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‘the night,rauxiliary/peat is rgquiréd to maintain proper air
ry

" crops.

' pexforated, scorrugated plastic drainage' pipes,

. ABSTRACT ’ ' -

ngéuse of the low thermal mass of a typical commercial
gregnhouéé, the surplus heat captured by a greenhousé during

the day is' mostly ventilagfd to the outéide, while during

[ 5
fho5, 1

temperature. ”

The soil within a greenhouse represents an important

»

thermal mass, which is underused. By providing a suitable
heat exchange surface, soil can become a relatively 19w cost

storage material. Further, it has been shown that  a higher
R

root zone temperature will lead to a beneficial effect with
[ 4

regard to crop yield, while reducing the energy consumption.

] LA ., { .
Therefore, soil heat storage is advantageous for soil grown

a

Ahheaé exchanger-storage system, using soil as a sto- §
‘ {
rage medium, was designed and built in a NORDIC type green-
¢ . ’
house. The greenhouse oriented east-west, is located'ét the

Institut de technologie agro-alimentaire in La Pocatieére,

o T w

Québec, Canada.

The heat exchanger-storage system made of 26 non-

*

102 mm intﬂwy///

diamete;, was buried in the soil. Two rows of 13 pipes, 12 m
long, were buried at 450 mm and 750 mm respectively. The
pipes run parallel to the longitudinal axis of the gfeen-
house, and are spaced 450 mm apafi. A 0.75 kW blower was

- /
provided to circulate hot air collected in the greenhouse,




i1

DY -

¢

,tﬁrough the pipeslat a’{gj.owrate of 0.91 m3/s. The heat sto;-,

3

\; \ red was recovered both by convection at the s®il surface and

1

F

&

3

~

by forced convection in the exchanger pipes.

v

S The' storage has a seasonal temperature fluctuation of

10°C. The system performance seems to be more influenced by

~a

gree_rlﬁouse air temperature t;?han by incident solar radiation.

Values \for ‘the average coefficient of performance and pipe’

v a

1 , n
convective heat transfer coefficient were 3.6- and 12 W/m2°K

respectively. Approximatly 30 % of the. heat. recovered from
thel§torage is exchanged by convection at the:soil surface.

Results indicqte that solar energy contributed to 58 % of

-

* the heating requirements from February to June and from Sep-

-
hd )

tember to December 1986. This contribution represents 33 %

energy conservation. Further, the system seems to have a be- '

/\'

“~,,

p\x}eficial effect on crop growth and yield. For two consecuti-- ‘

ve grov'vihg\ seasons, soil grown tomato plants have produced
yields of 25 kg/m2<; by comparison, average vyields of 15
kg/m2 are éncountered in commercial greenhouses in Q{gebec.
. The ﬁayback period for the system is estg.mated at two years,

depending on the cost and crop management practice. ' ]
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o ¥  RESUME )

‘ J.La faible masse?:hermlque des serres de type commerc:Lal*
pose un probleme de gestlon efflcace de 1l'énergie thermique
qu'elles consomment. Penda@t. le jour, 1les surpius d'energle
solaire enterceptés sont évacdués a l'extérieur alors gque

b

pendant la nuit, un apport ‘énergéticjue externe doit étre

fourni. -

[ v

£ IS
Le sol d'une serre ,constitue une masse thermique impor-

°

tante mais sous utilisée. En augmentant la sufface d'échange
de chaleur, le sol pourrait constituer un maté“ii{u de stoc-
| kage ée chaleur relativement peu coliteux. ﬁe plus, il a été
'dém,ontré qu"en chauffant le sol, i1 esé possiblle d'augmenter

B ~ ° . .~ - -
les rendements des pkantes cultivées a méme le sol tout en
. .

diminuant la consommation d'énergie;'le sStockage de chaleur

a (3

& dans le sol pourrait:\ prermettre de profiter de ce double

N [l
A avantage.

\

/> ..

Un systéme combiné d'échange et deg stockage de chaleur
a été mis en place dans une serre de type "NORDIQUE", orien-
tée est-ouest et cgqnst‘ruite gﬁ-\l’l'Institut de technologie
agro-alimentaire de® La; Pocatieére.. Le systéme comprend 26
tugaux de plastique ondulé, non perforé, de 10 cm de dia-
netre, en;Eq,uis a 45 et 75 cm de; la-gurface respectivement;
l'espacement latéral est de 45 cm ernftre les tuyaux. L'air
chaud est recueilli au faite de 1la re et est poq.ssé a

travers les tuyaux par un ventilateur ayant unbdébit de 0.91

xi\j/‘g'. La chaleur accumulée dans le sol peut étre récupérée-

@




.
P L s
s

@ oo par co?duction’vers la surface et par convectlon forcée. dans

les tuyaux.

g

&/ A o ...l Des fluctuations saisonnieéres .de l'ordre de ,10°C ont
. : été enregistrées au niveau de l'ensémble de l? masse ther-
.mique. La performance du systémé semblé plus influencée par

- s la’ temperature de l'air que par le rayonnemégt solaire. Le
) ‘coefficient de performance moyen assdcié au‘systéme et le
coefficient moyen d‘échange“convectif dans l'geﬁéngeur ont

été respectivemerrt ‘de ,3.6 et 12 W/m¥K. Environ 30 % de

-

1l'énergie est récupérée directement a la surface du sol. Les

résultats indﬁiquent que l'énergie solaire a contribué a 58 %
-

des besoins';chermiques de la serre de février a “juiAn et de

. Septembre & décembre 1986. L'économie d'énergie réalisée se~
rait: de 3‘3 % pour cette ;néme période. De plus, le" systéme
pourrait avoir un effet bénéfique su'r les rendements des

‘ o cultures. Des rendements de 1'ordre de &ﬁ!yz ont été ob-
tenus pour une production de tomates eff’ectf:uée sur deux sai-
sons coneécutives; par comparaison, des rendements moyens de
« .15 kc_:;/m2 (sont obtenus chez 1les producteurs en serre du
Québec. Le délai de récupération de 1'investissement pour'ce

systéme pourrait étre inférieur a deux ans suivant les coﬁtsﬂ

- et le type de régie de production.

g
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. AG

AF

AI
AHUL

AHU2

AHUC

AHUT
AHUD1

AHUO2

: soil surface absorptivity (0.82, Kreith and

LIST OF SYMBOLS AND ABREVIATIONS

Kreider, 1978) ‘ .

: greenhouse floor surface area (71.49 m2)

[
.

ASHRAE

AT
o]
CAF
CDS3
COP
_COPM

COPR

Cops

>

greenhouse roof and wélls surface area (174.25 m2)

heater air inlet, cross sectionnal area (0.162 m2)

<
absolute humidity difference between the air at
the exc ger inlet and outlet for the first row

of pipes (kg) : . .

absolute humidity difference between the air.at
the exchdnger inlet and outlet for the second row
of pipes \(kg) R

absolute umé;ity difference bgtween .the air at
the exchangér inlet and outlet cumulated over 24
hours (kg)

air absolutg_humidity at the exchanger inlet
(kg vapor/m® humid air)

air absolute humidity at the exchanger outlet for

the first pipe row (kg vapor/m3 humid air)
*

air absolute humidity at the exchanger outlet for
the second pipe row (kg‘vapor/m3 humid air)

American Society of Heating, Refrig&rating and
Air-Conditioning Engineers ‘

surface area of a pipe (5.31 m2)
regression constant o
air specific heat (kd/kg-°C ) -

dry soil specific heat (kJ/kg-°C)

" (cDs; = 0.7678, CDS, = 0.6815)

.
.

Soefficient of ‘performance
coefficient of performance (average over 24 hours)
coefficient’ of performance for the recovery phase

coefficient of performance for, the storage phase
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Cp
CPTI
CPTOL

CPTO2

CPTM1

CPVH

CPVQ

Cs ,”

CSi

. CW

DA
DAF

DAV

.DATI

DATO1
DATO2
DATMl
DATM2

DHU1

v .

[2)

\

- ¢ f£luid specific heat (kJ/kg-°C)
(Cps = ’10

0465 Cp, = 1.84)

air specific Heat at the exchanger inlet
(kJ/kg-°C) N

air spec1flc heat at the exchanger outlet for the
flrst row pipes (kJ/kg*°C)

« :
air spec1f1c heat at the exchang outlet for the
second row of pipes (kJ/kg‘°C)

: air mean specific heat in the exchanger first row
of pipes (kJ/kg-°C)
air mean specific heat in the exchanger $econrd row
of ‘pipes (kJ/kg*°C)

: specific heat of the evacuated ‘humid air .
(kJ/kg:°C) )

: Conseil des productlons végétales du Québec

¥

At

: humid air spec1f1c heat (kJ/kg-°C)

: moist soil spec1f1c heat (kJ/kg*°C)

: water specific heat (4.179 kJ/kg-°C) \

: density of humid air in the greenhouse (kg/m3)

: density of humi

: density of humid ai

air in the heater (kg/mg)

evacuated (kg/m3)

: densigy of humid air at the exchanger inlet

: density of humid air at th
the first row of pipes (kg/m~)

:" density of humid ai

(kg/m?)

gxchanger outlet for

-

the exchanger outlet for

the second row of pipes (kg/m3)

: mean den51ty of humld\alr in the exchanger first
row of pipes (kg/m )

¢ density of humid air at the exchange
the second row of pipes (kg/m )

absolute humidity removed from the
changer first row of pipes (kg)

LN

outlet for

ir in the ex~
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DHU2

DHUC -

DIF.

DSS{

EA
ECC
ERE

EREM

ES
ESAF

ESAV

ESE
ESEM

ESTI
ESTO1
ESTO2

FF
FG

FRT1
FRT2

FRH

v
&

: absolute humidity removed from the air in the ex-
changer second row of pipes (kg)

: absolute humidity removed from the air circulated
in the exchanger, cumulated over 24 hours (kg)

: difﬁerential

e

soil layer density (kg/m3)

" pss; = 1340,

DSS, = 1736 ’

: vapor partial pressure (kPa)

3

thermal curtain energy conservation factor (0.72)

o

mode

-

: heat exchanger efficiency in the recovery mode

: mean heat exchanger efficiency in the recovery

i ‘ -

: saturated vapor pressure (kPa}

saturated vapor pressure of the air circulated in

. the heater (kPa)

saturated vapor pressure of .the air evacuated

(kPa)

(kPa)

: heat exchanger efficiency in the storage mode

-

: mean heat exchanger efficiency in the storage mode

: saturated vapor pressure at the exchanger inlet

N

saturated vapor pressure at the exchanger outlet

for the first row of pipes (kPa)

: saturated vapor pressure at the exchanger outlet
for the second row of pipes (kPa)

: top ‘soil surface area (64.4 m?) ’

: air flowrate
(0.454 m3/s)

: éir flowrate
(0.464 m~/s)

air flowrate

: heater caontribution to the greenhouse heat load

{'

in the exchanger first row of pipes

in the exchanger selond row of pipes
a

in the heater (0.804 m3/s)

{
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HCE
HCT
HCTQ .
HT

HTI

" HTO1

HTO2
HU
HUC
HUF
HUV
Q,
gum;:7
HUM2
HUTI
HUTO1
HUTO2

IBR:
IC
ISC

ISH

T

o
@

convective heat transfer coefficient at the soil
surface (0.0054 kW/mé-°C)

heat exchanger conVectivg heat transfer coeffi-
cient (kW/m<-°C)

mean heat exchanger convective heat transfeér coef-
ficient (kw/mé:°C) -

. - N
air enthalpy (kJ/kg)

air enthalpy at the exchanger inlet (kJ/kg)

air enthalpy at the exchangen‘foutlet for the first
row of pipes (kJ/kqg) :

44

\ ‘
‘air enthalpy at the exch%nger outlet for the se-

cond row of pipes’(kJ/kg)

Lo

air absolute humidity
(kg water vapor/kg dry air)

-

absolute humidity of the air cumulated over 24
hours (kg water vapor/kg dry air)

[}

2
absolute humidity of the air circulated through
the heater (kg water vapor/kg dry air)

absolute humidity of the air evacuated to the out-
side (kg water vapor/kg dry air)

absolute humidity added to the air passing in the
exchanger first row of pipes “(kg)

absolute humidity added-to the air passing :«{n the
exchanger second row of pipes (kg)

air absolute humidity at the exchanger inlet
(kg7kg dry air) :

air absolute humidity at the exchanger outlet for
the first row of pipes (kg/kg dry air)

air absolute humidity at the exchanger outlet for
the second row of pipes (kg/kg dry air)

current used b& thé burner (5.9 A)
current used by the blower (4.9 A)
solar radiation flux (mW/cm?2)

incident solar radiation (kJ/mz)
o i
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K

&)

ISHC

PE
" PF
PFM
. PL
QAUX
QBR
QBRC

QC
QCC

QCF
~ QES

QES1
QES2

QEST

*e

>

incident- solar radiation cumulated dver 24 hours \

(kI/m2) .

current used by the ventilator in low speed mode
(3.2 A)

artificial lighting system contribution to the
greenhouse heat load

[~

: water latent heat of vaporization (2501 kJ/kg)

: mass of air Ckgf

: air molecular weight (0.028966 kg/mole)

osc

_water molecular weight (0.018016 kg/mole)

atmospheric pressure (101.325 kPa)

greenhouse perimeter (37.2 m)

heater power averaged on an hourly basis (kW)

rated heater power (36 kW)

-arktificial lighting system power (1.9 kW)

auxiliary -heat used by the greenhouse (kJ)

:Tectrical-energy not used by the burner (kf)

: electrical energy not used by the burner cumulated
over 24 hours (kJ)

: electrical energy use€d by the blower (kJ)

electrical ener
over 24 hours (kJ)

ed by the blower cumulated

convective heat transfer at the soil surface (kJ)

sensible and

latent

during storage (kJ)

sensible and
row of pipes

sensible and
row of pipes

sensible and
pipes during

latent
during

latent
during

latent
storag

heat exchéngedain the pipes
heat exchanged in the first
storage (kJ) '

heat exchanged in the second
storage (kJ)

heat exchanged in both row of
e (kJ)
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QESTC : sensible and latent heat exchanged in the pipes
5dur1ng storage cumulated over 24 hours (kJ)

-

QET1 : sensible heat exchanged in the first row of pipes
o « (kJ) g
QET?2 :‘sensible heat exchanged in the second row of pipes
(kJ) -
, ¢ 2% - 0
QETR1 : sensible heat recovered from the , exchanger first .
K row of pipes (kJ)
QETR2 : sensible heat recovered from the exchanger second
row of pipes (kJ) ; ,
QETRT .: sensible heat recovered from the exchanger (kJ) .
’ QETRTC : sensible heat recovered from the exchanger cumula-

ted over. 24 hours (kJ)

QETS1 : sensible heat lost from the dir in the exchanger
‘first row of pipes (kJ) .

s

QETS2 : sensible heat lost from the air in the exchanger

second row of pipes (kJ)
X

QETST \sen51ble heat lost from the air in the exchanger
(kJ) \ N - ’

QETSTC : sensible heat lost from the air in the exchanger
cumulated over 24 hours (kJ)

-]

QEX : sensible and latent heataexchanged in the pipes

: (kJ) S ; s

QEX1 : sensible and latent heat exchanged in the first
row of pipes (kJ)

QEX2 : sensible and latent heat exchanged in the second
row of pipes (kJ) :

. ®

QF : heat supplied by the heater- (kJ) ) o

QFC : heat supplied by the heater cumulated over 24
hours (kJ) P

QGF : heat gained from the soil by convection at the

soil surface (kJ)

QGFC : heat gained from the soil by convection at the
soil surface cumulated over 24 hours (kJ)

-
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A

QGHL
QIR

QL
QLE
QLU
QLUC
QRF
QRFC

7
{QRS -
QRSC

QRT
\
QRT1

QRT2

| \\\\QRTT

QRTTC

- QSHL
Qss
Qss1
Qss2
Qss3

: direct solar heat gain at the soil surface cumula-

: greenhouse soil HWeat loss to the outside (kJ)

: soil heag exchanged (kJ)

A, ‘ .
(] ' :

3

+ greenhouse structure heat loss (k&)

: héat\gained by the soil from the irrigation water

(kJ) P9 . ° )
N )
: effective heat produced by the artificial iighting ﬁé
system (kJ)
‘ , : f
: excess heat produced by the artificial lighting - ';
system (kJ) ‘

: uséble heat produced by the artificial 1ighting

6

system (kJ)

": usable heat produced by the artificial lighting

system cumulated over 24 hours (KkJ)

: heat recovered by convection at the soil surface

{(kJ)

: heat recovered by convection at the soil surface

cumulated over 24 hours (kJ) . ,

: direct solar heat gain at the soil surface (ﬁJ)

ted over 24 heours (kJ)

NG

. 0, .
: sensible and latenty heat recovered by the air pas-

sing in the exXchanger pipes (kJ)

: sensible and latent heat recovered by the air pas-

sing in the exchanger first row of pipes (kJ)
v

: sensible and latent heat recovered by the air pas-

sing in the exchanger second row of pipes (kJ)

: sensible:and Matent heat recovered by theé air pas-~

sing in" both pipe rows of the e&ghanger (kJ)
S

: sensible and latent heat recovered by -the air pas-

sing in the exchanger cumulated over 24 hours (kJ)

2

F

: heat exchanged by the'soil surface (kJ)
: heat exchanged by the soil’ top layer (kJ)

: heat exchanged by the soil bottom layer (kJ) ;'4
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QSST : total heat exchanged by the soil thermal ﬁass (kJ)’

QSSTG ., : total heat gain by the soil thermal mass (kJ)

~—

QSSTL . : total heat lost by the:soil thermal mass (kJ)
1 QTHL : greenhouse total heat loss (%J) )
QTHLC : greenhouse total heat loss cumulated over 24 hours
N : (kJ;ﬁ\l ‘ , y
Qv '“y: eleé?rical energy not used by the ventilat%rs)(kJ)j f
QvC "t electrical energy not used by the ventilators cu-
mulated over 24 hours (kJ) o ‘
QVHL .: sensible heat loss by ventilation (kJ)
R : universal gas constant (0.008314 kJ/m9le'K) . b
RE : heat yrecovery efficiency ’ . R
RH : air relative humidity'j%) & ‘ A N
RSR : ré;io of the Eeat recovered byyﬁonvection at the
P soil surface to the tq}gl heat fecovered based on

sensible heat -
S ] \
[

SAS : Statistical Analysis System N

SE z heat storage efficiency ) v f
SF ™™ ; solar.contribution to the greephousghheat load -
SPT : static pressure in the exchan%er (0.78 kPa)'
Ss i; soil surface area (64.4 m?) ‘
T : temperature (°é) - ’ ‘
TASD : temperature differenti;l between the soil and the

air inside the greenhouse (°C)

., 'TB . : time interval between data reports (s) i B o

TC . c}rculatar operating time (s)
TCC : cumulated circulator operating gﬁﬁe (s) . ,,
TCE : air tempe;ature at the heater central outlet (°C) “

~

TCSD ;émggéature differential between the air at ex-

. changder i%iéb and the soil (°c§
. \

’ A 3
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R

TCT thermal curtain operating 'time (s)

\ TCTC cumulated thermal curtain operating time (s)

TEMP. : temperature (°C)
s . - TF : heater operating time (s)
" ’ TFC : cumulated heater operating time (s)
. v TFD : temperature differential between t%e heater iglet
v . and outlet (*C) ‘ 8 o .
. ) ii//EFﬁ : average temperatufe between the heater inlet éhd
\ outlet (°C) T : ,
4 ! /yIM : inside daily average temperature (°C)
‘ T;G ;‘\ : air inside temperature (°C) °
3\ ’ g TIH : air temperature ?t the heater inlet (°C)
TIOD : temperature difffrential between the inside and
the outside of the greenhouse (°C) -
. TIOM : avergge temperature between the inside and the b
k . p €“ . outside of the greenhouie (6C) ~
TL : lighting system operatiﬁg*time (s) )
. TLC’ : cumulated lighting system~bperat2ng time (s) :
T§O : temperatuire at‘Fhe heater\nortﬁ'side outlet (°C)
T . TOC 0: average temperatJre at the-beater outlet (°C)
TOG : outsidecgfr'temperature (°g) -
a@n * « TOHC e q;rrected air ayverage temperature at tﬂe heater
oqtlet (fc) , .
4 . TOM : air daily average temperature outside the,greeﬁ;
house (°C) S
. -TOS :‘soil temperatq;e outside theﬁgreenhouse (°C)
. TOSM ;’ﬁaah soil tempefature outsidé the greenhouse (°C?
Tgi’” . ventilation air inlet operating time (s)
' ‘§ ‘ - TEC : ventilation air inlet cumulated operaéing time (s)

TSy f : final temperature of the ith soil layer (°C)

. . \ . \‘.
X <{F/ xxii . -




TSis

TSIC
TSIF
TSF
TSS
TSS1
TSS2
TSS3v
TSSG
TSSGM
TSU
TSV

TTD

TVGC

TVBC

TVHC

ug
UGM

UGo
UGC

UGH

.

