeof the fluxes are.sufficiently small to te cominated by
instrunental and sampling errors.
There is no single, distinctive greenkouse environment. The role
of advection in the evaporative flux is not limited only to short temm

fluctuations in evaporation but may be a significanr or dominant

cqomponent of total evaporation on a daily basis. The advective influence

_—

-

’
on evaporation is maximur when moisture supply is ample inside the
greenhouse, the outside relative humidity is low and ventilation rates
are large. Th» latter i» derendent on greenhouse design bur the former
two depend on lccation, season, weather and greenhouse management.

The interrelationships between outside and inside enviromments
as formalized by the mucel are largely within the control of the green-
house designer. The Bcwen ratio can be manipulated to maintain a wide
range of desired environments. By altering fan speed, radiation
tranumission and incomirng rela:iqe humidity, the greenhouse is capable
of previding optimum environments for plant growth. The same three

-

variables can be altered to enhance sensible heating of the air for solar

heating purposes. Conversely, by leaving the design criteria unchanged



the crop will be subjected to varying demands in terms of sensible and;
latent "heating throughout the day and seascn. Although a éonvenient
assumpticn, th;s study shows that a constant Bowen ratio should nct te
assumed over a seatonal or diurnal period.

In keeping with the empirical findings of several authors
yevaporation can equal er exceed net available energy at the crop surface.
"The proces; wherein evaporation consumes all radiant energy at the éxpense
of sensible heating is bereficial to plants by léwering leaf temperature
ana maximizing nuttient uptake. Conversely, the condition of zerc Bowen
ratios Qeters the ccllecticn and storage of sensible heat for later use
as a means of reducing he;ting costs. Because a zero Bowen ratio alse
corresgonds to lafge rates of wacef usage, it may not constitute an
appropriateldesign cquctive in environmerts where water conservagicn is

importart. The evaporaFicn mechanisms delineated by‘the médel allow che
designer to create the microclimate required for a particular applicaticn,
with the inherent tradectfs in ncr sacisfying all applications
;imultane;usly. In pgrticﬁlar, maximal ;rcp,productivity in-coqpergial
greenhouses is not ccmpatible with the collection and storage of sensible
heat of exhaust air. As a corcllary to this, it is impor:ant to examine

L4 . .
methods of extracting and storing the latent energy in the exhaust air as
this "{s the principle if not exclﬁsivc process by which radiant energy

in greenhcuse enviromments is dissipated. i

Since cverheating is the principle prcblem in greenhouses in the

-

sumnertime,the combination mccel was utilized to outliﬁe design criteria
which would circumvent this problem. By manipuiating ventilation

resistance and radiative transfer through the glazing,the greenhoule

manager can maintain interior greenhcuse temperatures at or near

98



temperatures. This requires an ample moisture supply and maintaining a

water cemand cn the crop which does not exceed its vascular transport

capabilities. Empirical evidence from several greenhouses and from open

—_— .

advective landscapes indicates that this is peossible.

The practice of saturating intake air with evaporative pad cooling
e ) *
systems is shown to irhibit evapotranspiration and associated nutrient

uptcke. Locations with high humidity analogous to the evaporative pads
would similarly, prevent oprinal evapotranspiration rates from teing

attained.

A relaticm is presented which permits the realetime naincenaéce
cf cptimal évapocranspiration. The moritoring of inside net available
ene?éy and outsiae wet-bult depression aliows fo? an adjustment of fan
speed rthat will maintain desired conditions. Unfortunactely, the suitability

of this approach is not merely dependent ;n the volume of air passpﬂ
throug; the greenhouse but the efficiency with whiéh the air can uii)drau
sensible and latert heat from the surface. The data analysed suggest

that it beccmes progressively more difficult for air at a given exchange
rate, Lo accoﬁplish.chis during the early stages of plant development.

The resistance offered ty the plant canopy over its life cycle and for
different crops and planting strategies should constitute a primary

éocus in future studies. - .

The present data indicéte that the ‘requirement for direct
measurement of net radi{ation may be relaxed because net available energy
represéncéd 2 near constant propor:ien‘of inside solar radiation. 1If
the solar transmission characteristics of a particular design ﬁere.knpwn,
then the design requirements to obtain optimal evapoﬁranspiration could

-

be determined from routine meteorolegical observations of solar radiatien
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and wet-tulb depression.

