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Abstract—We present performance studies of an earth air tunnel cum greenhouse technology in terms
of instantancous thermal efficiency, Analytical expressions have been obtained for heating/cooling con-
ditions of a greenhouse. The results are in accordance with the experimental results obtained for the
same system in Greece.
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NOMENCLATURE

A=Area (m* )

A= Area of plant (m?)
4D Area of door (m%)

Apr=Cross-sectional area of tunnel (m?)

hy=Heat transfer coefficient between greenhouse floor and ground beneath (W/m*C)
h(#)=Overall heat transfer coefficient from enclosed room to ambient through canopy cover (W/m =0
hp=Heat transfer coefficient between room air and ambient air through door ( W/m*C)

he=Heat transfer coeflicient between foor and air inside greenhouse (W /m*C)

i, = Convective heat transfer coefficient between plant surface and air inside greenhouse ( Wﬂu “C)
hp =Total convective and evaporative heat transfer coefficient from plant to enclosure (W m*°C)
M, = Heat capacity of plant (J/°C)

P Partial pressure of water vapour at temperature T [le )

Q7 = Rate of total heat loss from inside greenhouse to outside and from floor to beneath (W)

St(f)=Selar intensity (W/m )
T=Temperature inside ground at greater depth (*C)
t="Time (s)

T,=Ambient air temperature (“C)

T,,=Plant temperature ("C}

Tr = Greenhouse enclosure air temperature (°C)

ﬂx — o= Greenhouse floor temperature ("C)
Uy = Overall heat transfer coefficient from cncloscd room to inside ground at far distance through floor (W m*C)
U= Effective total heat loss coefficient (W/m**C)
Uy = Total heat loss coefficient including external. internal, bottom and ventilation losses (W /m?C)
I=Wind velocity (m/s}
Vy=Rate of heat transfer due to infiltration (W/m>"C)
= Rate of heat transfer due to ventilation [_W,fmz""C]
Greek letters
7= Relative humidity
e = Effective fraction of energy utilised
= Absorptivity of plant
#, = Absorptivity of greenhouse cover
t=Fraction of energy transmitted through cover
7= Instantancous thermal loss efficiency factor
Subscripts
E=CEast
g=Floor
N=North
0= Initial
P=Plant
R =Roof
S=South
W=West
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INTRODUCTION

High temperature during the summer season is adverse to greenhouse crops. It is important to
note the temperature of the plant (7,) and the greenhouse enclosure (7g) were of the order of
about 30°C and 40°C, respectively, during the summer with ventilation effect. Further, it is im-
portant to note that there were significant changes in these temperatures with an increase of ven-
tilation beyond the optimum flow rate. It has also been observed during the experimental study
at the Indian Institute of Technology, Delhi, India, that most of the cucumber plants were
damaged due to high enclosed air temperature at high levels of solar intensity.

In order to reduce the greenhouse enclosure temperature further, an external cooling arrange-
ment is required. The level of cooling depends mainly on the average ambient temperature and
the insolation level. There are basically three component of a greenhouse, namely, root media,
environment and thermal conditions, which become the basic requirements for optimum growth
of crops for maximizing yield. The design of such an ideal greenhouse will depend on the local
climatic condition. In India, there are basically six climatic zones [1]. Each zone would require a
variation in the design for optimum performance and efficiency, and hence, there should be six
types of greenhouses for Indian climatic conditions. In each type of greenhouse, either thermal
heating or cooling is required to achieve optimum enclosure environmental conditions, as men-
tioned earlier [2].

After knowing the temperatures for optimum growth of the vegetables, flowers and other hor-
ticultural crops during off season production for maximum vield, a suitable greenhouse can be
designed, including one of the following heating or cooling concepts.

(a) Heating concepts: i, direct gain; ii, isolated gain; iii, conventional heating. (b} Cooling con-
cepts: i, ventilation; ii, earth air tunnel; iii, evaporative cooling,

In this paper, an attempt has been made to verify the validity of a mathematical model devel-
oped by Sutar and Tiwari [2] by considering the following heat losses.

{a) External heat losses: i, upward heat loss from enclosed room air to ambient through
canopy cover; 11, downward heat loss from enclosed room air to the ground beneath. (b)
Temperature dependent internal heat losses: i, convective heat loss; ii, evaporative heat loss.

It has been observed that the nature of the analytical results predicted by Sutar and Tiwari [2]
is exactly the same as observed experimentally and which are reported in the present paper.