[

* ‘ o \ . x 4
initial temperature of the ith soil layer (°C}
initial warm soil’ temperature (25°C)

inital cold séi% temperature (12°C)

operating time saved on £he heater (s)

soil temperature inside the greeﬂhouse (°C)
temperature ét the)soil surface (°C)

temperature of the soil top layer (°C) .

temperature of the soil bottom.layer (°C)

2

“average soil temperature (°C)

4

daily averége soil temperature (°C) 4

temperature at the heater south side outlet (°C)
operating time saved on ventilation (s)
4]

temperature differential between the air passing .
through and the exchanger wall (°C)

operating time of the ventilators (s) .

cumulated operating time of the ventilators in
high speed (s)

cumulated operating time of the ventilators in
low speed (s) .

humidity gcentroled ventilator operating time (s)

humidity controled ventilator cumulated operating
time (s)

overall heat loss coefficient (kW/m2:°C)
mean overall heat loss coefficient (RW/m2'°C)

overall heat loss coefficient without wind

(kKW/m2+°C) -

overall heat loss coefficient with the thermal

curtain (kw/m2-°C)

»

owerall heat loss coefficient with hoods on venti-
lation outlets (kW/m<-°C)



NN e o

. e

overall heat loss coefflcient with thermal curtain

and hoods (kW/mZ‘*C)

greenhouse perimeter heat loss coefficient
(0.00112 kW/m+°C, Lawand et al., 1985)

wind speed (km/h)

air'velocity over the soil surface inside the

greenhouse (0.045 m/s)

~ ]

VAH : air veloc1ty at the heater inlet (4.96 m/s)
VBR : burner supply voltage (120 V) 4
vC : blower supply voltage (240“V) ‘
VG 2 greenhouse volume (242. 7 m3)
VM : average wind velocity during a test (km/h)
: : soil layer volume (m3;" ' _
s;‘ (Vsg = 9.88 Vsy = 19.76, VSp = 42.15)
\'A'% : ventilators supply Qoltage (122 V)
WSy : soil,w9ter content (kg of water/kg of soil)
(WSq = 0.2371, WS, = 0.0879)
: "
X : soil fraction exposedkfgfggzggfzgdiation (0.5)
Subécript%:
:.at 0°C or at the. soil sufface’ s : dry air
" soil top layer Q : vapor
: soil bottom layer W : wall’
- :-final ‘
FL :‘fvluid N .
i : ith layer“or initial <
I : inlet - ¢
n : number of soil layers (2) —_
"0 : outlet ‘ T ‘ }
-



I INTRODUCTION
¥ 1.1 Problem Description -~
The high cost of ‘energy has forced'greenhduse owners
and researchers to look for more efficient means ef produc-~
tion. During the seventies solar energy was seen-as a possi-
ble alternative for reducing foesil fuel consuxﬂption kshort
et al., 1976<; Maghsood, 1976; L;wand et al., 1974; Ingratta, Lﬂ\g
1978; Agriculture Canada, 1979; Ingratta, 1979; and others).
Since conventional greenhouses are not »Tefficient in
hcollectlng and storlng solar energy, "attempts were made to
optlmlze the structure for collection and to develop tech-
niques for the storage of the excess .solar heat enterlng a
greenhouse (Lawand et al., 1974; Candura et Gusman, 1977;
aWiﬁo}Q et al., 1977; Maes,'1‘978; Bauird‘and Water, 1979). Ex-
cessive heat inputc::J situation due to the greenhouse effeot,
are »often ehcountered in a greenhouee during Ldayt;i.m_e. Venti-
lattion has to be used te evacuate the excess heat and main-
tain adequate temperatures, while at night, heat has to be
supplled to the greenhouse. The storage of excess heat might
represent a short term solutlon for thé greenhouse indus-
try's high heating costs, while the development of energy
efficient structures might be seen as a long ~ter§ goal.
Water, cru_shed stones and phase change materials have
been i)rc;posed to store solar energyg and have been used in
exper;imental sétup with limited success (Roberts and Mears,

’ 1977; Staley et al., 1982; Audet and Paris, 1985), mainly

to the high capital cost involved for the storage ins-




tallation, resulting 'into long payback periods. Furthermore,
water, crushed stones and phase change materials have to be

~

contained. afid imported into the greenhouse. However, soil a

- -

readi:.ly aziaixl.able material in greenhouses, is now considered
Qas a possible heat storage media. The thermal propertiﬁ are
interesting and the costs involved are relative1~y low. The
____concept has been and is being evaluated iri jreenhouses loca-
ted in mild clihates (Pcrtales, et al.,, 1982; staley et'; ;3.1. ,
1983; and Mori, 1978) and so far the results seem to be pro-

mising. Furthermore, the storage of heat in the soil of a

greenliouse might have a beneficial effect on crops (Gosselin-

and Trudel, 19§3). R ‘
3 .

- .The present study investigates the potential of a wet
soil heat exchanger storage system for a commercial type-

greenhouse, in a cold climatic region.

- . ]

1.2 Objgctives

The objectives of the present study are: ' . /w

a) To determine the efficiency of a soil heat exchanger
storageﬁsystem/for diﬁferent operating conditions.

b) To es"tablish‘ the contribution of solar energy, arti-
ficial lights and auxiliary heater to the total heat
load of a commercial typé greenhouse equipped with a

o O wet soil heat exchanger-storage system.

c) ’I‘ologrs.erve the impact of the system on tomato crops.:
d) To estimate the payback period of the system for

different situations.

-
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1.3 Scope of the Study :

The resulfs of this study apply to a Nordic type green-

7

house manufactured by Les ‘Industries Harnois. iy greenhouse

is located in La Pocatiére, Québec, Canada, at 47°21' north

latitude, 70°02' west 1ohgitude and 30.5 m of altitude.

From 1951 to 1980°La Pocatiére has received an average’

\ F3
of 1952  hours of sunshine annua b4 (Sexrvices de

-

1ltenvironnement atmosphériq’ue., 1982). Correspdénding to -ap-

proximatly theL same period, the average annual, numbér of
heating‘\ degree~days below 18°C, were 5036 (Services de
]:ﬁienvironnenﬁt atmosphérigque, i982). The -annual mean /daily
global solar radia£ion is approximatly 12.5 MJ/m2 (Phillips,
D.W. and D. Aston, 1980). “

" care §_r;10u1d tt;erefore be taken in applying the results

to\(ifferent greenhouse structures, locations and climates.
O ® ;




. ‘ II REVIEW OF LITERATURE
./ :

2.1 Review

)
\

The use of soil as a thermal buffer to cool or warm the

" air ventilated from agricultural buildings has been investi-

gated over many years.

At the beginning, the attention was focussed on animal
housing. Scott, et al. (1965) have studied the thermal and
ecéonomic potential of a soil rheat exchanger, made of buried
pipes. These authors mentioned that sﬁch a system was first
built in 1875; other systems were built thereafter, but the
efficiency and the thermél behavior of these heat exchangers

v

were not known or clearly understood. Their study permitted

to establish and quantify the heat transfer mechanisms that

3

“‘takes place in the system.
Over the years, the technique has evolved and the Mid-
west Plan Service (1984) now offers g design guide for soil

'heat exchanger for energy conservation related to the venti-

~

lation of swine housing.

Recently, Puri (1986) has developed a mathemétical mo-
del to simulate the dynamic response of soil in terms of
heat and mass (moisture) transfer, in relation to a soil
hea;t exchanger system. His study .has -shown that the soil
moisture content is not significantly affected by the sys-

tem; on the other hand, most of the heat tfansfer takes

o

place over a pipe length equivalent to 50 diameters, and ra-

A
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dial heat transfer takes place over a distance equivalent to
4 diameters. u

From a general point of view, while Eckert (1976) has

shown the potential of -using soil as a seasonal heat storage

LQ; L}

material, Givoni (1977) has outlined the pro's and con's of
doing so. Shelton (1975) has pointed out th;; only a small
fraction of heat is lost by conduction froﬁlnon insulated
storage system bu;ied in so0il, this seems to favor the use
'of soil as a storage material. However, water infiltration
;ntdithe storage due to a high water table can ﬁave a di-
sastgsus éffect on the performance of such a storage system
(Paris and Jacqgmain, 1983). . -
The thérmal behavior of a seasonal heat storage system
made of‘ﬁerticaly buried pipes in soil was studied by Mus-
tacchi et al. (1981). They found that the heat front moved
over two meters after six months of storage. However,
conclusions drawn on the thermal behavior of seasonal sto-
rage system do not necessarily ‘apply to short term sﬁorage
system. ) = ) .
Sinha et al. (1981) investigated the use of different
aiameters énd types of pipe such as plaétic and galvanized
‘sﬁeel for sq{} heat exchanger. It appears that the pipe ma-
terial has little effect on the heat transfer. This conclu-
sion is very important since pipe material affects directly
the cost of the system. The heat exchange was more efficient

in a 30 cm diameter pipé than in,a 46 cm one, most likely

due to theﬂgreatergyurbulence encountered for the same air

<



P . (3;\

flowrage. The authors pointed out that heat transfer takes
place over a maximum pipe length of-15 m and that pipe spa-
cing should be equivalent to four or five pipe diametg;s.

Eckoff and Okos (1980) have studied different(é&pes of

heat storage systems based on crushed‘stone, phase change
material and soi]:., They concluded tlh:at the soil heat stoiage
system is the less efficient, however, it is the most cost
efféctive. Furthermore, it seems’thaé a soil heat storage
system is more&’efficient at low air velocity (3 m/s).
w;lker and Buxton 61977) have conduqted a theoretical
study on the- potential use of a soil heat exchanger syste‘m
for greenhouse application. They concluded that such a sys-
tem has no poggntial anywhere in the U.S.A., but the system
under investiégéion has only one 30 m loﬁgéyipe, buriéd out-
- slde the greenhouse perimeter, having its air intake located
outside the g?eenhouse; therefore, forcq%}convection through\
that pipe was the only means of exchanging heat with the
greenhouse and con@uction heat lost by the soil could not B;
recovered by the greenhouse.

. Dale and Hémmer (1983) have designed, built and tested
a sola¥ greenhouse equipped with a soil thermal storage sys-
tem within the foundations of the greenhouse,land an exter-

%

nal solar collector. The study's most inieresting conclusion
is that the external solar collector i

unnecessary since

the greenhouse structure plays that role without additionnal
&

cost. r
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Richard et al. (1981) have simulated the thermal beha-
vior of a greenhouse equipped with a soil heat exchanger
s&stem under the climatic conditions of Nova Scotia. The va-
rious’test runs indicated a 25 % energy conservation araud a

payback period of approximatly one year, but the model \}}sed

was simple, and the various assumptions used are not always

encountered in a greenhouse.

A

¢ Sibley and Raghavan (1984) have developped an empirical

equation to determine forced convection heat transfer coef-

L i

ficient within noﬁlﬁerforated, corrugated plastic pipes, for

various diameters. The following equ_ation:

?

L

‘Nu = 0.230 Re0-56 pr0.3 (2.1)

is said to be walid for tine condition isted beléw:

<
/ RS

Reynolds number (Re) > 2300
’Prandtl number (Pr) : 0.71

- .

' diameter @ : 102 mm y
. e’ w

2.2 < air velocity (m/s) "~~~ < 9.6

2.0 £ wall i:emperature (°C) <€ 15.0

7.9 £ air inlet temperatﬁre (°C) < 23.1 u

This relétionship seems to be more adequate for desi'gn .
purposes of heat exchanger systems than the ones based on
smooth pipes, like for example, the one proposed by Colburn-
Revnolds reported by the authors. However, the convecﬁive
heat transfer ‘coefficient derived from the equation cannot
predict( the heat transfer when congensation occurs in the

pipes; this phenomena is likely to happen with air coming

7
-

7
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»
from a greenhouse. Nevertheless, the proposed relationship

q

c might be useful as a design tool.
Milburn and Aldrich (1979) have used the coefficient of

. performance (COP) concept related to heat pumps, in order to
evaluate the perforﬁance of a heat storagé system installed
in a greenhouse and u'sin’g crushed stones. They indicated
that the system performance is more dependent on internal
air temperéture " than on .intercepted solar radiation. It
seeﬁs interesting to use the COP concept in ofder Eo compare:
different thermal storage systems or différent configura-
ﬁioﬁg>of operating conditions o%§? soil heat exchanger-sto-

.rage system.

By the end of 1981, more than 200 Japaneese gréenhouse
) bwners had equipped their greenhouses with sbﬁl_ heat
exchanger-storage systems (Takéﬁura'et al., 1982). Yamamoto
(1973) designed a soil heat exchangér-storage system made of
three rows of earthen pipes buried at 64, 100 and 136 cm
deep respectively. The spacing b%fween the pipes was 36 cm.
The system was capable of maintaining an average temperature
of 10°C at night in the greenhoﬁse without auxiliary heat
source.
Sasaki and Itagi (1979) have conducted a similar expe-
/ riment using one and two rows of pipes buried in the soil.
The amount of thermal energy provided by the so0il heat
exchanger-storage system was found to be equivalent to eight
times the amount of electrical energy used for its own ope-

C §

<7
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'

ratién. The results -obtained have . led the authors to
conclude that the system was efficient and-cost ;ffective.
Sasaki et al. (1980) have obtained energy conservatién
factogf ranging from 40 to 60 % in a greenhouse equipped
with thermal Gurtain. The ‘same authors (1981)'3139 reported .

» \ )
% of the heat exchange was due to latent heat.

that up to 60,
Therefore, the mass transfe} due to hu&idification and
dehumidificatiqn, should not be neglgcted in a thermal ‘ba-
lance calculation. , :
Takakura and Yamakawa (1981? and Takakura et ali'(1982)

. have developed a simplified heat exchange model, in order ;o
simulate the thermal response of soil heat exchang;r-storage

'systems under different operating cépitions. Approximatly

20to 30 %/of the heat stored during the day is said to be
tecovered at the soil sufface. Furthermore, the exchangqr‘ B
pipe thickness and the pipe matefial do not ;Qem to have any
_éignificant ”effect on the exchanger ‘performancp; thi;
confirms the conslusions Bf Sinhé:EE ai. (1981). According
to this study, the optimum pipe diameter and horizon-
tal/vertical spacing should be of 11 and\go cm reépectively.
The use of soil as a thermal buffer within greenhouses,
wés also studied in U.S.S.R. (Rabbimov et al., 1571{ Vardia-
shvili and Kim, 1980; and others). Umarov et al. (1981) for
example, obtained energy comnservation factors ranging from
35 to 55 % depending on sunshine eon&itions. sifice the tech-

nique is used in s%ch a northern country effectively, it

might be suitable for the Canadian greenhouse industry.

-
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'In Prince Edward Island, caffell and Mackay (1981) have

1
designed a seasonal heat storage system for a greénhouse,

j%ﬁking 1080 m3 of wet soil. No experimental .result is repor~

ted; but simulations indicated that such a system could ndt
. -
store all the excess heat generated at peek times, unless an

o

intermediate level of storage is provided.

Although the intermediate storage -concept might be -

int?resting from a thermal efficrency point of view, this
concept might not be éost effective and adds tg\the com-
plexity of the system. ,
Inspired by the Japaneese research works, Monk et al.
(1983) and Staley et al. (1983) hays built rn southern B.C.,

4

a soil cPeat exchaanr-storage system in a glass covered
greenhouse equipped with a thermal Eurtain. Prelimi;ary re-
sults show a 49 % energy conservation between April 23 and
Jiﬁe 3. The authors noted that it was not necessary' to

reverse the air flow dlrectlon. for heat recovery, since

+

there was little horizontal temperature stratification in}
A Y

the thermal mass. For that same project, French (1987)
estimated anﬂoverall energy conservation‘factor ranging fro;
200to 25 %, which seems to be satisfactory for the prevaling
conditions.

Further, an economic analysis done by ‘Arcus Consulting
Ltd. (1985) <for Agriculture Canada, comparing different
energy conservation techniques including soil heat storage,

crushed stones heat storage, internal solar collector and

thermal curtains, indicated that soil heat storage seems to
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by

be the most cost effective technique having an internal rate
of return of 55‘% based on an oil heated'greenhougg.