With ventilators off, the combination model indicates that
evapotrinspiration is eadily determined from the equilibrium term when
the greenhouse is-the same temperature as outside. Of course, these
conditions rarely occur bse fans are usual];v turned coff when it's
cold outside. Hence the twe glazing terms may be significénf/at these
timesr. Although both se¢nsible and latenc hea; fluxes at the glazing
constitute energy losses,ﬁhcy kave opposite effectﬁ.on evapotranspiraticn.
The former reduces evapotranspiration to sub-equiliﬁ;ium levels. The
latrer enhances evapetfﬁnspiration ;hereby the glazing becomes a water
vapour sink for a closed hydrologic cycle within the structure itself.

Glazing heat tiansfer has been analysed extensively. Most research
has implicitly assumed that heat loss is in seﬁsible form. It is likely
for this reason that gla;ing heat loss coefficients derived in ttis

analysis were somewhat snaller than those commenly reported. Most of the

4 - -
lacter were derived for the heating season when glazing condensation is

a maximum. The latent leat flux at the glazing is difficule to
paréyeterize and this difficulty was compounded by.che small magnitude qf
the flux. However, it is imperrcant to discing;ish between c?ese cwo'ggdes
_of beat lo§s. wgile docuktle or triple glazings will benefit gfeenhouse
enérgy:conservation by reducing both modes of heat loss, transpiration is

adversely affected by e¢liminating condensaticn. It is recommended.that

their respective roles be distinguished in future studies.



APPENDIX ONE

RENHPIBLE HEAT FLUX MEASUREMENT
The ¢fnergy budget of uniform surfaces has traditicnally been
assessed by measuring a vertical pfoperty gradient and ascribing‘a
ciffusivity cr rgsisti»ity between twe or more megsureme&c heights.
For example, the surface sensible hear flux is evaluated by measuring
air temperature at twe heights above the ¢rop syrface and determining

the eddy diffusivity K,, between these twe measurement heights. Thus

T
Q plp K, T (A.1.1)

H = A

In order for the two temperature measurements to be representative

.

of the surface requires the assumption that any change in air tenperature

is in fact 2 response tc changes in the senéible heat flux telow. This
——d :
one dimensional appreach is appropriate in the presence of buoyant

convection Secause the’vertical transport of sensible heat from the
underlying surface represcnts the sole s;urce of energy for air warming.
This ignores radiative divergence within the air'ﬁass which is negligible
during the daytime. _

Equatioa (A.i $ been successfully applied in maﬁy instances
in the presence of mJ:::;jj::\ébnveccion. However, this requirgs a special
set of condition?;: Clearly, when the wind 1s blowing the air temperatures

————

\ ) .
being sampled by .the sensors are not determined by sensible heat flux from

the underlying surface but rather of some surface upwind. Nevertheiess, if

the surface upwind was identical to the study surface it is of little

E)
~
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consequence rhat measured air temperature did not originate from

directly below because its energetics are identical to the upwind -
location. When the measurements are made over an infinite homogeneous
plane the measurements are éaid to lie within the 'fully adjusted
boundary layer".

The successful measurement of the sensible heat flux using (A.1.1)
generally requires an evaluation of whether the upwind surface is
suffi;iently vinfinite" to-satisfy its assumprioﬁs.. An understanding of
the "1éading edge" effeéts of the upwind bouédar; of the study surface
ensures 1in the majority of instances that se;sors are suﬁcably located
for energy budget analysis of this type.

Several crop surfaces of interest however, do not satigfy these
requirements and necessitate a different method og analysis. Irrigated
fields fail into this cutugofy because quite often the fully adjusted
boundary layer is not aquiciently deep  for multi-level sensors to lie
;ithin this zone. ’

Dyer and Crawford (1965) demonstrated such an approach for

estimating the surface sensible heat flux over a heavily irrigated field.

The approach is based on a box model (Figure A.l. ) and is given by

k

. . aT .. .
QHO - QHh = pCP f Uﬁ dz . (A-1-2)

o

where QHo and QHh are the sensible heat fluxes of the surfaces and at
height h at the top of tte box respectively and u is horizontal wind 5peed;
This steady state two dimensional model assumes uniformity in the cross

wind component y. Thus measurements required include the vertical
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Figure A.1. Components of the Dyer and Crawford
model.

g
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distribution of temperature and windspeed at the upwind and downwind
boundaries of the box. The drawback of (A.1.2) is trtat although it

describes the energy traversing the four sides of the box it cannot
account for that leaving the top of the box. Hence the evaluation of

Q

- )
is limited to those”instances when QH is zero. Fortunately, in the

Ho h

case of irrigated fields QHh may be zero Eecause quite often a temperature
inversion occurs at some height above the surface. The reason for the
occurrence of inversions in advective environments is described in detail
in Chapter Two. Of importance here is the fact that a zero or negligibie
vertical temperature gradient at inversion height h implies that (A.1.2)
can be éﬁployed to evaluate the ;urface sensible heat flux because QHh is
zZero.