" Lawand et al. (1983) have studied a similar systemfin
order to produce a design guide. The report includes an ex-

. tensive literature review covering the theoretical and prac-

tical aspeéts related to soil.- heat exchanger-storage sys--

tems. Tests performed on a small scale experimental setub“

seem to indicage that the heat ftransfr rates were similar
- 3

for either sand or loam. A ;0 cm spacing between the pipes

\ \ :
is said to be optimum; this confirms the conclusions 6f stu-
dies cited previously'

% 1In their design guide,sLawand et al. (1985) recommend

3 <

pipe spacing ranging from 40 to 60 ¢ém, and a migimﬁﬁ,pipe~

length of 15 m. An optimum, air velocity of Z.0 m/s is sug-

gested by the authorg; however, this value has not been ve-
. . §

rified experimentaly. The system is said to have a(é;;ﬁmidi-

fying effect-on the air circulated in the exchanger; conden-

K

sation rates between 0.256 and 0.383 1/h were obtained under’

v

the prevaling conditions o; the experiment. The authors
(%

13 ’ -
mentioned that by draihing the ¢ondensate ingo the surroun-

r )

' ding soil, heat transfer rates could be increased by 40 to
78 %$. However, the use ofoperforated pipes could "be detri-
mental to the system performance by draining excess irriga-
tion water. Fu;ther, the use of perforated pipes could re-

& \ \
+sult in soil drying, which can be det‘imental to soil grown

— i .
crops- and to heat transfer and storage. The authors acknow-
. .

ledge that further work should be :carried out before\any

.~

+ R . &
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recommendations c&n bed¢ provided with regard to condensate

disposal. It should also be,pointed out that the design

guide has not been tested for a commercial type greenhouse , -

application. 0 S - ,

¢

2.2 summary ‘
= h b4
Much of the review cited previously lead to anticipate

? .
that a soil heat exchanger-storage system installed within

L

the perlmeter of ‘a greenhouse, can be efficient and cost

effective. Studies 1ndlcat? that the maximum length of ,such °

o
exchan%}should range from" 1?\,0 to 15 m, and that pipe spa-
cing (10 cm in diameter) should be of 40 .cm. As far as opti- \

3

Mr.velo‘city is concerned, the studiés seem. to favor va-
ltiés' under 5 m/s, ‘but no precj:ggx conclusions are available.’
The same holds true for air dehumidif:,ication. The capacity
of $uch a system tg fiehumidify air is ackhowledged; however, i
no precise and prol\{}\em fr;e method” for "the removal of N
condensate is recommenc;éd‘. Although a desig}n gui:ie for soil
heat exchanger-sz@r’aae s\ystem was produced, 'no result was
obtained from a typical corrmeroiel type gregnhouse in Canada
or in the\U.s.A. However preliminary results and simu_la:}:ion

studies ackndwledge the energy conservation potential of

system. ’

- oy
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III THRORETICAL CONSIDERATIONS

The evaluation of the heat exchanger-storage performan-
ce and of its impact on the greenhouse thermal energy con-
sumption, v’vas based on energy balance and standard heat

. /trans\ier equations. In order to simplify tpe data anqusis,
Coe the following?assumptions w;;re made:
1 - The soil physical‘progerties‘ remain constanut for the -
duration of the study, ‘
- : 2 - Each soil 'layer. is -homogeneous,
? 3 - only water coghent can affect the soil thermal.proper-
ties ‘:fg;' the tempe:’ature interval involved,
4 - Heat distribution §n the éoii is symmetrical albng a
. perpendiculqr‘td thé dgreenhouse longitudinal axis,l
5 - The temperature profile is identical in each gipe.

From an energy balance point of view, the contribution
i’ *

Ry, @ of solar energy to the heat load of a greenhouse, can.

be calculated by substracting the amount of auxliliary heat

used fron{ the overall greenhouse heat requirements; there-

fore,”a solar energy cont\:\ribution ratio can be ’defined as:
"N

- SF = (QTHL - QAUX) / QTHL (3.i)

T
7 -
@

“The total heat loss of the greenhouse should include

* the aerial, soil and ventilation portions, as indicated.by:

8 N
\ S QTHL = QGHL + QSHL + QVHL (3.2)




\ o
-

3.
ﬁm‘:‘ ) To compénsate for the heat losses, heat 'is supplied by
oﬁa\or~more of the following sources: ‘f//

i) éoler energy; i_ >

11) auxifiéry heat by a heater;
iii) }rriga%ion water;

iv) and artificial lights. o

e L

Tperefore,
- QAUX = QF + QIR + QLU 13.3)

»
'S

° ‘¢ Among these heat sources, the heat provided by the ir-

rigation water is much smaller compared to the heat provided

lighting systems, and therefore can be neglected.

7

]

,;__/

by the heating (Portugais .and Paris, 1983) and artificial

QAUX = QF + QLU. | (3.4)

.
o
:

=

imilarly, the ﬁeater contribution can be defined by:

= QF / QTHL (3.5)

———

o
-~

The. thermal energy output of a heater can be expressed

*\,4) {,\\/in terms 6f its power, therefore- L_ﬂ;

>

. o OF = PF - T¢ , (3.6)

-
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The average effective power of the heater can be esti-

-\ o

mated by:

b

‘PF = DAF + VAH - AI - CAF - (TOC - TIH) (3.7)
v f M

]

re-arranging: o ‘ -
QF ="DAF -+ VAH - AI - CAF - (TOC. - TIH) . TF (3.8)

For artificial lighting, the contribution.to the heat

load isjdefined by:
LF = QLU / QTHL (3.9)
p The heat released by the lamps can be evaluated by:

QL = PL - TL (3.10)

. T ‘
However, when the v?ntilation is in operation, part of
thermal- energy released by the lamps is in excess, this ex-

cess heat can be estimated by:

QLE = PLt' TP (3.11)

tr i | - .
provided that both ‘the lamps, and ventilation arg“dperating'

“ ]

simultaneously dhring the-monitoring period. Therefore, the

useful energy provided by the lamps is:
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QLU = QL - QLE (3.12)

At night, for steady state conditions, the heat losses
of the greenhouse “w;_l;Ll be equal to the heat provided by the

heating system, provided that the average top soil tempera-

ture is equal to the air temperature inside the greenhouse,

o

in order to minimize the convective and radiatiwe heat

trans%er)between the soil and the air.

7]

) QGHL = UG - AG - (®IG - TOG) - TB = PF - TF  (3.13)

-
Yo

’l

Re-arranging tHe terms, the eenhouse overall heat

loss coefficient for the aerial sextion can be obtained:

DAF « VAH - AI - CAF -/(TOC - TIH) - TF

{

‘ Q if TF = TB, then: y

- DAF + VAH - AI - CAF - (TOC - TIH)

It has been shown that the heat loss coeffieient is di-
rectly proportional to the wind velocxty (Sheard 1978); -

therefore, the following empirical relatlonshlp can be used

to evaluate the average overall heat loss coefficient for

different wind velocities:




o - -
' r

~ UG = UGD + ¢ + V (3.16)

“
* -

Thé heat losses from the storage can be evaluated using
a relationship outlined in ASHRAE (1968): .

A

' ' ‘ 4
QSHL = USM - PE £ (TSSG - TOG) - TB (3.17)

If the soil »within the greenhouse is d}éided into n
'elemental volumes the @mount of  heat stored in the soil can

. be expressed by:

! ’ . ~
N

. | .
» QSss = Eg_l_:l VS; - DSSj ¢+ CSy + (TSjfg - TSiji) (3.18)

~

where the specific heat of each soil elemental volume is es-
timated from Munn (1966):

]
% cs; = CW - wi1'+ cps; - (1 - WSy) (3.19)
L . ‘ ° R 5
Part of the heat stored is gained through a buried pipe
heat' exchanger, in which air is circulated; the aﬁount of
heat transfer in the form of sensible and latent heat is:

¢

QES = BAT - FR - (HTI - HTO) - TC (3.20)

Some heat is /AIs¢ gained through solar radiation ab-
sorption by the soil surfage, given by:

~ . -
¢
- LY
- . ¢ -
. % -

p—— !
> 11
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QRS = A - x --SS - ISH (3.21)

. where the amount of solar radiation received is based on the

operation of the thermal curtain. The thermal curtain also
acts as a shading device. S

i

ISH = ISC - (TB — TCT) / 100 (3.22)

4

Part of the heat stored in the soil, also comes from
- :
~

the convective heat transfer between the ajr and the soil

surface, as defined bya-

L] \ &'
QGF = HCE - AF + (TIG - TSS) . TB (3.23)
, <

The convective heat transfer coefficient at the soil
i
surface is estimated using an empirical relationship presen-

ted by Cormany and Nicolas (1985):

HCE, = (5.0 + 3.5 - v) /”/1300&/(3.24)‘

A thermal heat storage efficiency can be defined by:

-

SE = ccemmmmmec e . (3.25)
QES + QRS + QGF ' ~

&

8
[}

In terms of heat recovery from the storage, the heat

reclaimed by the exchanger can be evaluatedby:

)



ORT = DAT - FR - (HTO - HTI) - TC  (3.26)
Papt of the stored heat is also récovered by -air at the

soil surface:.

QRF = HCE + AF -+ (TSS.~- TIG) « TB (3.27)
Assuming that the heat transfered from the soil to the

air by radiation is neglegib%f} a thermal heat recovery

,ézficiency can be defined by:

QRT .+ QRF -
RE = -====---- . (3,28)

The sensible heat exchange Qithin the pipes of the ex-
changer can be evaluated by the following relationships;
QEX '= AT+ HCT - (Tp - Ty) * TB = Mair-‘ Cs - (T - To)"(3.29)
|
The convective heat transfer coefficient c;n be obtai-
ned by"re—érranging the terms:

1

HoT = T RO (3.30)

Since sensible heat is recovered passively at the soil

surface aﬁd‘jij}vely from the exchanger, the ratio of pas-

Y

E
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B o RSR = QRF / (QEX + QRF) (3.31)

Chapman (1976), defined the efficiency Qf a heat ex-

l cHanger when the fluid is heated by: )

ERE = (T - T1) / (TSIC - Tg) (3.32)
| ~ .
‘when the fluid is cooled by the exchanger, the efficiency is
exptessed by: \ ’ ’
D , ESE = (T - To) / (T1 - TSIF) (3.33)

o

-%

’ The ;eat exchanger-storage system can be consideréd as

- a heat pump. A coeffi?ient of performance (COP) adjusted for
the amount of electriéal energy not used by the ventilators

or the heater when the heat exchanger is in action,.can be

defined in terms of “sensible heat by:
COPS = QES / (QC - Q¥) L (3.34)
for heat storage, and by:

*

COPR = QRT / (QC - QBR) (3.35)



for heat reco@ery. . .
The electrical energy used by the heat exchanger blower
is evaluated by:

1

QC = VC - IC - TC . (3.36)

¢

@

The electrical energy‘not.used by the heater burner is

estimated from:

QOBR = VBR -« IBR - TSF ©(3.37)

a . ‘
-- . Since the heat recovered will not have to be supplied .
by the he%ter; the operating time saved on the heater can be

evaluated from:
QRT + QRF = QF = PF - TSF (3.38)
re-arranging the terms:-

TSF = (QRT + ?RF) / PF (3.39)
OBR = VBR - IBR - (QRT + QRF) / PF (3.40)

o~

Similarly, the electrical energy not used by the venti~

»

lators is: .. r

QV = VV - IV - TSV . © o (3.41)
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Regarding ventiiation, the operation ‘of the buried

‘2 pipes heéz exchangér storage sysFem is the first venti}ﬁtion
stage, therefore the operating time saved on the. ventilators

is eéual to the difference between the system blower and

ventilators operating time.

TSV = TC - TV @ (3.42)

~

by re-arranging: ‘ ' ’ y

QV = VWV - IV - (IC - TV) o (3.43)
. / ’ .

Since the air relative humidity inside the' greenhouse
can highly fluctuate, the physical properties of moist air
will also fluctuate and can significantly differ from the
properties of dry air. Moist air density can be computed
from Ro;enberg et al. (1983):

DA = MA - (p'-'o.37s - EA) / (R - T) (3.44)

Id

-The vapor partial pressureéis obtained from the defipi—

tion of relative humidity:

-

"RH = EA /ES - 100 (3.45) .

{

!

re-arranging:

C ST o
- |
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EA = RH + ES / 100 _ L (3.46)

J—

where thé saturatgd vapor pressure is obtained from::

-

4

ES = 0.61078 exp (17..269 - T / (T + 237.30)) (3.47)

-The absolute humidity is defined by:

)
<

HU = 0.622 - (RH - ES./ 100 ) / (1 - RH + ES/ 100() (3.48) " .

~~

The specific heat of moist air is estimated by:

3

' Cs = Cpg + Cpy, - HU . "(3.49)

o

and the enthalpy of moist air is obtained from:

HT = Cs - (T - fo) + HV - LH (3.50)
Y S ' %
‘These’theoriticai considerations wére tfanslated into
two computer programs, one to characterize the greenhouse
heat loss with respeét to wind conditions, and one to gene-

rate the 'performance indicators for various operating condi-

tions. These topics are covered in the next section. 4
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'MATERIALS AND METHODS

4.1 Experimental Setup ;

"

N

A heat exchanger-storage syfifm made of 26 non perfora-
ted, co ruéated plastic drainage

ipes, 102 mm in diameter,
buried ih the soil of ‘a NORDIC type greenhouse, is shown in
Figure 4.1:wT e first row consisting of 13 pipes, was bufied

-

at 450 mm and the sTésnd row at 300 mm below. The pipes run
parallel to ithe horizontal east—&est aﬁiirof the greenhouse,

and were spacéaﬂat 450 mm apart. The characteristics of the
greenhouse apd pipes are listed in Tables 4;1 and 4.2 res-
péétively.

The 0.75 kW Delhi blower shown in figure 4.2, is used
to circulate the air from the greenhouse into the pipes at
0.91 m3/s. The blower was placed over a 6230 x 750 x 1240 mm
plywood plenum on which the pipes were connegted. Thé blower
has its air intake over the thermal curtain near the ridge
for daytime operation, and under the curtéin foar nightime
operation. The air is discharged into, the greenhouse’fromx
the 26 pipe outlets that emerge from the soil.

The greenhouée is equipped with a thermal curtain
(\'I\‘gble 4.1) that can be used as a light shading device
during summer. Two 2~-speed ventilators, 610 mm in diameter,
having a maximum capacity of 2.12 m37s, were\used to control
the temperature when the soil heat exchanger storage system ‘
can no longer remove enough heat. An auxiliary ventilator,
335 mm having a capacity of 0.63 m3/s, was used to control

the air relative hpmid@ty. A standard oil heatef 36 kW in

AN
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\ Table 4.1 Experiment;ggﬁreenhousel characteristics -
Parts Dimensions Covering Insulation Surface
- . Area (m?)
Sout 12.1 x 1.83 Polycarbonate2 Thermal3 22.1
_ Wa 6 mm Curtain a
South 12;1 X 3;53 Pdlycafbonate Thermal i 42.7
Roof 6 mm Curtain )
North 12.1 x 3.53 Polycarbonate Thermal 42.7
Roof .o 6 mm Curtain
,gbrth 12.1 x 1.83 Corrugated Polyurethane é2.1
Wall  ° sheet metal , 76 mm
. | .
East - Polycarbonate - 5.7
wWall (top section) 6 mm .
: 0.95 x 6.50 Polypropylene2 . - 6.2,
(middle section) 5 mm _
1.2 x 6.50 Corrugated Polyurethane 6.6
(bottom section) sheet metal 76 mm
West -, Corru agéqj Pol}ureth ne 18.5
wall i Shf metal 38 Mm
oy E )
Floor 12.1 x 6.50° - _— 78.7
Foundation 1.4 x 36.% Reinforcéd Polystytene 50.8
: "L % concrete ) ]G_mm

)

1 "NORDIC" model canstructed by Harnois Industries, Jorien-

ted east-west.

]

s ~

Hollow profile double skin plastic. b

* (
Single white diffusing plastic film,



1
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.&\ ( } R
. {Table, 4.2 Heat exchanger pipe1 characteristics p
Thickness A f‘\x o 1.0 ‘'mm
Inside diameter - : 102.0 mm
Outside diameter : 1100 mm
‘ — .
Mean inside diameter: L

| ¢ "\ )

' qurugatign height : 7.0 mm
“’Bafe corrugatiop length : ~ 14.0 mm

1. Top éorrugation‘total length : 11.0 @m"
fntér—corruqation,length : 4.0 mm
) Top coéruéatiTE_straight lenéth ‘ : 9.0 mm
. 4SLde corrugatio léngth (eséimated) : 7.4 mm
¢ 0.531 m¥/m

~ s Unit sufface rea

:,12373 mm

"
3

~
1 Non-perforatgd, corrugated drainage pipe .

1

b

Lo Smm

i4mm 4mm

(From Lawand et al., 1985)

7 S

L 4 °

- .
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1: heat exchanger air inlet 2: ventilator 3: heater outlet
i 4: heater inlet 5: thermal curtain 6: support for sensors

v .
Figure 4.2 Greenhgggg;q%in equipments.
PR n“‘, &
»® .
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capacity was used to heat the greenhouse and an adjacent

service room. A drip irrigation system was used to irrigate.

. and felrtilize the crop, helping that way in maintaining a

relatively constant humidi‘ty level in the soil. The system
was controlled by three irrometers mounted in parallel; they

activate a solenoid valve when the soil moisture level goes

- below a preset level. Suppleméntal lighting was provided in

winter. by four 400 W HPS,K lampg mounted under the ‘thermal
curtain in the greenhouse center along its longitudinal
axis. “ ‘

A microcomputer system was installed to control the

greenhouse environment. The system shown in Figure 4.3, in-

cludes a Tandy mic ocofnputerr model 4 26-3127 complete with
Microsoft extended BASIC, 64 Kkilobytes of random access me-
mory, a black and ﬁite video monitor, an audio cassette

recorder for data gtorage, a Tandy dot matrix model § 26-

" 1276 and a custom/ made data acquisition and control inter-

face.

The system cdn report on ébg activity of 8 electrical
equibmeﬁt:s and perform ‘data acquisition from 80 channels.
of the systkm are. listed in Table 4.3.

are: L

< one Lycor # LI-200%B pyrénometer, mounted horizontaly in

The characteristic
Hooked to ‘the syst K
the greenhouse centér over the thermal curtain at 2.5 m
above ground, °
-, one Trade Windfc'i;nstqgments 4 C72131 anemometer, mounted

' outside at 4.2 m above ground,

4

&
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Table 4.3 Data Acquisition and control system characteris-’
tics :

a

analog digital converter

) resolution : 15" bits
conversion time per e "o
channel . : 300 ms ,
temperature sensor
channels : \ 64
miscella\eous sensor ' .
channels : 16
control channels s “ 8

: 1

system watchdog ' .

date, day, hour, minute, second

"real time clock
) and millisecond

T se

expansion : 1 port 10 bits
channel scanning rate : 0 to 34's
report frequency : user defined

differehces
alr relative humidity from
dry and wet bulb temperatu-

computation (‘-‘»

res
report output on : date, day, hour, minute, secqnd
monitor, printer report number
or cassette number of scanning '

maximum value per channel

ninimum value per channel ~

' mean value per channel
standard deviation per channel
' time of operation for
’ each electrical equipment

i)
4 a
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Figure 4.3 Microcomputer system installiad in the
experimental greenhouse.
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- sixty Analog Device # AD-590, témperature sensors were
installed as shown in Figures 4.4 and 4.5. A typical tem-
peratﬁre sensor is shown in Figure 4.6.

. The system was designed to use AD-590 converters as
tempefﬁture sensors because’of their linear response to £em-
perature variation.

Not shown in Figures 4.4 and 4.5 are: )

sensors T31 and T32H, measuring rgspectively the}iniér-
nal air dry and wet bulb temperatures; these -sensors were
installed in a ventilated box located in the greenhouse d;ne
ter, at 1.75 m above gro@%d; . , .

sensors T20, T47 and T48 measuring soil temperatures at
one, meter outside the foundations, were installed to cor-
respond with depths iqeptical to the ones shown in Figure
4.4 for T17, T18 and T19 respectively; ‘ .

sensors T57 and T58 were located to meééure air tempe-
ratures at the heateg inlet and central outlet respectively;

sensors T28 and T29H were installed to obtain respecti-

vely the air dry and wet bulb temperatures at the exchanger

inlet;"
P
sensor T56 was used to measure the air temperattire near
the roof ridge in the western part the greenhouse;

sensor T33 was located to medsure the outside air tem-

perature; this sensor was shield from precipitation and

sunshine and was located close to the anemometer.
J

n
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Figure 4.4 Temperature sensors installed in the northeast-gquadrant of the

greenhouse. /—-/“‘_\
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Figure 4.5 Temperature g&soﬁ installed in the western pax_'i:\of the greenhouse.



‘ Figure 4.6 Analog Device AD-590 temperature sensor.
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4.2 Procedure

4.2.1 Soil Physical Properties

The soil storage is made of two layers; the top layer’
consists of 450 mm of organic soil, whereas the bottom layer
of 610 mm depth, is of mineral soil. Clay was encountered at
approximatly\230 mm below the bottom layer. |

A soil texture analysis was done for tﬂé two layers.
Soil water contents, wet and dry buik densities were measu-
red using a Stratagauge Troxler model # 3411B shown in Fi-
gure 4.7, and by'taking core samples at 20 sites picked at
random. For each site, samples were collected at depths of -
150, 300 and 600 mm.

For each layer, thermal capacity tests weij éonducted
on composite samples, using standard methods outlined by
Taylor and Jackson (1965). Soil water content was monitored
at seve;al times during the test period.

~ t
4.2.2 Air velocity ‘

The air flow rates were'adésg&gd for each buried pipes
using a velomeﬂ%r (Alnor model Jr). Restrictions were adjus-
ted in order to equalize the flow of air in each tube. A Pi-
tot tube (Figure 4.8) was used to measure air velocities at’
five points in a cross-section of each pipe, as indicated in
bulletin no.' H-11 by Dwyer Instruments Inc. (1984). ﬁhe same

procedure was used to adjust and measure air velocities at



37 - .

A%

9 "

- /"
”

a
|
W
Figure 4.7 “Stratagauge Troxler quel no. 3411B.
I .
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Figure 4.8 Pitot tube apparatus.
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the heater outlet; twenty points in t&)outlet cross-section

were measured. ‘ ‘ ' )

Iy

- :
} .

4.2.3 Overall Heat Exchange Coefficients .

<\\f.2.3.1 Heat Loss poéfficiengs (UG) ‘

' Te§t runs were périodicaly conducted at night in order

' $t9 evaluate the overall heat loss oefficiepts for the ae-
rial porthul<of the greenhouse for differenﬁ\wind condi-
tions.

" . Tests were also perfomed with ahd withéut'ﬂaods on ven-

=  tilator outlets and thermal curtain. Inside and outside .air
temperatures, inside air relative humidity, air tempefatures
at the heater inlet and oatlet and wind speed were measured
ovér a .period of a few holurs, when steady state conditions
were reached.

LIn order to minimize the heat transfer between the tOPAQJ
soil and the surrounding air inside the greenhouse, the air
temperature was maintained at the average temperéture of the
top soil.lFigure 4.9 illustrates the computation process.

Y

4.2.3.2 Convective Heat Transfer Coefficient

&

Over the test peried, the air relative humidity and
temperature measured at the exchanger‘;nlet and outlets, and

the air and wall temperatures in a pipe were continuously
t
monitored. The estimation of the coefficient was based on

sensible heat exchange, as indicated by equation-3.30.

T

"
S

% -
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\' ( STARTOFCOMPUTA‘FION) .

N - Y

MEAN TEMPERATURE AND
TEMPERATURE DIFFERENTIAL

| BETWEEN THE HEATER INLET AND OUTLET

o=

4

AIR PHYSICAL PROPERTIES
AT MEAN TEMPERATURE
(EQUATION 3.44, 3.47, 3.48, 3.49)

It 1

HEATER POWER OUTPUT
AND "UG"VALUES
FOR THE TEST TIME INTERVALS
(EQUATION 3.7, 3.15)

L/

AVERAGEWIND SPEED
AND '
AVERAGE "UG"
FOR THE TEST

Y

| (ENDOF"COMPUT‘ATION)

prey

heat loss coefficient.

4.9 Flowchart for the computation of the Sverall .

.
\—;‘_/
.
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.- inside andioutside air temperatures,

- operating time for each piece of equipment.

:
«

o

- 4.2.4 Electrical- Energy Used | —

-

, o The RMS voltages and currents were measured' for each

piece of equipment over a period of time, in order .to eva-

luate the average power requireqpnts. o

The operating time was obtained from the computervre(

ports on an hoﬁrly basis. The electrical energy used was

- talculated from these data, using ‘eéuations 3.10, 3.11,

{ ‘ .
3.36, 3.40 and 3.43. } - /
- N o i . \

4
o
S

4.2.5 Daily performance

o
-

-On an hourly basis, the following measurements were ma-

de to assess the thermal pérformahce of the greenhouse and -

‘'of the heat &gg;nger storage system: , .

~

- inside and outside soil temperatures,

- temperatures at the inlet and outlet of the heater,
- inside air relative humidity,

. ]

- dry and wet bulb temperatures at the inlet and oulet of

&

two pipes, i

| v

- inside pipe and ﬁipe wall temperatures for onevpipe,

S .
- solar radiation inside the greenhousé ‘measured on a

horizontal plane, / ~ .
- wind velocity, ”«;m > ’ oo
The equipment inside the greenhouse were~operated ac-
cording to the schedule of events shown in Table 4.4, and

the flowchart presented in Figure 4.10 1illustrates the-

-

‘ g
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) READ THE DAILY DATA FILE
7]

COMPUTE THE AVERAGE SOIL TEMPERATURES IN EACH SOIL LAYERS
AND VARIOUS TEMPERATURE DIFFERENTIALS

o 1

COMPUTE THE AIR PHYSICAL PROPERTIES
(EQUATIONS 3.44 TO 3.50)

1

COMPUTE "UG" FOR PREVEALING WIND CONDITIONS AND THERMAL | .
‘ CURTAIN STATE (EQUATION 3.16)

e |

ﬂ -
COMPUTE HEAT EXCHANGER EFFICIENCY INDICATORS
(EQUATIONS 3.32 AND 3.33) “

T S

| COMPUTE SOLAR, AUXILIARY AND LAMPS ENERGY CONTRIBUTIONS -
AND THE AMOUNT OF HEAT STORED OR RECLAIMED '

JEQUATIONS 3.2 TO 3.4, 3){0 3.8, 3.10 TO 3.24, 3.26 AND 3.27)

) |

COMPUTE THE GLOBAL ANzSENSIBLE HEAT EXCHANGE AND
THE CONVECTIVE HEAT SFER COEFFICIENT IN THE PIPES
(EQUATIONS 3.29 AND 3.30)

a l : ‘
COMPUTE THE ELECTRICAL ENERGY USED_‘AND éAVED
(EQUATIONS 3.36 TO 3.43)

1 \
] COMPUTE THE HOURLY "COP* ° )
A (EQUATIONS 3.34 AND 3.35)

A |
COMPUTE THE DALY TOTALS AND AVERAGES

|

COMPUTE THE DAILY PERFORMANCE INDICATORS AND
ENERGY CONTRIBUTION RATIOS

(EQUATIONS 3.1, 3.5, 3.9, 3.25, 3.28, 3.31)

(_EnD ) :

AN

(igure 4.10 Flowchart for the computation o he daily ' )
) performance.
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. 0 ' different steps involved in the computation of the daily

performance parameters.

Table 4.4 Schedule of events for equipment operation
: AN

o

Equipment cOntrollinga. Setpchu)t Hysteresis Test Period .

Heater TIG 15.‘0°£ 1.0°C Fall 1985
0 Heater ‘ TIG + . 13.0°C 1.0°C  spring 1986
A . ‘Fall 1986
) Blower " pesp ' different 1.0°C Fall 1985
values ,
Blower | TCSD| different 1.0°C Spring 1986
N : . o = values Fall 1986
Alir Inlet TIG 23.5°C 1.5°C Eriti‘re.?‘%“
Air Exhaust TIG ﬂ25.0°c 1.0°C Entire
(low speed) ’ .
Air Exhaust TIG 27.0°C 1.0°C Entire -
(high speed) . -~
Auxiliary. RH 80 % 5 § ' Entire
Fan ; : 4
Curtain IsC 5.0 ., 3.0 Entire ,
. HPS Lamps . Time 6.00 to 22:00 - Spring 1986
- . Fall 1986 o~

Irrigation1 Irrometer 200 mbars 100 mbars Entire

1 Operating t*ime not logged by the data acquisition sytem.
. ) o

-
©

. 4.2.6 Operating Modes
. Pifferent modes of oReration were tested over periods
. ranging from a few days to several weeks. For each mbde, the

measurements mentioned in ction 4.2.5 were made.

]
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4.2.6.1 Alternate cycles of active storage and recovery
pﬁring the déy, the heat exchanger-storage system sto-

reg” excess heat, and during the night, part of the stored

heat was recovered actively by the system. The exchanger

operation was based on air-soil temperature diﬁﬁerentials
~ - . 'jﬁ-‘ ) N

(|TcsD|) ranging from 1 to 10°C.
' 3

4.2.;?} Active storage and passive recovery

. he syséem was put in operation during the day\only to

N .
store excess heat. During the night, part of the stojed heat
was recovered passively by coavection at the soil surface.

The daytime operation was based on the temperature differen-

~

tials (TCSD) described above in section 4.2.6.1.

" 4.2.6.3 Continuous Operation

The system was operating 24 hours a day (|TCSD|=0°C).

4.2.7 Observations on the crops

w

/ N o . -
In order to get a plant response indicator in connec-..

L4

tion with the heat exchanger-storage system and the green-

~ house operation, tomato plants were grown, because it is the

largest vegetable greenhouse production in’ Québec
(C.P,V.Q.). The Vendor cultivar was selected because of its
poéularity among greenhouse growers, when this study was un-
derfaken. ' .

For every production stage, from seedling to fruit

harvest; the c;j‘?p was managed according .to the C.P.V.JQ.

-
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(1984) recommendations. The fertilization schedulelpro \"sed
in that same reference, was ‘followed. Fer&tilizet‘:s were_ added
directly to the irrigation system, and provided to each

plant tbrough standard dfip irri.gjat\ion micro-tube. The

fertilizer inject has a fixed injection proportion of one

liter of liquid fertiliZ&r for every 128 liters of irrigated (

water. Ir'rigation 'was controlled by the use of three irrome-
ters mounted in parallel as described in section 4.1. The
irrometers were preset to activate the irrigation system
‘whenever the tension went SeLow 200 mbars.

The plants were soil grown a'ccording to the plant
layout presented in Figure 4.11 ; the rooting depth extende‘d
from 15 to 30 c;n below the soil surface. Yields were measu-
red on soil grown tomato plants. These yields were compared
wtbvtheuavera%e yields obtained by Qutj;yec greenhouse owners.

- — :
4.2.8 Payback Estimation ) .
The payback period for varj‘.tous scenarios was estifnéted

using the procedure outlined by -Perry and Robertson (1980).

These scenarios involved ent initial capital costs,

auxiliary heating costs in conneetion with different energy
sources, operating costs and plant prodgctivity, \152: a com-
mercial type greenhouse having a surface, area of 179 m2,
producing 3560 kg of tomato annually. An inflation rate of

4 % and an energy conservation factor of 33 % were used in

the calculations. The. costs are detailled in .Table 4.5 and

S
\

the scenarios are presented in Table 4.6.

-~

-

-
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Product\fvity: 960 kg increase? in yield at 3.50 $/kg-

1200

.\ 2
~ .
Table 4.5 Cost estimates for the payback\%riod
7 N
DESCRIPTION o cosT1 ($)
Material: 52 pipes twélvej meters long, 0.70 $-)m 440
Plenum 160
Two ventilators ( 400
Two thermostats 200
Inlet pipe 100
. Two dampers 200
) Connection to the electrical circuit. \160
(manpower: two hours)
Total 1600
Installation: Manpower for excavation
° 16 hours at 40 $/hour - 640
Manpower for installat'i;n h
15 days at 80 $/day
7 Total 1840
Material plus Inséaiiatio}} 34“40
Operation: Electricity, 3080 kWh at%\ 0396 $/kwWh 122
‘ Maintenance over a ten year period 100
Hea::ing: Heat load 52320 kWh ’ *
Heat source: heating oil at 0.037 $/kWh 1936 .
natural gas at 0.029 $/kwh 1‘507
wood chips at 0.008 $/kWwh 419
3360

~

1l 1986

2 pased on two tomato crops
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Table 4.6 Payback period sceggrios
SCENARIO AI}NLIARY. INITIAL OPERATING PLANT

4 HEAT SOURCE CAPITAL COST COST  PRODUCTIVITY

. ' (%) ($) * CONSIDERED
1 ' Heating oil 15931 03 No
2 Heating oil 34332 0o - No ,
. ®

3 Heating oil 1593 222 No

4 Heating oil 3433 : 222  No

5 Heating oil 3433 pR22 vesd

6 Natural gas 3433 222 Yes

7 Wood chips 3433 222 Yes

%kg The greenhouse owner buys and installs the material
required for the heat exchanger-storage system.

2 The greenhouse owner buys the material and: pays for the
installation of the heat exchanger-storage system. . ) .

23 ‘The heat exchanger-storage system blower replaces the ‘ {\
standard fan jet normally found in a greenhouse.

4 fThe increase in plant yield is assumed to be 960 kg.

. [

Y
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V RESULTS AND DISCUSSION
(5.1 Soil Physical Properties - s
5.1.1 Soil Texture ‘

A soil tpxture analysis was perfomed on the'two soil
layers formi the thermal mass; the ttom layer accounting
for approximatly 2/3 of the thermal, more. samples were taken
from this layer; sampling was done @t 65 and 95 cm below the
soil surface in the bot;om layer and at 15 cm in the top
layei;j?he results are shown in Tables 5.1 and 5.2. These
results indicate that the bottom layer is made of sand and
the top layer is méﬁe of sandy loam. Both layers are quite

homogeneous.

5.1.é Spil Wet Bulk Density ‘

///~\¥§e average soil wet bulk dehsities obtained from dif-
ferent samplfh§ are shéwn in Table 5.3. The top layer being
more easily accessible, more samples were taken in this
layer. The average-density of the bottom layer is higher
than that of the‘top layer, since the tép layer was tilled
and loosened Egior to each crop,pianting. For both- layers

the density dgzkgibution is .unifoxm. M @

5.1.3 Soil Specific Heat
/ . :
The soil specific heat values obtained from dried

composite samples coming from both soil layers, are shown in

&




Table 5.1° Texture of

50

the so0il bottom layer

Sample;F Saﬁd - | - 8ilt ‘ Clay
" (%) (%) (%)
1 93.0 _ 4.4 - 2.6
2 . 93.2 ’ 3.2 3.6
-3 T 93.3 3.2 | 3.5 -
4 92.0 ) 4.0 4.0
5 94.0 | 2.5 3.5
6 91.8 ™~ 3.6 , 4.5
7 96.7 0.8 2.5
8 95.7 - 1.7 -2.6
9 - 97.3 0.2 2.5°
—-10 ‘ 96.4 0.0 ’ 3.6
i1 . 96.9 0.6 - T 2.5
AN 96.5 1.0+ 2.5
Mea '94.7 2:1 : 3.2
s.l. . 2.1 o 1.6 0.7
c.Y. (%) 2.2 * 78.0 . 23.4
S~
a ' .
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Table 5.2 Texture of the soil top 'layer ) )
Sampie - Sand ' Silt S Clay
L ' ) 7
# (%) (%) (%) - %
T " ) "&
1 62.5 13.4 14.1
2 62.5 . 15.1 12.4
-3 68.6 31,0 10.4
4 S 70.6 17.0 12.4 -
m .
4 ' Mean 66.0 ( 16.6 , 12.3
S.D. : 4.2 3.3 1.5
C.V. (%) 6.3 19.6 12.3
Table 5.3 Soil wet bulk density
Layér Number of Average Standard Coefficient
samples bulk ‘ deviation . o E
. densi%y a}i tion
(kg/m>) /(%)
saﬁdy . : \\ ~a .,—-\/
loam 47 1340 51 .. 3.8
sand 40 1736 . 40 2.3 :
7o
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7

o
Taﬁ?fe 5.4. These results are in agreement with values gene-
e )
rally encountered in the literature, for these, types of soil

(Baver, 1940; Van Wijk, 1963; Lawand et al., 1983).

5.1.4 Soil Water Content . | ' A

Table 5.5 shows the average water content on a dry ba-
sis, for each soil layer. In this case, based on the coeffi-
cient of var'ation,L_the distribution ié not as uniform as it
was for so[l wet bulk density, especially .in the sandy
layer. Because of its higher .water retention %apacity, the

top layer had a higher water content.

5.2 Air Velocity
5.2.1 Heat Exchanger

The air flowrates in the exchanger were equalized prior
to the velocity measurements; these measurements were taken

before the start of the test period. Thé *V;alues of the in—

rage air velocity for each pipe are listed ijn Table 5.6. The’

air velocities were relatiyely uniform, exdept for one pipe
(All), for which the air\ flowrate could not be adjusted,

most likely due to an obstruc;y’{on or pipe deformation.
V2 / .