By covering the irrigated plot with glazing the use of (A.1.2)
can be extended to conditions where temperature inyersions are absent. Q
By placing a cap on the top of the box the convective exchange at height
h in the Dyer and Crawford model 1s replaced by a hybrid conductive/ .
convective exchange through the greenhouse roof. The sensible heat flux
through the top of che Loux is more easily parametevized even tﬁough 1t
may not in fact be zero. This is because the conductivity of commonly
used glazings 1s constant over the range of temperatures normally
encountered. 1If the irner and outer glazing temperatures are measured

-

directly then

“

= k.A_iI‘_ ' (A.1.3)

.

QHh

where k is the thermal conductivity of the glass and 1 is glazing thickness.

If inside air temperature and screen temperature are used then
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=U (T, =T ) ' (A.l;h)

-

=2 -1 :
h = W - and " hci he -
where U T7hei = 1/k = 1/hco (Wm C ") and hco and hci are the

outside and inside convective exchange coefficients.

In mechanically ventilated greenhouses hci is relacively cons:ané and
only variarions in hco affect the determination of U. With double or
triple glazings variations in hco have progressively less impact on the
heat transfer through the glazing and the glazing heat transfer
coefficient is more casily determined.

The greeﬁhquse.box model is”unique because we are dealing with aﬁ
eight sided® box. The base or.growing surface is the heat source. The
sum of heat loss from all other sides balances the surface sensible heat
«flux thus

AQy = pCPy (T,=T) + A U(T, ~T_ ) (A.1.5)

where AS and AS are the areas of the surface and glazing respectively,

U is the glazing heat loss coefficient or U-factor and y 1is the

ventilation rate. The thrgf dimensional conductive heat loss from the
four sides and top of the box are lumped iﬁ the secsnd.term ;E (A.1.55.
The assumption is made that che gréenhouse air is well mixed and that the
temperature and wind regime about the greenhouse is uniform. The first
term of (A.1.5) is analagous to the right h;qﬂ{;ide of (A.1.2) and
represents the ‘two extra "sides" of the greeélguse comprising the intake

LANN

and exhaust fans. The incéreasein temperature of the exhaust air Te over
_ [

" intake airlTi results from surface warming. The assumption is made that

the volume exchange of air 15 well mixed and hence the integration of
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air temperature over height is unnecessary. The exhaust air is
necessarily cooler than it might be were the greenhouse glazings a
perfect insulator. Hence, glazing heat loss is added to ventilation heat
loss to derive a value for_the surface sensible heat flux. A similar
expression to (A.l.5) is used for the latent heat flux and forms the

basis of the greenhouse combination model derived in Chapter Two.
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APPENDIX TWO
LIST OF SYMBOLS
glazing albedo
surface albedo

Bowen ratio

psychrometric constant

finite difference

glazing emissivity

surface emissivicty

angle (degrees)

latent heat of vaporization of water

micrometers

‘air density; longwave reflectance

Stefan-Boltzman constant -
glazing longwave transmission
ventilation rate

area <~

heat capacity N
specific heat
intake wet-bulb depression
exhaust wet-bull depression
evaporation rate

incoming solar radiation
reflected solar radiation
net solar radiation

eddy diffusivity for sensible heat

eddy diffusivicy for water vapour
length

incoming longwave radiation
cmitted -longwave radiation

net longwave radiation

atmospheric pres:ure
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incoming allwave radiation
upward allwave radiation
net radiation

surface sensible heat fiux
surfage-latent heat flux
soil heat f{lux
photosynthetic tlux

glazing sensible heat flux

glazing condensation flux

slope saturation vapour pressure-temperature curva

intake dry-bulb temperature

exhaust dry=bull temperature

average inside temperature

average outside temperature

intake wet-bulb temperature.
exhaust wet-bulb temperature

glazing heat transfer coefficient

air volume

widﬁh

glazing selar abserptivity
incake vapour pr-~ssure
exhaust vapour pressure

glazing vapour pressure
. £

saturation vapour pressure
height

glazing thickness

radius

tiﬁe

horizontal‘wipd speed

-
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