13

5.2.2 Heater Outlets

The heater was equipped with three air outlets; the‘ air
flowratés in these outlets could not be perfectly equalizéd."
The average air velocities for each outlet are listed in

i

Table 5.7. The hot air from the heater\ was d stribhted in

- |
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l'/f?
- ~ ‘s
#
Table 5.4 Soil specific heat
Layer Number of Mean Standard: Coefficient ‘
’ samples specific deviation of
heat variation
(kJ/kg-°C) "~ (kJ/kg-°C) « (%)
. Sandy ) . 4
Loam 24 0.77 0.14 18 )
Sand 20 0.68 0.06 -~ 9
‘,
Table 5.5 Soil water content )
Layer ' Number of Mean Standard Coefficient
samples water . deviation of _
contents (% weight) variation
(% weight) (%)
Sandy _ )
Loam 24 23.7 4.3 18
Sand 24 8.8 4.1 47 .
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Table 5.6 Heat exchanger air velocity and flowrate
- Pipe Velocity ?lowgate Pipe Velocity Flograte
# . (m/s) (m>) # (m/s) (m°/s)
1 4.1 0.032 B 1 3.9 0.031
2 4.0 d.osg‘ B 2 4.1 0.032
3 3.9 0.030 B 3 3.9 0.031
5 3.3 © 0.026 BS 3.6 '0.028
6 ‘4.1 0.032 B 6 3.9 . 0.030
7 3.9 0.031 B 7 3.8 0.030
8 .1 & 0.032 B 8 4.2 10.033.
9 3.9 0.031 B 9 3.9 0.031
A10 3.9 0.031 B10. 3.9 0.031
A1l 2.7 0.021  BIl 3.9 0.031
ALy 3.9 0.031 . B13 3.7 0.029
Mean 3.81 0.0349 3.90 0.0357
Standard
deviation 0.40 { 0.21
C.V.(%) 11 \ 5.23

§- .
. Table 5.7 Heater outlet air velocity and flowrate

Outlet . Velocity Flowrate
) (m/s) (m3/s)
>
South 1 2.8 0.29
Center 3.3 0.33
North 2.4 ~0.24




"%he third one was installed along the
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S

the éreenhouse through perforated polyethylene tubes. One of

these tubes was located over the soil along the north wall.
N . ¢

The second one was located on the gi;?nhouse center line.
outh wall:

"
’

In order to minimize the total nﬁmber of sensors used,
two temperature sensors were used for the evaluation of the
amount of heat prov1ded by the heater. One sensor was ins~-
talled at the heater air inlet, the other was  installed at
the central outlet. Since temperature differences were found
among the three air outlets, the air temperature measured in
the central outlet could not be used directly in equation
3.8 to compute the amount of heat provided by the heater.
Therefore, the air tempergture measured in the central out-
let had to be adjusted in order to be representative of the
average air temperaturefooming from the three’ oulets. To do
Ehat, testuruns wereﬁcoﬁducted and air temperatures from
each outlet were meesured. A linear regression equation was
derived from temperaturé measurements obtained during the

1 )

test runs. . o . ) :
= L] » o '
\ TOC = 1.0101 + 0.9527~+ TCE . (5.1)

& '

v

This empirical equation predicted the average tempera-
ture of the air coming from the heater, from the air tempe-
rature of the central outlet. The results of the statistical

analysis are presented in Appendix A.

2
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y? _
5.3 Heat EBxchange Coefficients

-

5.3.1 Greenhouse Heét Loss Coefficients )

Results from the heat loss test runs performed on se-

lected nights throughout the study period, are shown in Fi-
gure 5.1; from the figure, it can be seen that the overall
heat loss coefficie’nt‘ vgrigs 1inéarly with wind \ielogity.
The use .of the thermal curtain,decreasés the overall heat
loss coefficient by 28 to 30 %, which results in an energy
;onservation_factqr of the same magnitude. The use of hoods
on ventilator outlets results in_a decrease of the overall"
heat loss coefficient by 16 to 28 %, likely by reducing.éiri
infiltration. An e§amp1e of the data'obtained_dufing a heat
loss test run and the computer program used to’compufe_the
data aée listed in Appendix B and C respectively. A

. The parameters UG, UGﬁ,gUéC and UGHC stand respectiv;ly
for the overall heat loss coefficients without the thermal
curtain and hoods (equation 5.2), without the curtain bué
with hoods,  with the thermal curtain but without hoods
(equation 5Y3), and with both the curtain and the_hoods.

| To simplify the computations when the thermal curtain
*was on, 72 % of the UG value corresponding to a given wind
conditiqn "without the thermal curtain, Wwas useh; which
yielés é‘consegvative estimate of the heat loéses;tFurther—
more, four yest runs made at different periods without wilad,
thermal curtain or hoods, have yielded a UG wvalue of

0.0051 kw/m2-°C, which is lower than the UG value predicted

by the linear regression equation  5.2. It seems that the

N
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Figure 5.1 Wind effect on the overall héat; 108s coefficient.
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infiltration heat losses are relatively important, since the
greenhouse is exposed to wind conditions; because of that, a

UG value of 0.0051 was used in order to prevent the over

estimation of the greenhouse heat losses, which would

contribute to the over estimation of the solar contribution:
to the greenhouse heat load. _~

: r
5.3.2 Convgctive Heat Transfer Coefficient

The convective heat transfer coefficient in ttfe, heat

exchanger has been estimated from the empirical equation gi-

ven by Sibley and Raghavan (1984), for the " température
conditiodn:q encountered on the 86;12-01; the value obt\ained
is 0.015 kW/m2-K .

For the. same conditiéns, the value comput‘ed from the
experimenta[data using equation 3.30 waé 0.013 ]gW/mz-K, ba-
sed on sensible heat exchange. The difference n\igt’gt be e;:-
plained by the fact that the empirical equation' of ’sibley
and Raghavan was derived from the data obtained wj.th a labo-
ratory setup using relat;‘.(zely dryer air; in t;xis case, the
air circulating in_/the\heat exchanger storage system was at
80 % (average) air rela’;_ive humidity. Therefore, the physi-
cal properties of air and the heat transfer mechanisms in-
volved are not like1°y to be the same. An average value of

0.012 kW/mz‘K was obtained for the spring and fall of 1986

test periods (Appendix D).-
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: {

5.4 Electrical Energy Used e

P ~—

—

AN

Measurements taken on the electrical equipmentsy'are.

}presented in Table 5.8. However, these values do not account

°

for variations in the electricity supply.

<

Table 5.8 Voltage, current and electrf%al power

ﬁquipment ~Voltage Current Power
. : (V) (A) (W)
Blower " 240 [ 4.9 1.76
Ventilator Low Speed -~ 122 T 3.2 390
Ventilator High Speed 121 6.0 726
Ventilator Humidity ) 123 . 5.5 ) 677
Burner - 123 5.9 725
High Pressure Sodium "122. 3.g}rﬁaqt 475

Lamps

1 estimated

5.5 system performance

ALl ‘the data coI%ected.were_proSessed on a daily basis,
gsigg the "Létus 1-2-3" goftwére:'éretféated and compiled
data account for 800 pages of computer output, and theve-~
fo;e, these pages are not lncluded in the thesis. However,
these data are available for consultation on the I.T.A. La
Pocatiére premise. For- illustration, raw, pretreated and

compiled data for a given day are presented in Appendix E.

Ry
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The computer program used to process the data is listed in

Appendix F. . ‘ %\—
> .

5.5.1 Heat Storage and Recovery .
Du;ing the teét period, the thermal mass had seasonal
temperatufe fluctuations of approximatly 10°C, as shown in
Figure 5.2. During the fall erdo the thermal mass
temperature decreased gradually n' to a temﬁenature
¥ slightly above the minimum air tempeéatureumaintéiﬁed (13 to
15°C). In the spring, during the storage phase, the higher

o B
rates of, temperature increase were encountered in April and

\‘. ¢
"May. In summer, since the ventilators work more often and
the thermal mass temperature is high, the efficiency of the

exchanger decreases and the rate of temperature increase de-

creased. .
A

PR

In early summer, the average soil temperature went up
to 24°C. This increase in tempergture as compared with a
conventionnal greenhouse, could have a positive impact AL
plant yield, provided that the root zone has a good thermal
contact with the thermal mass.

For a typical spring day, the temperature of ‘the soil
layers has a sine wave typé variation. The curves correspon-
g&ng to the top and bottom layers of soil, show that the
system has a significant effgct on soil temperature (Figure

5.3). The system was operated during ihe day for heat sto-

rage and at night, for heat recovery.
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The soil temperature variation at the su;:face has a hi-
gher amplitude tﬁan the one observed for the bottom layer,
‘since top soil also absorbs directly part of the incident
.solar radiation. During 1£he night, the temiaerature at the
soil surface goes below the temperature of the top layer;
th"erefore, some stored heat migrated:-to the soil surface and
is released to the greenhouse.

The 'daily variation in soil temperature for a given _day
during the first fall test pefiod is shown in Figure 5.4,
tfxe system was then operated during daytime.only for heat

storage. During nightime, heat is gradually lost from the

-
N

soil layers, since the soil temperature is hig‘her than the
air temperature inside the greenhouse, part éf that heat is .
‘recovered passively inside the egnhouse. . /f,

Dl:l;ring spring, the temper;ture is relatively uniform
throughout the thermal mass. By mid-snpring, the temperature
differentials between the west end and the east end of the
tl'fermal mass are approximatly 1‘.5 .and 0.5°C for the bottbm
and top layer of soil respectively (Figure 5‘.5). By early
summer, the Vtemperat‘ure differentials become negligibleéfor
the top layer a?d//;pproximatly 1°c for the bottom one (Fi-
| gure$.6).

Soil surface temperatures measured in the center of the
greenhouse are consistantly higher than .the ones measured
close to the west end and east end for the greenhouse; this

is likely to be due to the shading effect of the end walls

on these area in early morning and late afternoon.
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In order to assess the effect of active and' passive
heat recovery on the heat exchénger—storage system perfor-.
mance, the system was operated day and night whenever excess
heat was available, during the second fall test period. Thé

il longitudinal temperature profile had somewhat the same
pattern (Figure 5.7). However, the temperature of the bottom
layer was 1°C highef than that of the top layer. By mid-sea-
sgn, the temperature differentials between the west end and
the east end of the thermal mass were in the order of 2°C.
By early winter, the temperature differential increased up
to 5°C. The soil surface temperature somewhat followed the

ig\\fame pattern as for the top layer of soil (Figure 5.8). On

“

the overall, there was little horizon%al temperature strati-
fication in the £hermal mass.

The air temperature differentials.between the exchanger
inlet and outlets seems to follow thg séme pattern as the
air inside the greenhouse does (Figure 5.9). -

For a typical sunny day in spring, thé temperature dif-
ferential during the day is higher for the bottom row of pi-
pes as compared with the top row, since the soil surrouding
the pipes is colder in the bottow layer; for the séme
reason, the temperature differential obtained at night is
lower for that same row; neverthgless, this temperature dif-~
ferentiQE is relatively constant. The capacity of the system
to recover heat at night is limited by the low temperature
differentials (between 3 and 5°C) encountered. The maximum

and minimum temperature conditions imposed by the crop

T
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. A\
c prevent the operation . of the system at higher temperature .
* -

differentials.

'Qur'ipg ‘heat storage, after 4 hours of operation, the
air temperature’ inside E:he pipes decreases rapidly between
‘the pipe inlet;-located at thé_ west end of the greenhouse,

" and tx':tlle pipe center, a temperature drop of 6°C was recofded.
Between the pipe center ‘and the pipe outlet, located at the
ee.st end of the greenhouse, the decrease was less steep, and
the value was§12°c (Figure 5.10).

After 8 hours of operagion, a similar profile is oiaser-
ve;i (Figure 5.11). As shown in Figures 5.‘10 and 5.1i, it ap-
pears that the air 'circulated in the heat exchanger looses

’ approximatly ’Jthe 2/3 of its heat content in the first 5 me-
ters of pipe. Since the top layer of soil is warmer than the

\Q&ttom layer, the temperature differential between the air

and soil rapidly approachee fero.

‘ \ z . , .
7 For heat recovery, the situation is revers@(Flgure

- 5.12). After 8 hours of operation, the air-soil temperature

©

S Jiffefential being higher for the top ro;a of pipes as compa-
red with thé bgttow row, the heat exchange takes place on
{ the full length of the top row pipes.

\\\ There is a good correlatlon (Figure 5 (3) between the
averm temperature and the average air temperature j:n-
.side the greenhouse. This further confirjns that‘ the system
'performance is limited by the maximum and minimum tempera-

c ture conditions imposed by the crop. The soil temperature

could get higher provided that a higher air temperature

A
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could pe allowed inside the _greenhouse ‘during the day. On
) ' . v ) &
the. othel hand, a lower air temperature at night would re-

sult in more heat recovered from the storage.

K ‘Tpedpreviohs results indicate that heat was stored and

. e

retreivgd'fron} the the}:mal mass, but they do not g:i.ve‘7 any

’ -

indication ‘on the efficiency .of these operations. To find

~out, heat storage (SE) and recovery (RE) éfficiency parame-

ters were computed frofn equations 3.25 and 3.28 respecti- R

vely; however, these parameters did not turn out t&g be good
indicatpr of the system performance. Results for the month

of May, shown in Table 5.9, extracted from Appendix D, indi-

, cate that these two parametoer's'seem‘ to fluctuate randomly.

.
A

There is no apparent relationship between these. two parame-

Y

ters and)other‘éys.tem performance indicators. d

Two apparent z:easonsq might explai‘n this fact. Firstly;
the soil water content haé not remained constafxt throughout
the tesat‘period. For example, prior to each crop planting
the soil was.washed throﬁgh; to dec¢rease the' salt content.

*

The irrigation of plants was not perfectly uniform, resul-

ting in soil water content spacial variability, mqstly in.

the sand layer (Table 5.4). The soil water content of the

top layer is affected by the amount of solar energy inter-'

cepted at the surface,- as more energy is received, more eva-

poration _hea&' losses take place. Since the soil thermal pro-

perties ‘are highly dependent on the soil water content, it
does noct seem to be appropriate to assume that the so0il,

water content remained constant on a daily basis. Secondly‘,“

N
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/ Table 5.9 Fluctuation of wsthe heat s
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parameters (May -1986)

L}

]

f
tor

T

<

age and recovery

L g

Y
Greenhouse Solar \ Mean Soil Storage

= 31/05/86

727238

19794

Date Regovery
o Heat Loss Energy + Temp.  Thermal Thermal
-__ i Efficiency Efficiency .
(k3) ©  (k3/m2)  (°c) : ‘ ,
01/05/86 - 840145 8794 | 190 Qi <—)_.58;éf 0.50
02/05/86 1075260, 14425 18.8 . 0.53 % 0:49
103/05/86 1117965 15772 19.4 “, 0.48 1 0.37
04/05/86 705140 '$346 . 18.9 i, 0.55 0.79.
05/05/86 766120 14606 18.5° 0.54 0.66
07/05/86 758389 8411 17.3 0. 0.83
08/05/86 800104 18570 18.2 0.48 0.37
09/05/86  467592' > 12669 ' 19?4 0.57 ' 0.35
. 10/05/86 46759% 12669 19.4 0.57 . 0.35
11/05/86 1090588 17857 18.7 0.51 0.57
.12/05/86  725217»° 19826 19.4 0.47 of;s
13/05/86 498945 19487 20.4 0.46 0.73
14/05/86 307479 19769 21.3 0.40 0.52 -
15/05/86 251637 14463 22.1 0.44, 0.28
5 16/05/86 335847 $1189 fg’ 22.6 o.\gs 0.32
 17/05/86 326645 13073 23.0 0.49 "0.32
26/05/86 409772 22566 21.3 0.17 0.19
27/05/86. 312650 17385 22.5 0.44 0.31
23/65/56 434188 18020 22.6  0.43 y 0.44
'29/05/86" 289021 13210 22.6 \/7 %.52 0.39
30/05/86 496851 15261 22.6 0.47 0.41
“ 23.1 0.41 \6.56

’
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! )
‘there is a time lag between the heat.exchange from tke pipes

' J 7 »
and the ,tempe}ature variation within the thermal mass, due
»

to the soil thermal diffusi\;rity.' : ‘
LY ’

o -

N

" For example during heat recovery, th;z soil temperature

in the botjtom layer can continue’ to increase even if the

t

' u . ,
s9il temperature in the top layer has started to decrease. [/
e * ﬁ

A piezqorﬁeter was installed in the greenhouse_in ord

s
u?
to monitor a potential water table inside the greenhouse

Y

" thermal mass,  that could qffect the system performance. Re-

A

gular measurements have indicated that the water table re-

mained below tlgle greenhouse footing and therefore, did not

I\

affect the thermal mass. w
»

5.5.2 Dehumidification-humidification of the air
As.shown in Figure §.14, at hight'; the air relative hu-~-

" .

midity inside the greenhouse remains almost constant at

approxim;tly 80\%. In the morning, when the thermal curtain

. is opened, the relative humidity level increases tempora-

-

rily, (as the air temperature increases, the air relative hu-

midity decreases gradually.

.
N

_The air relative humidity at the exchanger inletﬁfol-

.lows a pattern similar to the air \r}glafive humidity. inside

the greenhouse. However, the relative humidity at the inlet

is lower than that of the air inside the greenhouse, since
rty -

~the air temperature at’ the exchanger inlet is higher thgn

the gne inside the greenhouse. .

~

3
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- At night, the air relative humidity at the exchanger

outlet is lower than that of the inlet, since air is warmed

~as it gets througﬁ the exchanger; nevertheless, the relative

s

humidity is almost constant. During the day, a pattern simi-

lar to the one obtained for the air inside the greenhouse is

Y

observed. The air»relative humidity is higher at the outlet

than at the inlet, since air is ‘cooled as it gets through
the exchanger. In the morning, saturation and condensation

a

occur as long as the air relative humidity inside the green-

house stays high. This is 1likely to happen when the therﬁal

curtain opens; an important mass of saturated air ig@then

introduced in the greénhouse and in the heat exchanpger. As:

N

:th'air temperature increasés in the greenhouse, gﬁe air re-
lative humidity ¢gradually decreases, -

Visual inspections confirméd that the system dehumidi-
fying effect is not negligible, mostly with the. loyer pipes
located near the perimeter of the greenhouse. During spring
and fal ;\important amounts of condensate were drained in
the [soil via the plenum floor. Howeve}, the§e ?mounts were

not measureg. V

5.5.3 Heat Exchanger )

A typical daily variation of éhefcoefficient éf perfor-
mance (COP) computed from equations 3.54 and 3.35, is shown
in Figure 5.15. At night, during heat recovery, the average
€OP is approximatly 4.0; however at sunset and sunrise, the

COP decreases below 1.0, and the system becomes inefficPent.

v ‘?
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During daytime, ;the COP gradually decreasés as more
- 4

heat is stored in the thermal mass and somewhat follows a
Y - 7
pattern of variation similar to the air temperature diffe-

. rential between the heat exchanger inlet and outlef.

3

The system operation was cont;olled by the temperature
differential between theAQir in the upper part of the green-
house near ‘the heat exchangez inlet, and theysoil. The hi- -
gher the’ absolute diﬁferentiél, the higher the COP (Figure
5.186). A.temperature differential above 6°C seems to be ade-
quate for an efficient operation of the system.

The COP seems to be more influenced by the témperature
differential -between the air in the lower part of the green-
house ¢below the thermal curtain position) and the soil (Fi-
gure 5.17), than by-the temperatu;e differential between thé
air in the upper part (above the thermal’ curtain position)
anthhe soil, the coefficients of(correlation being higher
for the first case (Table 5.10). . 1fﬂ

When the thermal curtain is in opératign, the system
has its air intake below the curtain. This can explain the
fact tha% a better “correlation i; obtained between the COP
and the }emperature differential betwé%n the air in the lo-
wer part of the greenhouse and the soif, for heat recovery.
During heat storage,'it seems that air from both the upper
aqs lower part of the greenhouse yest end, are mixed and
circulated through the exchanger.

It is likely that a higher COP would be obtained if the

air intake would be spread along the horizontal axis of the

-
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Table 5.10 Effect of the tempeyature differential on the COP
and on thegheat exghanger efficiency ‘ -,

Parameter [ Mode coefficient of correlation

Temperature differenti%ls

-Upper Partl Lower Part?2

COP . Storage 0.60 0.86

CcoP _Recoveryd 0.92 .0.95
¥ ?7—-——————'/ v ,

Efficiency " Storage 0.97 . 0.64

Efficiencyyﬁ/] Recovery 0.95 o O 0.99

o

-1 7 petween the air above s:;(thermal curtain '‘and the soil

2 - petween thehggf»under th€ thermal curtain and the soil
Ry ~a
“.' . ‘) -

P
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86

greenhouse near the roof ridge. This would also result in a
better correlation between the COP and the temperature\'dif-
ferential between the aikabove the curtain and the soil.

Observations similar to those stated for COP, also ap-

¢

ply to the heat exchanger efficiency computed from equations

3.32 and 3.33 (Figures 5.18 and 5.19). However, for heat

.storage, the correlation between the efficiency and tempera-

ture di‘fferential between the air in the upper\péb\oﬂ the

greenhouse and the soil, is higher than the one obtained.

between the efficiency and the temperature differential bet-

ween the air in the lower part and the soil. The higher the

_temperature in the upper part, the hlgher is the tqmperature
at the exchanger inlet; since the exchanger efficiency is‘
N . - .
comput‘ed (equation 3.33) from parameters such as the inlet

temperature, the correlation is likely to be high betwees

the efficiency and the temperature differential between, the

air from the upper part and the soil. For the same reason,

during heat recovery, the correlation between the efficiency
and the temperature ~differential between the air from the
lower part and the soil,‘ is likely to be high,

Figure 5.20 shows. the ratio of the amount of energy
recovered at the’ soJ.l surface, over the total amount of
energy recovered from both the soil surface and the heat ex-
changer, during the spring and £all of 1986 test perlods.

From February to mid-April, the exchanger was operated
during the day on_ly, in order to rapidly increase the soil

temperature for crop benéfit. From mid-April to mid-June,

<

-
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Figure 5.18 Effect of the temperature differential between the
inlet and the soil, on the efficiency.
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0

the exchanger was operated day and night whenever the tempe-

_ rature differentizd betweeﬁ the air and the soil was suffi-

ciently high. For that period, approximatly 40 % of the heat

was recovered from the soil surface. This contribution  went

from approxiﬁatly 30 $'in April-to 50 % in June. During the -

Fall, the soil béing colder, the contribution was estimated
at 20 %, going from 50 % in September to 10 % in Novémber.

[
Thereforle, pass1ve recovery at the soil surface seems

to be subgtantial, prov1ded khat the convective heat trans-
fer coeffifcient at the soil surface used, is a good epti-
mate. ’ '

fhe heat, exchanger efficiency is maximum in winter anq
in late fall for heét storage, since the -thermal mass is
relatively cool. As the temperaturq‘in the thermal mass in-
érease, the efficiency decreases. On the contrary, for heat
récoverQL the effibiemﬁy becomes maximum in summer, since
the soil is warmer (Figure 5.21).
5.5.4 Greenhouse Energy Consumpti;;
) The solar energy contribution to the greenhouse heat
load computed from equation 3.1, does not seem to be as much
influenced by solar radiation (Figure 5.52) as initially ex-
pected. However, as solar radiation increases, the exchanger
cannot extract all of the surplus heat that is available and
therefore, the ventilation is‘activated to evacua;é séme of

the heat, maintaining that way an acceptable temperature for

the'plants. . ,
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! The same comment also applies fo; the air temperature
in the lower part of the greenhouse, which‘follows a patiern
of variation similar to solar radiation up té 21°C to 23°¢C,
corr_espdnding L»t‘fo the activation of the  first ventilati‘onm
stage (Figurea5.23).
| There is a closer relationship between the average ;oil
temperature and the solar cont?ributi‘én to the greenhouse
heat load. Since the soil acts as a thermal mass, the warmer
the soil, the more heat that c¢an be recovered at night:
resulting into more energy‘conservation on heating (Figure
5.24).
It apﬁears that almost a 100 % of the dgreenhouse heat

load can be provided by solar energy when the temperature of

the thefﬂal mass gets above 21°C. However, above 21°C, the

stored heat is not used quite efficiently. For example, the
temperature of the air inside the greenhouse at night has a h
tendency to remain higher than the minimum level recommended
for a given crop.

Figure 5.25 shows that from March to Jﬁly. The solar

contribution went from 50 %”%o 100 %.Q%ne should note that

"the conven;i&hal greenhouses located in the La Pocatiére re-

gion require auxiliary heat at night, even during summer.
During the follpwing fall season, the contribution decreased .
from 90 % to 30 % by the end of November 86.

From February to June and from September to November

1986, the overall solar contribution was estimated at 58 %;

.on the other hand, the contribution of the ariificial

&

-
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1ighting system (equation 3.9) and the contribution of the

heater ° (equation 3.5) were 7 % ..and 35 % respectively.

Knowing: that a conventionnal greenhoﬁse gets 20 % to 25 % of
,its h\ea/t{'ng requirement from solar energy, the system might
have resulted in an' energy conservation of overl33 %.

" on shoulci' note that the resulting performance of the
systemnzght not be representative of the full potential of

the system, since it was not j;operated based on optimum

- conditions, as they are not known.

-
5.6 Tomato Crop \\

The tomato crc?p}& (Figure- 5.26) were grown during the
test period. The averageﬁ yields were 7'L4 kg/m2 during the
fall of 85.and 86, .and 17.9 kt_:;/m2 during the spriné of
1986, resulting in an overall yield o:‘. 25.3 kg/mz.‘ 'I‘he<crops

were subjected to the “conditions recommended by the C.P.V.Q.

(1984), except for the spring nightime temperature which was

maintained 2°C lower than the minimum temperature recom-

k)

mended. “e 1R e
o

\In Queb;ac; the z;verage;‘ vields for a greenh;iuse grown
tomato crop are appr;ximatly 5 and 10 kg/m2 for the fall and
the spring crop reépgctively, wHich accounts for a total of
15 kg/m? for both éeason. /

However, even if standérd conditions vfefé imposed to
the crop duliing the experiment, thfe higher yields 'obtained

in the experimental gxeenhouse as compared with th& provin-

cial average, are not necessarily due to the soil  heat

: | &
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Figure 5.26 Tomato crop grown in the experimental

o : greenhouse.
(o]
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__exchanger-storage system._Favorable climatic cc;nditions, the
C‘i & use of a high light transmission glazing, the use of a mi-
- érocomi:utei: to control the greenhouse climate and the luse. of
four HPS lamps x;ight also have contributed to the higher
Yields. Therefore,' the effect of the system on the crop
yvields cannot be assessed.
However, the general appedrance of the plants and the
. stem and lléaf dimensions, seem to indicate that the soil
stofeﬁ heat had a positive impact on the crops, but agailK
this obs;arvation has not been verified experimentaly.n
5.7 Payback period
The payback period estimates were computed according ]to
different scenarios based on a commercial type greenhouse

operation, as described in section 4.2.8. These estimates
are presented in Table 5.11. '
N It can be seen that the pa:yback period is strongly in-
fluenced by the capital cost involved and the s&stem impact
on plant productivity. The system becocmes less cost effec-
tive when the capital cost involves the installation of the
system and when the system does not contribute to enhance
plant productivity, as it would be for plants grown on
benches for example. On the other hand‘, a greenhouse owner,
installling himself the system could get a payback period of
approximatly two years, based on energy conservation alone;
further, the payback period could get below twelve months if

C _ .

+
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the system enhances plant yields, as it appears to do for a

soil grown tomato crop. -

Table 5.11 Payback period estimation

4

Scenerio Auxiliary Initial Operation Higher Plant Payback

Heat , Capital Cost Productivity Period

4 Source Cost ($) (%) Considered (years)
=1 Heating oil 1593 0 \ No . 2.2
2 Heating oil 3433 = 0 No 4.6
3 Heating o0il 1593 . 222 No 2.6
4 Heating oil 3433 222 No 5.5
5 Heating oil 3433 — 222 Yes 0.9
6 Natural gas 3433 ° 222 Yes 0.9
7 Weod chips 3433 222 Yes 1.0

y
1 ]
\] /‘/\
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' ‘ VI SUMMARY AND CONCLUSIONS
¢
The use of éoil as a thermal mass inside a greenhouse - /
has been studied in many countries, and many Japaneese ,
greenhouse owners have installed soil heat exchanger storage i
systems in their greenhouses éb lower their production
costs. The technique seems to be cost effective in countries
having amild climate, but would the technique be interes-
ting if implemented in colder climate?
The following conclusions can be &rawn from the experi-
) ments conducted on such a system inst&lled in_ a commercial
type greenhouse located in La Pocatiére, Québec. . v
During the test period, a seasonal temperature fluctua- ‘
tion of the thermal mass of approximatly 10°C was recorded.
By'early summer, the average temperature was 24°C, and by

late fall, it decreased down to approximatly 15°C.

The temperature 1is relatively uniform throughout the

N ‘thermal mass. Over a 10 m length, the _average temperature
differential between the west and the east end of the sto-

rage was 2°C.

An important fraction ofqthe heat exchange takes pléce
in the first five meters of the heat exchanger.

The ave?age temperature of thermal mass correlatés well
to the average temperature of the air inside the greenhouse.
HTherefore, the system performance is limited by the maximum

. and minimum temperature coqgitions imposed by the crop. The

( effect of temperature being cumulative for a plant, the
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amount of heat stored and recovered might be improved if hi-

gher and lower A tenmperatures were allowed for daytime and

nightime respectively, as compared with those generally re-.

commended; however, that approach would require more sophis-
ticated means of temperature control (based on temperature
integiﬁtion),‘which are not readily availablé right now.

Oon a daily basis, the system efficiency, parameters in

terms of heat exchange, and temperature fluctuation in the -

t‘ﬁ:?al mass, did npt turn out to be good indicators of the
system performance.
‘ *From February to December 1986, the coefficient of
performance\(COFT_of the system was 3.6. Therefore, the sys-
tem used efficieﬂtly the electrical energy consumed for its
own operatio_n; however, the system becomes not efficient
around sunset and sunrise and ‘should not be operated for
temperature differential between the air near the roof ridge
and the soil, lower than 6°C. The system performance is bet-
ter "during heat' storage than during heat recovery. The‘bOP
might— probably increase provided that heat is collected
along the full length of the greénhouse.

‘ When the system is used for heat recovery, approximatly
30 $ of the heat is recovered passively at the soil surface.
Thg passive recovery of heat seems to be the appropriate
mode of heat recovery<duriﬂg fall operation. For heat reco-
very, the maximum efficiency was encountered during summer.

The average convective heat transfer coefficient in the heat

exchanger is 0.012 kW/mZ'K, this value is similar to those

-

.
) -
.
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l¥sted in the literature, but for lower air vélocities than
the one used.

The use of a plastic mulch over the soil surface would
1ikély increase the system efficiency, by reducing the

evaporation heat loss from the storage.
f{fect on the

The heat exchanger has a dehumidifying e
air c:.rculated in the pipes. Visual observatlons\ as well as
results confirmed thi_s conclusion. In order to efficiently
dehumidify the air, a slope “should be provided to the pipes!
so that the condensé;:e would be drained in the soil while
flowing in‘ the plenum. However, more reliable ;esults have

to be obtained to further assess this aspect.

The solar energ¥y contribution to the greenhouse heat

load seems to be more influenced byﬁ ‘the average soil tempe-'

rature than by the average temperature of the air inside the
greenhouse fr by the solar radiation entering the green-
house. Thls contribution has been estlmated to be approx1-
matly 100 % for a thermal mass temperature above 21°C.

For a typical operation (from February to June and from
September to becember 1986), the solar energy contribution
to the greenhouse heat load uwas estimated at 58 % (excluding
summer operation). For tpe same period, the contribution of
the artificial lightingé system and of the heater were 7 %
and 35 % respectively. Knowing that solar energy normaly
contributes from 20 % to 25 % of a greenhouse total heat

load, the system provided a 33 % energy conservation.

O\
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More accurate estimates would require the comparison of
energy cbnsumptions between a control greenhouse and a simi-
?Lar greenhouse equipped with the soil heat exchanger-_-storage
system, ovef a few years of operation.

From an agronomic point of view, the overall yield for
the soil grown tomato crops has been 25.3 kg/mz' Acording to
the C.P.V.Q. (1984), the average yield in Québec for green-
house produced tomatoes is 15 kg/mz. However, the difference
in yvields, mostly observed on the spring crop, could be
attributable in part to causes other than the high soil
temperature related- to heat storage. The effect of the soil
“héa'g: ‘exchanger storage system on the crop 5:buld not be mea-
sureci, s\ince no control greenhouse was availa‘b‘le. However,
qualitative observations made on the crop seems to indicate
that the soil stored heat was beneficial to the plants.

A rough economic calculation indicates that for a com-
mercial ~greenhouse heated with fuel o0il, in which tomatoes
are produced, the payback period fo;: such a system would be
two‘years, if the system is built by the greenhouse owner.
Furthermore, if some increase in_the yield due to the system
is accounted for, the payback period decreases down to
approximatly one ?ear.‘However, a complete economic analysis
should be done in order to verify that aspect.

It seems that this new energy conser\‘zation technique
" could be as easily implemented in existing greenhpuses as ‘in

newly constructed ones. In addition to the energy savings

obtained by reducing the nightime temperature and by recove-

[
g
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_ 4
ring some of the stored heat, savings are also obtgined on

the electrical energy used for ventilatidn, since .the air
evacuation needs are reduced. It_should also be noted that
the experimental greenhouse was not equipped with a fan jet,

since the heat exchanger blower: was anticipated to play a

similar role.

'Q Sugh a sfstem, might be éffectively used in combination
with an artificial lighting system. The heat released by it
would delay the need to recover the stored heat, and extend
the usefulnesé of the thermal mass. furthermore, some of the
excess heat released by the éﬁphting system guring the day,
éould also be stored. Such a storage system might also be
used effectively in combination with a CO; enrichment sys-
£em,\since air evacuation needs are reduced. Burning gas en-
richment systems also released a significant quantity of ex-
cess he;é}that could be stored’for later use.

The soil heat exchanger-storage sy;tem seems to be ap-
propriate for greenhouses located in cold climate, and could
be adapted for different greephouse production schemes, in

order that soilless crop root zone could also benefit from

the stored heat.

4 .

3
)
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RECOMMENDATIONS

Because of the limitations of the péesent Qtudy, fur-
ther investigations are required in order to assess all the
impacts of this new technique. For example: -

al study on the dehumidifation effect of the system
could be performed on a laboratory setup, in ordér to quan-
‘tify the sensible heat traésfer an& the amount of condensate
generated -for different éi% temperature and humidity condi-
tions; |

a comparative study between a control greenhouse and a
greenhouse equipped with the system could“be done, in order
to evaluate the overall impacts on energy consumption and on
crop yield, for different production scheﬁes;‘

an economical study could be conducted, in order to
determine the conditions that would guarantee the cost
effectiveness of the system;

a mathematical model could be developped .in order to
simulate the thermal behavior of the system for different
operating conditiﬁns; |

comparison tests could be performed with and without a
plastic mulch on the soil surface, in 6rder to find out
which approach is best; ' -

a.study could be déne in order to evaluate the impactsfx
of a- soil heat exchanger étorage system in combination. with

an artificial lighting system and/or with a CO; enrichment

system.
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APPENDIX A
L2 , .
/
Linear regression for the estimation.
of the average air temperature
at the heater outlets
- /
- B F’ .-

The average temperature of the air from the,h r out-
lets (TOC) can be predicted from the follow T}}ampirical
equation based on ‘the center outlet temperature (TCE) measu- -
rement: g

TOHC = 1.0101 + 0.9527 - TCE (5.1)
The Tables A.1, A.2 and A.3 show the data obtained from
two test runs, thé SAS program for computing ;he regression

parameters and the summarized SAS regression analysis. out-

Q
put. . z

l«»!ig,
3
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Table A.1l Air temperature at thé heater outlets

o
i

TNOL TCE2 Tsu3 TNO1 TCE? sud
(°cC) (°C) (°cC) c) (°C) (ec)
46.0 50.5 .  50.5 51.5 58.2 60.0
28.5 31.8 33.0 42.0 47.5 49.5
3C.5 34.5 35.0 28.0 31.5 33.5
49.5 48.0 45.0 © 56,0 62.0 63.0
31.0 34.0 34.5 52.0 58.0 59.0

©27.0 31.0 33.0 48.5 53.0 53.0
54.0 60.7 62.0 57.5 64.0 65.0
56.0 64.2 66.0 48.5 57.2 59.5
42.5 50.5 53.0 37.5 44.2 46.0
36.0 41.0 42.5 38.0 42.5 44.0
43,5 47.0 48.0 47.5 - 51.5 52.2
51.0 55.8 56.5 53.0 58.5 59.5
55.0 61.0 ~ 62.0 567, 5 63.0 64.0
58.0 65.0 66.0 59.5 66.5 68.5
58.0 66.0 68.0 51.0 60.0 62.5
45.0 54.0 56.0 42.0 47.5 48.0
35.5 42.5 42.0 37.0 40.5 42.5
39.0 44.0 f6.0 44.0 49.0 51.0
48.0 53.5 54.0 50.5 56.5 58.0
54.0 59.0 60.0 - 55.5 62.0 63.5
57.5 64.0 65.0 58.5 66.0 67.0
58.0 66.0 67.0 54.0 60.7 61.0
45.0 53.0 55.5 41.5 47.0 47.5
35.0 41.5 43.5 35.5 40.5 42.0
40.0- 43.5 44.5 43.0 48.0 50.0
47.5 52.0 sg.o 50.0 56.0 57.5
53.0 59.0 59.5 56.5 64.0 65.5
58.0 65.5 66.5 59.5 67.0 68.0
59.0 67.0 68.5 . 23.0 23.0 23.0
23.0 23.0 23.0 23.0 22.8 22.8
22.8 22.8  ©22.8 22.5 22.5 22.5
23.0 23.5 23.5 23.0 23.5 23.5
23.0 23.2 23.2 23.0 23.2 23.2
23.0 23.2 28.2

A

1 ‘outlet located along the north wall

2 oulet located on the greenhouse center line

. 3 outlet %ocated along the south wall

_

'
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Table A.2 SAS linear regression program for the estimai:ion
of the heater oulet mean ‘air temperature

DATA TEMP; - o e

" INPUT TNO 9-12 TCE 18-21 TSU 27-30;

TOC=( TNO+TCE+TSU)}/3;

CARDS;

PROC GLM DATA=TEMP; 3

MODEL TOC=TCE;

TITLE "LINEAR REGRESSION ON OUTPUT TEMPERATURE";
RUN;

QUIT;

Table A.3 Summarized SAS o'utput for the estimation of the
heater outlet mean air temperature

Parameter , Estimate Probability ’ 132
Model * (Pr>F)=0.0001 0.999165
Intercept 1.010101937 (Pr>|T|)=0.0001
Slope 0.952654034 (Pr>|T|)=0.0001

»
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5 ' * ADPENDIX B

Data and results obtained from a heat loss test

Variables numbered from 1 to 73 and control actions
numbered 1 and 2 are identified in Appendix E.
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s APPENDIX C

N )

- Computer program for the calculation of
the overall heat loss coefficient

-

The program was written for the data management soft-
ware "Lotus 1-2-3". 2 &y
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SRVTST : .
- A93: 'FORMULAS FOR SRVTST
L A95: TV | - W
B95: @IF(B67<0,0,B67) - .
A96: “VM
B96: @AVG(B95..Y95) v
A97: "TB ,
B97: @SUM(CS5..Y5) n ;
A98: “TF ‘ -
B98: @SUM(B82..Y82)
A99: “TCT
B99: @SUM(BB3..Y83)
Al106: ~TOHC
B106: 1.010102+0. 95265*B
All6: "TFM
Bll6: (Fl) (TOHC+B$62)/2
All7: "TFD
B117: +TOHC~B62
Al18: "ESAF
B118: 0.61078*@EXP((17.269¥TFM)/(TFM+237.3))
Al119: "HUF

B119: ($MW/$MA*368/100*ESAF)/(101 3171-(B68/100*ESAF) )

Al20: "DAF
B120: +$MA/$R*($P-(1-0. 622*DAH)*ESAF*B68/100)/(TFM+273 15)

Al21: “CAF
B121: +$CPA+$CPV*DAH
Al22: "PF

B122: gIF(+DAF*$VAH*$AI*CPF*TFD>=O,+DAF*$VAH*$AI*CPF*TFD,0)
Al23: UG
B123: +PF/($AG*(B37-B39)) y

Al24: "UGM
Bl124: "€AVG(C123..Y123) N
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135 0.00 35, 14 18.0 24.7 23,2 4.6 22.0 7.4 00123 0.97 ¢.36 2.4 0.2 0.00 0.97 [ % X] 1.00 0.2¢ RA
1106 0,00 84.21 19.4 25,6 N7 4.0 2.3 15,3 0.0121 0.67 [ s ] 2.3 1.4 0,00 .08 0.94 0.9 2% 0.4
%3 0.00 BLEY 2.0 268 3 31 2.9 00 600 06 028 2] 0.6 0.00  0.05 038 09 6N e
40320 1.00 8.7 4.1 [9) 2.4 11.7  0.012% 0.47 0.46 3.2 .3 0.00 0.06 0.9 6713 .23 0.68
1013 13.42 21.3 20,7 1.2 20.3 13.2 ‘0.0075 0.2¢ 0.23 4.7 0.3 0.00 Q.14 0.86 0.98 ) el .07
12582y 21.2% 20.9 20,4 10.4 20.1 9.7  0.01%0 0.45 0.81 6.3 4.4 0.00 0. 11 0.89 0.28 en 0.4%
28002 28,16 20.% 0.1 1.4 20.3 12,9 0.0086 0.40 0.32 5.3 1.8 0.00 0.09 0.9 0.86 0.2% 0.22
1049 17.8¢ . 14,3 1.0 8.3 1%.7 13,4 0.0120 0.4} 0.9 L4 0.9 0.00 0.10 0,90 0.97 0.1 0.20
§20606 .26 0.00 10.2 20,2 19,3 10,2 19.2 9.0 0:.0189 0.48 0.6¢ 1.4 3.8 0.00 0.10 0% 0.1 [ {] [ A1
179146 84,1 1.83 9.3 19.2 16.9 1.2 19.8 0.3 o.0217 0.42 0.82 %1 4,7 0.00 0,08 8.9 0.13 .2 0,43
2071920 47,83 0,06 8.7 19.9 19.1 10.6 19.8 9.t 0.021 0.48 0.08% 1.3 4.2 0.00 9.97 6.93 0.18 $.22 8.42
31306 87.94 B.19 9.5 1.} 18.9 10.8 18.3 1.5  0.0089 0.10 0.82 i.7 1.3 0.1¢ L 0.08 0.1 8.70 o6 - 0N
B414 8. 4 14,2 .4 3.3 18.7 1.8 18.¢4 ¥ 9.0024 0.1l 1.00 14,14 2.1 0.1 0.09 [ ] 0.4¢ 8.1 .40
104309 17,14 9.00 8.2 19.7 18.8 9.6 1.8 9. 0.0111 0.8 1.0 1.1 3.4 0.i0 Q.04 0.8% .42 0.4% 0.4
143437 25.98 0,00 8.3 18.1 7.4 19,1 16.7 .6 0.0262 0.44 0.81 4.2 4.4 0,00 0.13 0.9 Q.27 on [ R ]
101653 20,49 0.7 8.3 17.0 16.9 8.6 6.7 8.1 a0 1.00 100 .1 2.8 0.00 0.17 0.83 0.8 0.13 0.2%
0 {1.68 0,00 10.¢ .5 2.2 1 19.2 13.5  0.0075 0.84 0.67 [ ] NA ¢.00 .47 4.3 1.00 0.22 XA
1516879 43,9 45,90 9.2 20,2 HR 10.3 18.7 LS 0.0i82 0.44 Q.61 10.7 4] 0.00 0.4 0.84 0.26 [ M| 0.36
294923 33.97 30.93 1.2 141 20.3 1.9 i6.4 45 o0.02¢7 Q.70 0.89 6.9 4.3 4.00 0.18 0.82 0,23 0.2¢ 0.33
ed2 6.8% NN 1.5 11.8 it 4.2 17.% .4 0,009 0,03 0.98 13 1.9 0.0 0.13 [N 7] 0.51 0.8 0.17
1371404 4.9 16.8b 3.4 11.8 1.2 11.9 7.7 3,0 6,009 0.86 4.14 s.7 11 [ A1 ] 0.09 0.73 [ 1] [ %9 [ ]
162763 J.4 108,83 4] 18.3 1.3 9.1 8.0 2.9 0.00% 0.81 0.72 4] .2 820 [ %] 0.6% 8.3 0% L.
B6I24 6. 4.4 4.7 18.9 17.49 8.9 4.2 9.1 0.0093 0.9 0.9 1.0 2.4 0.00 6.18 [N } 0.40 [} 6.1
[] 0.00 0.00 6.3 2.3 19.9 0.4 1.7 11.3 A 1.00 0.64 NA EA .00 1.00 ¢.00 1.00 kA [ 1]

Phot )
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L.}
|
- |
’ |
//
/
' L)
P - —
. ‘ o | .
C . :




MONTH DAY §  HR.

04

18

. REPORT

VAR

VWOt WwhE

W W I i
MW O

1

25.45
22.63
22.29
21.58
24.53
25.66
21.77
20.23
19.76
21.06
25.22
12.77
21.72

9.49
20.60
22.43
17.43
14.90

3.64
24.14
20.30
17.86
21.80
19.72
20.50
18.51
22.17
18.51
22.98
20.41
18.46

7.26
23.84
21.34
23.30
20.69
19.46
21.55
21.39
23.67
21.97
21.23
21.07

05 18

«

SAMPLES
135
MIN

24.53
21.90
21.71
20.70
23.89
25.04
20.50
20.09
18.59
19.59
24.13
12.43
21.38
0.00
20. 49
21.79
16. 80
14.19
2.47
23.38
19.89
17.37
21.03
18.02
19.75
16. 84
18. 44
15.55
22.36
18.23
16.63
4.32
23.15
20.92
22.71
19.93
19. 30
21.26
21.05
20.10
21.22
20.69
20. 41

+

MIN.
12

MEAN

24.92
22.15
21.80
21.05
24.28
25.12
21.11
20.14
19.29
20.27
24.57

12.49

21.54

9.18
20.53
22.11
17.00
14.46

2.94
23.66
20.06
17.54
21.39
18.86
20.08
17.63
19.89
16.87
22.60
19.44
17.54

5.69
23.37
21.25
22.85
20.24
19.35
21.49
21.21
21.55
21.48

20.77 -

20.54

132

SEC.

26.143

PERIOD
3599.79
STD

0.20
0.07
0.08
0.20
0.16
0.08
0.38
0.02
0.09
0.43
0.23
0.04
0.03
0.38
Oioz
0.14
0.07
0.07
0.23
0.15
0.03
0.04
0.22
0.46
0.19
0.47
0.98
0.81
0.12
0.52
0.50
0.76
0.12
0.06
0.06
0.07
0.02
0.04
0.03
1.06
0.08
0.05
- 0.08

* LEGEND

§ : DAY OF THE WEEK
VAR : VARIABLE.
MAX : MAXIMUM VALUE
MIN : MINIMUM VALUE
STD : STANDARD DEVIATION

SENSOR IDENTIFICATION

Tl

T2

T3

T4

NOT USED .

AIR INLET STATUS
T7 ’

T8

T9

T10,

T12

NOT USED —
T14

ST INSIDE-OUTSIDE
T16

T17

T18

T19

T20

T21

T22

T23

T24

T25

T26

T27

T28

T29 °

T30

T31

T32

T33

T34

T35

T36

T37

T38 °
T39.

T40

T42
NOT USED
T44

T41 : " ‘
\

Ay I
.T‘,‘a;;
N

27



133

|3 - .
44 14.24 14.15 14.19 0.02 T45
45 5.57 4.70 5.00 0.08 T46
‘[% < 46 3.83 3.20 3.46 0.06 T47
' 47 '5.25 5.00 5.04 0.03 T48
: 48 24.11 23.27 23.49 0.08 TS50 NOT USED
Ty : 49 22.99 22.34 22.56 0.06 T51 ,
50 22.90 22.61 22.75 0.03 T52 .
51 22.69 21.17 21.80 0.39 | T53
52 25.77 25.52 25.66 0.04 T54 NOT USED
53 23.69 22.63 22.99 0.20 T55 NOT USED
54 21.15 12.92 16.54 2.81 T56 ﬂ
55 20.30 18.51 19.40 0.42 TS7
56 21.33 19.30 20.26 0.52 T58
57 26.03 25.28 25.56 0.08 LIGHTING SYSTEM STATUS
58 26.38 25.62 25.94 0.16 T60 NOT USED
59 10.21 3.10 5.05 1.98 PYRANOMETRER
60 27.08 -0.03 9.53 4.07 ANEM)OMETER
61 86.11 78.47 83.13 1.12 RH AMBIANT ’
62 75.98 68.88 73.98 0.96 RH PIPES INLET ,
63 82.79 74.80 78.79 2.00 RH PIPES OUTLET 1
64 83.85 73.64 78.92 2.49 RH PIPES OUTLET 2
65 4.58 0.07 2.75 1.12 6T RIDGE-SOIL
66 1.49 0.62 0.86 0.18 6T HEATER
67 93.67 93.27 93.38 0.05 LOUVER STATUS
68 94.02 25.09 40.68 28.72 CURTAIN STATUS
,69 26.13 25,74 25.87 0.06 CIRCULATOR STATUS
70 88.88 88.26 88.33 0.06 VENTILATION STATUS
71 0.40 -2.61 -1.50 0.76 6T PIPES ROW 1
72 14.62 12.91 13.75 0.30 6T INSIDE-OUTSIDE
73 1.78 ~-1.40 -0.19 0.79 8T PIPES ROW 2
CO PERIOD .CO: COMMAND NO.
10 HEATING PERIOD: OPERATING TIME
2 3593.80 STORAGE/RECOVERY ~ IN SECONDES
30 AIR INLET
40 VENTILATION LOW SPEED RH: RELATIVE HUMIDITY
50 - VENTILATION HIGH SPEED ,
6 0 VENTILATION HUMIDITY &T: TEKMPERATURE
7 2789.14 THERMAL CURTAIN . DIFFERENCE
8 3593.80 SODIUM LAMPS ‘

V.: SPEED




@

HEURES: 1 1 2 n

RINUTES: n 1 n 1

R b ! 2 1 ¢

107, ECHANY 133 1 12 n

DUREE: 3393.8  3598.%  339%.0  3398.0
OATE: [-Apr-83

VARIAGLENY  HRENT  HRED2  HRED]  HREW

HEURES: (] 1 2 ]|

RIKYIES: 12 12 12 n

LA b 1 2 3 ‘e

TOT.ECHANT 135 1 131 13

UREE:  3599.8  3598.9 1558 3590.0
RATE: 1B=Apr-8S

VARIABLEI:  HREH]  HREN2  HREID  HREM

Towe i naoan

!y ny nn un

3 e w8 ownm o aa

[} .08 0.4 14.9 19.52

H b3 ] .38 2.2 U3

) 5.1 3.9 5.3 35.02

T uAt 20,03 1.7 1.9

oo 0.0 19,87 1.1

1 1.4 5.3 1. 19.34

™~ 10 a0.27 19,04 18.3¢ 17.83

TR VI B < N 7 Y+ B

1 48 % 16 18

(kI TV CHY THR S T B

1 LTI MR RC R N ¢

13 0.5 .53 045 W07

B 2.0 W0 20.55

i 0 1687 166 158

1B 146 1 1402 1382

1Y LU 1,93 0.83 0.13

¥ 286 B3I 232 1

A 0,06 0,05 1993 a8

n ; 2 e

m::.n

u 18,88 171.32 15.9 16.56

3 0.08 1.4 5.1 8.9

TS VN TR [0 R L NS L T

LA U R TR | R TR [ (R LR

a8 18.87 14,84 13.83 13.0%

3 .k . .58 n.9

A R TR PR T T I T % 4

M M TR L N T T X I T )

n 5.5 E X 1.9

Ny N 4 un

RO P S 10 B o 1 I BT

L M P B e R B R T

3% 30 .38 0.1 Y

3t 1.3 1.3 11.¢ n.a

kB SR { ] 169 S .1 B 00

b SN PO S | W= R N B

40 U3 198 H.E 7.3

1 21, 4% .82 .83 .40

QR NE NS K

n
12
B |
m
21918

»

n
kAN |

HRELS
.1
2,25
.86

1%.2
20,55
25,01
18,53
19.99

“19.9
11,39
.48
12.81
.02

.24
0.18
0.1
15.6
13,65
-0.49
u7
19.79
i
19.63
18.22
.57
TR
1.y
12.55
0.4
15.87
13.83
1.0%
NI}
BN
2.9
20,08
19.4
e ¥}
.35
15.82
sl
a.n

a

i

J

138
3601.0

HRELS
]

12

3

1
Je0t.0

HPEE
imnn
22,18
.4
8.9
19.48
e
1827
19.43
.21
17.25
20,93
12,9
20.92
.29
0
1%.69
15.34
1.3
=0.3¢
20.68
1%.7
17.0%
147
15.01
19,41
M.
TR Y]
1.3
20.03
18.37
1.9
0.2
A.u
20.%
22.%8
19.98
1.4
N |
.1
15.4
21.52
n.w

0

12

)

13t
2600.2

HRENT
0

12

?

]|
3600.2

HREDY
1.0
22.06
1.2
18.84
1.8l
21,99
17.97
1.
19.27
16.92
20.48
1.3
20.64
%3
13.52
19,33
151
13.25
-1.36
0.2
9.5
17.08
19.73
15.77
1.2
14.43
w2
12.01
o L X1
15,16
1.%
-0.3%7
0.1
1.9
AN
19.9
1.7
pe P | ¢
AR N
15.7%
e
an

1

7

§

&)
3538. 4

HREDS
1

12

L

131
3598.4

HRELD
20.98
1.9
a1
18.4¢
19,2
2
17.68
19.24
1%.22
16.9
20.08
12.46
0.4
1.36
19.63
19.02
1
1311
~1.43
19.8%
1%.49
17.08
13.13
15.49
18.1
14.35
[ LR}
12.08
13 31
15.31
1l.a3
-0
0.4
1%
2.5
i
13.3¢
I ]
1.n
5.4
.38
1.1

1

12

]

134

301.0
~

HRE19

1

12

)

(k]|

3601.0

HREDY
0.97
.14
.07
L 1)
18.96
21,9
nmn
1314
1519
15.69
1wn
12.36
0.2
9.4
JY.46
.
w.n
12.99
~1.8%
. 1954
1.3
17.08
13.02
15.61
19
138
.5
1191
.9
15.45
3.2
-8
na
1%.4
.42
15.48
3 I3
a1
(EA-N
15.63
n.0y
.68

3

-
4

131
3600.3

™ e

RAPPORT JOURWALIEP STRVITEUR

‘ s .
noooun on
uooonon
k] 131 131

3596.4  3992.0  INN.7

WENIL  WRENIZ  KRENDD
4 3 .
12 12 P
I AR
oo

98,4 39930 35997

WRERII  KREVIZ  HRENDD

095 003 .0

TR PR TR C R THT

0.8 0.2 0.9

18.01 i7.9¢  17.86

TR TS [T ¥
5 om0 53

s s G

10,95 1087 1873

19.0 19,05 19.09

16.37 16,49 16.47

MU N0 8%

12,05 1.2 e

1.0 1968 1.8
R X IR X

1.2 1.5 18.82

57 131 1854

TR TR LT

TN IR TR TR ]

an 27 an
TR R/ BENTRY

1.2 115 1006

.1y Ly

LI 1878 1873

1541 1.4 1631

1 u.n ll'llF
TR T TN

wau 13 s

1LY 2.4y 13.07

3w

1.2 1567 186
(I NTORE X |

LG -LSL aS
BN LR B L8

1.0 B 1882

X TRIN TR ]

1.4 1137 1.2

3.3 154y 1%.14

*no28 o

1 e W

i3. 2 13 1

0.7 W.57 .4

P KR B X

12

11

131
33%8.1

HREBI4
0.7
20.93
20,43
18,27
{s.04
26,01
19.64
18.77
19.13
17,75
19.1¢4
L
19.39

1.5
16,69
18.73
4.7
1.n
-2.03

8.8
19.01
17.%9
19.35
18.48
18.28
16.93
8.7
16.33
7.2
18.31
16.56
4.4
.01
8.7
.97
2.2
19.1
2.0
8.0
pe R |
20.2%
n.7

[E1
357%.3

HRENS
L]

12

i3

13
3595.3

HPERS
1.4
20.8
.41
19.01
19.46
15.83
20,48
18.8¢
19,13
19.45
20.11
11,69
1%.3
9.84
18.§
19.09
14,7
13,07
0.2
19.42
19.02
17.84
20,28
.07
15.21
1.2
113
20.36
18.0%
.8
0.6
6.9
0u
18.3¢
§1.03
215
19.%
.13
ne
s
2.1
0.3

19

1
12 12
16 A}
131 122
1590.2  3615.0
HREAIS  HREMIT
9 10
12 12
11 u
1 132
3590.2  3615.0
HRERIE  MREDLT
2193 .02
20,66 20.¢4
Wy 0.4
19.87  20.53
20,21 .3
B4 3.0
NI R
19.0¢ 1331
1905 16.9%
20,04 - 22,1
2.8 .93
1.5 1LS2
1233 14
.68 %64
18.61 18,02
1931 20.01
15,28 15.%
1.4¢ 1307
513 1.3
0.4 4.2
1.1 1179
1143 118
.24 2.8
a7 2%
20,16 0.8
.3 0.9
%68 .02
.67 2.3
1860 19.23
.12 nm
.81 nnm
LM LT
nEB 17
19.2, A8
2L L
115 1.2
11.91 12,01
R 0.6
15.08 - 194
.61 %%
20.03 .1
03 WS

3587.7

HREN 1B
i
12
"
13
M)A

WENS
.1
20.65
0.5
20.87
2213
.28
a1
19.42
1
22,48
1.4
(.4
19.67

.8
in.9
20.43
1641
1,13
5.35
n.u
19.59
17.69
.79
2112
0.4
0.0
8.3
.17
19.95
4,41
0.3%
R
2.5
.
n%
.
1.1
.53
12.46
n.n
2.2
».3

1l

12

i3

in
3615.6

HPEH1Y
12

12

13

132
3%i5.6

HPENLY
2.3
20.75
20.62
2.2
%16
B
a4
19.43
15.94
2.9
1.0
Har
1.9
3.5
19.06
20.54
16,67
14.25
“n
.68
19.67
.
2.1
0.6
2.4
1.5
n.5%
.12
RRT
.69
1.0
0.
n.3
0.0
it
19.4
1603
.67
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COMPUTATION FORMULA

'GENERAL COMPUTATION FORMULAS
“T0S

- (F1) (B26+B54+B53)/3

“TSs1
(F1) ((B40+818+BZ7)/3+B23)/2

"TSS2 .
(F1) ((B56+B57+89+B10+B48+B49)/6+(B23+B24)/2)/2

“TSS3 e
(Fl) ((836+B41+B46+B15+B28+B29)/6+(BZ4+B25)/2)/2

TSSG

(Fl) (TSS1*2+TSS2*2+TSS3*2)/6

“TOHC

(F1) 0.9979+40.95284*B63

“TFD

(F1) +TOHC-B62

“TFM e

(F1) (TOHC+B62) /2

“TCSD

(F1) +B61-TSSG

“TASD ‘ .

(F1) +TSSG-B37 . :
“TIOM '
(F1) (B39+B37)/2

“TSOD

(F1) +B37-B39

“TTD

(F1) (B30+B34)/2-Bl1

"ESAF

(F2) 0.61078*@EXP((17.269*TFM)/(TFM+237.3))

"HUF

(F4) ($MW/$MA*(@IF(568>100 100,B68))/100*ESAF)/
($P-((@IF(B68>100,100 B68))/100*ESAF))

DAF
(FZ)/{EEX??L*($P (1-0. 622*HUF)*ESAF*(%IF(B68>1OO
) 100,B68))/100)/ (TFM+273.15)
CPF ‘ , '

( $CPA+$CPV*HUF - .

SPF

(F1) @IF(B82=0,0, (DAF*$VAH*$AI*CPF*TFD) )

“ESAV

(F2) 0.61078*@EXP((17.269%TION)/ (TIOM+237.3))

"HUV
(F4) ($MW/$MA*(@IF(B68>100 100, B68))/100*ESAV)/($P—

((eIF(B68>100,100, BGS))/100*ESAV))

DAV- 4-

(F2) +$MA/$R*($P-(1-0. 622*HUV)*ESAV*(@IF(BGB)lOO 100,
B68))/100) /(TIOM+273.15) .

"CPVH

(F2) +$CPA+$CPV*HUV 7 .

"ESTI
(F2) 0.61078*@EXP((17.269*B34)/(B34+237.3))
"HUTI




.B129:

Al21:
Bl21:

Al22:

" Bl22:

Al23:
B123:

Al24:
Bl24:

Al25:
B125:
Al26:

-Bl126:

Al27:
B127:

Al28:
B128:
Al29:.
B129:

" Al30:

B130:

Al31:
B131:
Al32:
B132:

Al33:
B133:

Al34:
Bl34:
Al35:

' B135:

Al36:
Bl36:

Al37:
B137:
Al38:
B138:
Al39:
B139:
Al40:
B140:
Al4l:

. Bl4l:
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(F4) ($MW/$MA*(@IF(B69>100,100,B69))/100*ESTI)/
($P+$SPT-( (@IF(B69>100,100,B69))/100*ESTI))

“DATI

(F2) +$MA/$R*($P+$SPT-(1-0. 622*HUTI)*ESTI*(@IF(869>
100,100,B69))/100)/(B34+273.15)

“CPTI

(F2) +$CPA+$CPV*HUTI .

“HTI

(F1) +CPTI*B34+HUTI*$LH

"AHUI .

(F4) +$MW*ESTI*(@IF(B69>100 100,B69))/
(100*$R*(B34+273.15)) .

"ESTO1

(F2) 0.61078*@EXP((17.269*B30)/(B30+237.3))

"HUTO1

(F4) ($MW/$MA*(@IF(B70>100 100,B70))/100*ESTOL1)/

. ($P-( (@IF(B70>100,100, B70))/100*EST01))

"DATO1

(F2) “3$MA/ $R* ($P-(1-0.622*HUTOL) *ESTO1* (@IF(B70>100,
100,B70))/100)/(B30+273.15)

“cPTO1

(F2) +$CPA+$CPV*HUTO1 ‘

HTOl 1

(F1) +CPTO1*B30+HUTOL* $LH

*AHUO1

(F4) +$MW*ESTOLl*(@IF(B70>100,100,B70))/
(100*$R*(B3o+273 15)}

"ESTO?2

(F2) 0.61078*@EXP((17.269*B32)/(B32+23%4£3))

"HUTO?2

(F4) ($MW/$MA*(@IF(B71>100,100,B71))/100*%ESTO2)/
($P-( (@QIF(B71>100,100, B71))/100*EST02)) P

"DATO?2

(F2) +$MA/$R*($P-(1-0. 622*HUT02)*EST01*(@IF(B71>100,
100,B71))/100)/(B32+273.15)

“CPTO2 ;

(F2) +$CPA+$CPV*HUTO2 : .

"HTO2

(Flf FCPTO2*B32+HUTO2* $LH

“AHUO?2

(F4) +$MW*ESTO2* (@IF(B71>100,100, B71))/
(L00*$R*(B32+273.15))-

"DATM1 ' :
(F2) (DATI+DATOl)/2 .
"DATM?2 . e

(F2) (DATI+DAT02)/2

“CcPTM1 '

(F2) (CPTI+CPT01)/2 1

“CPTM2 ‘ o~

(F2) (CPTI+CPTO2)/2 :

“UG

(F4) (B5-B88)/B5S*@IF(B67<0.1,0.0051, 4
(5.556158*%10 -3+7. 945778%10" —5*BG7))+888/BS*$ECC*
QIF(B67<0\1,0.0051,(5.556158*10 ~3+7.945778*

s e
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10°-5*B67))
Al142: "ESE ‘
B142: (F2) @IF(B83=04OR#(B34-(B30+B32)/2)<0,@NA, N
(B34-(B30+B32)/2)/(B34-$TSIF)) U
Al43: "ERE

B143: (F2) @IF(B83=0#OR#(B30+B32)/2-B34<0,@NA,((B30+B32)/
2-B34)/($TSIC-B34)) - .

Al44: “QL
Bl44: (FO) +$BL*B89
Al45: "QLE
B145: (F0) +QL*B84/B5
Al46: QLU N
Bl46: (F0) +QL-QLE
Al47: “QF
B147: (F0) +PF*B5 x
Al48: "QGHL . ,
B14B: (FO) +UG*$AG*(B37-B39)*E5
Al49: "QSHL
B149: (F0) +$USM*$PE*(TSSG-B39)*B5
50: "QVHL
BP50: (F0) +DAV*$CPV*$FRH*(B37-B39)*B86
A151: "QTHL
B151: (F0) +QGHL+QSHL+QVHL 9
Al52: “Qssl N
B152: (F0) .eNA
- Al53: "QSss2
B153: (F0) @Na
Al54: "Qss3 . -
B154: (F0) @€NA ‘ .
Al55: ~QSST , , . ¢

B155: (F0) €NA

Al56: “QSSTG

B156: (FO) @IF(QSST<0,0,QSST)

Al57: "QOSSTL

B157: (F0) @IF(QSST<0,@ABS(QSST),0)

- Al58:° QEX1

B158: (F0) +DATI*$FRT1*(HTI-HTOl)*B83

< Al159: "QEX2 ;
B159: (FO) +DATI*$FRT2*(HTI-HTO2)*B$83 . .
A160: ‘"QES1 “ .
B160: (F0) @IF(QEX1<0,0,QEX1) k .
Al6l: "QES2 ‘ ) ‘
B161: (F0) @IF(QEX2<0,0,QEX2) o
Al162: "QRT1
B162: (F0) @IF(QEX1<0,@ABS(QEX1),0)
Al63: "QRT2 .
163: (F0), @IF(QEX2<0,@ABS(QEX2),0) -
64: "QEST
B]}64: (F0) +QES1+QES2
65: ~ORTT \\
B165: (F0) - +QRT1+QRT2 ‘
Al66: "ISC .

B166: (FO0) QIF((B66-$COR)<0,0,(B66-$COR)* (B5-B88)/100)
Al67: QRS ; ’ /
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"B167: (F0).+$A*$X*$SS*ISC

Al68: “QCF ‘
B168: (F0) +$HCE*$AF*(TSS1-B$37)*B$5
A169: "ORF e

B169: (F0) @IF(QCF<0,0,QCF)
A170: (Dl) "QGF
B170: (F0) @IF(QCF<O0,@ABS(QCF),0)

Al71: “ocC . '
B171: (F0) +$VC*$1C*B83/1000

Al72: “QV X

B172: (F0) @QIF((B83-B85)<0,0,( $VV*$IV*(B83-B85)/1000))
Al173: TQET1

B173: (F0) +DATML*CPTM1*$FRT1* (B34- BBO)*BS3

Al74: TQET2

B174: (FO0) +DATM2*CPTM2*$FRT2*(B34 B32)*B83
Al75: "QETS1

B175: (FO0) @IF(QETL<O ‘0,QET1)

Al76: T“QETS2

B176: (F0) @IF(QET2<0, 0 ,OET2)

Al77: “QETR1

B177: (F0) @IF(QET1<0,@ABS(QET1),0)
Al78: "QETR2

B178: (F0) @IF(QET2<0,@ABS(QET2),0)
Al79: "QEIST

B179: ( FQ) +QETS1+QETS2

A180: ~QETRT

B180: (F0) +QETR1+QETR2

Al81: “QBR
B181l: (F0) +$VBR*$IBR*(QETRT+QRF)/$PFM/1000
Al182: THCT

B182: (F2) QIF(@ABS(TTD)<=0.84OR#B83=0,ENA, .
@IF((QETl/(13*$AT*TTD*B83))<0 @NA, (QET1/

(13*$AT*TTD*B83))))
A183: "AHUl .
B183: (F2) (AHUIL-AHUOL)*$FRT1*B83 ‘ p
A184: ~AHU2 -
. B184: (F2) (AHUI-AHUO2)*$FRT2*B83
A185: “DHU1
B185: (F2) @IF(AHU1<0,0, AHUl) X
A186: ~DHU2
B186: (F2) @IF(AHU2<0,0,AHU2)
A187: "HUM1
B187: (F2) @IF(AHU1<O, @ABS(AHUl) 0) -
_A188: “HUM2
B188: (F2) @IF(AHU2<0,@ABS(AHU2),0)
A189: "DHU
- B189: (F2) +DHU1+DHU2 ‘
A190: “HUM ¥
B190: (SE) +HUM1+HUM2 T .
Al92: PS -

B192: (F1l) @IF((QC-QV)<=0#OR¥QEST<=0, @NA, (QEST/(QC-QV)))
A193: ~COPR

B193: (Fl) @IF((QC- QBR)( 0 $ORHFQETRT<=0,@NA, (QETRT/ (QC~QBR)))
A195: 'ISNA ESE &
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B195: @ISNA(ESE)

A196: 'ISNA ERE

B196: @ISNA(ERE)

A197: 'ISNA HCT

B197: @ISNA(HCT)

A198: 'ISNA COPS

B198: @ISNA(COPS)

A199: 'ISNA COPR

B199: @ISNA(COPR)

A200: 'SUM(HCT)=

B200: @SUM(B197..Y197)

A201: 'HCT C

B201: @IF(@ISNA(HCT)=0,HCT, 0)
A202: 'COPS C

B202: RIF(@QISNA(COPS)=0,COPS,0)"
A203: 'COPR C

B203: @IF(QISNA(COPR)=0,COPR,0)
A204: 'ESE C

B204: @IF(RISNA(ESE)=0,ESE,0)
A205: 'ERE C

B205: QIF(RISNA(A143)=0,A143,0)
A206: 'MOY. HCT:

B206: @IF(B200=24,@NA,@sSUM(B201. .Y201)/(24 ~B200))

A209: "TFC =
B209: (FO) @SUM(B$82..Y$82)

. A210: "TCC =

B210: (FO) @SUM(B$83. .Y$83)
A21l: "TPC =

B211l: (FO) @SUM(B$84..Y$84)
A212: "TVGC =

B212: (FO) @SUM(B$86..Y$86)
A213: "TVBC =

B213: (FQ) @SUM(B$85..Y$86)-TVGC
A214: "TVHC =

B214: (FO) @SUM(B$87..Y$87)
A215: "TCTC =

B215: (FO) @SUM(B$88..Y$88)
A216: "TLC =

B216: (FQO) @SUM(B$89..Y$89)
A217: "QLC =

" B217: (FO) @SUM(B$144..Y$144)

A218: "QLEC =
B218: (FO) @SUM(B$145..Y$145)
A219: "QLUC =

B219: (FO) @SUM(B$146..Y$146)
A220: "QFC =

B220<§fF0) @SUM(B$147..Y$147)
A221 ) "OTHLC =

B221:\(FO) @SUM(B$151..Y$151)

A222: "OSSTGC =
B222: (FO) @SUM(C$156..Y$156)/“§\\\
A223: "OSSTLC =
B223: (FO) @SUM(C$157..Y$157)

A224: "QESTC =

N
&




B224:
A225:
B225:
A226:
B226:
A227:
B227:
A228:

B228:.

A229:
B229:
A230:
B230:
A231:
- B231:
A232:
B232:
"A233:
B233:
A234:
B234:
A235:

B235:
(Y%gG:
B236:
A237:
B237:
A238:
B238:
A239:
B239:
A240:
B240:
A241:
B241:
A242:
B242:
A243:
B243:
A244:
B244:

A245:
B245:

A246:
B246:
A247:
B247:
. -A248:
B248:
+,A249:
-"B249:
‘A250:

(FO) @SUM(B$164..Y$164)
"ORTTC =
(FO) QSUM(B$185..Y$165)
"ORSC =
(FO) @suM(B$167..Y$167)
"ISCC =
(FO) @SUM(B$166..Y$166)

"ORFC =

(FO) €sUM(B$169..Y%$169)
"OGFC =

(FO) @SUM(B$170..¥$170)
"QCC -

(FO) @sSUM(B$171..¥$171)
H‘QVC =

(FO) @SUM(B$172..Y¥Y%$172)
"OBRC =

(FO) esuM(B$181..Y¥$181)
"OETSTC =

(FO) @SUM(B$179..Y¥Y$179)
"OETRTC =

(FO) @SUM(BS$180..Y$180)
"DHUC =

(F2) @SUM(B$189..Y$189)
"HUC =

(F2) @SuM(B$190..Y$190)
"OSM = ”
(F1) @AVG(B$96..Y$96)
"TSS1M =

(F1) GAVG(B$97..Y$97)
"TSSGM =

(F1) @AVG(B$100..Y$100)
"TIODM =

(F1) @AVG(B$107..Y$107)
"TIM =

(F1) €AVG($B$37..$Y$37)
"TOM =

(F1) @AVG($B$39..%y$39)
"HCTM =

(F4) +$B$206 .
"SE —

(F2) @IF(QSSTGC/(QESTC+QRSC+QGFC)>1,1 QSSTGC/

(QESTC+QRSC+QGFC) )
"RE =

(F2) @IF((QETRTC+QRFC)/QSSTLC>1,1, (QETRTC+QRFC)/

QSSTLC)
"COPSM =
(F1) +$D$206
"COPRM =
(F1) +$F$206
"FF =

(F2) @IF(QFC/QTHLC>1,1 +QFC/QTHLC)

"LF =

(F2) @IF(+QLUC/QTHLC>1,1,QLUC/QTHLC)

"SF =

3
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B250: (F2) @IF(1-FF-LF<O0,0,1-FF-LF)

A251:
B251:
A252:
B252:
A253:
B253:

"RSR =

(F2) +$QRFC/($QETRTC+$QRFC)

"ESEM =

(F2) @IF(H206>1,1,H206)

"EREM =

(F2) @IF(J206>1,1,J206)
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