INSTANTANEOUS THERMAL EFFICIENCY

Following Sutar and Tiwari [2], the analytical expression for the plant temperature as a funec-
tion of the design and climatic parameters of the system can be written as

7 (7).
T, = 7(1 —e )+ Toe™ (1)

where

f=FiM,
Fy=[xpt + oltem + Arem)]S(7) — hovo + Qer + LTy
U =(l/H + (1 ,«’,Atphpr]]"1
H=h(1) + HpAp+ V| + UpgA; (Appendix)
a=Up/M,
Upg =huhc!ihy + i)
h= —hG,l'l[hg + ha)
ho=Aphp/(H + Aphy:)
Topn =il = i)t
Toiz = (1 — a1 —a)r.

From equation (1), the average plant temperature can be calculated as:

Tp :%frpdt.
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The above equation, after integration, becomes

- _J@ 1—e® 1—e™™ "
Tp=7(l— at )+Tpﬂ . (2)

it

With the help of equation (2), an analytical expression for the thermal loss efficiency factor can
be written as

1 = [UpalTp — Ta}/ST(1)] = (00)egy + Ueit[(Tpa — T2)/S1(1)] (3)

where

(0T )etr = lorpt + AolTetiz T Ater1)] — [(oV o+ emCoATAET) ST — Ry)
UelT = UpﬂR 1
Ry =(1 — exp(—at))/at.

Equation (3) represents the behaviour of a straight line with gradient m = U.g and intercept
C = (AT )efr
Further, an analytical expression for an instantaneous thermal efficiency of a greenhouse can
be defined as
o M p(Tp - Tpl)_)
Tie =500y

With the help of equation (2), the above equation can be expressed as

Mp(l —e™™) hovy + ertCoAT AT Tw—Ta -
Hig Una |:|°513T + ho(Terrr + hretnr) 510 } e 4)
Equation (4) represents the behaviour of a straight line with gradient m = — U,,, which is simi-

lar to the characteristic curve of this condition for a flat plate collector.

ANALYTICAL RESULTS AND DISCUSSION

It is important to observe that, for at <1, equations (3) and (4) reduce to #;=n;,;~0.0. This
condition refers to the case of a greenhouse which has either a large value of M, (heat capacity)
or a small time interval. The smaller time implies that the solar radiation has not been used in
controlling the environment condition in summer, which is the basic requirement of a surnmer

T T

OO 000

Fig. 1. Cross-sectional view of the greenhouse earth air tunnel.
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Table 1. Tetal solar radiation in MJim* day for
Agrninion (Greece) [3]

Month Computed Measured
January 8.22 11.24
February 16.22 21.43
March 24.82 26.07
April 2540 22,60
May 17.80 12.34
June 8.69 7.29
July 6.67 10.66
August 14.62 17.43
September 20.29 2523
October 25.24 2242
November 18.52 12.77
December 8.89 6.56

greenhouse. This supports arguments from the cooling point of view. It is achieved by providing
shading over the cover.
Further, for at > 1, equations (3) and (4) reduce to

i = [otpT + holTern + ftem) — hgvo + e C AT Apr)/ST(1)] (5)
and

M
f?lg - Upa

(6)

. hovg + ertC,ATA Too — T,
[|0‘1ﬂ' + ho(Teirn + htem ) — oo : ET} — “pa = a:l'

St(1) St(t)

It refers to the case of a greenhouse which has either a smaller value of M, or a longer period
interval to use solar radiation for heating.

Since in winter, there should not be any infiltration/ventilation, hence v,=0.0, and
AT = T,—T, becomes negative because T > T,. In this case, the gain term becomes positive,
which again supports the case of heating the greenhouse.

NUMERICAL RESULTS AND DISCUSSION

In order to validate the developed model for a greenhouse with the air tunnel attachment, cli-
matological and design data of a greenhouse sitnated in Greece has been adopted from
Santamouris ef /. [3,4]. The greenhouse is located in Arginion in southwestern Greece (latitude
38°5'N) and is used for growing roses. The area of the greenhouse is 1000 m”. Five PVC tubes,
30m long and 22 em in diameter, are buried under the greenhouse at a depth of 1.5m, as
shown in Fig. 1.

The measured data of the total daily solar intensity (monthly average) for each month and
the measured data of the ambient and indoor air temperatures for a characteristic day of each
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Fig. 2. Performance curves for a greenhouse with tunnel attachment.
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month (Table 1) reported by Santamouris is considered for calculation. The value of the overall
heat loss coefficient U/, is taken as 6.814 wW/m*C [3].

Using the method suggested by Duffie and Beckman [6] to calculate the hourly intensity from
the total daily radiation, the values for hourly solar intensity were obtained for Arginion for
each month (Table 2). The hourly variation of the inside and outside temperatures for typical
months have been given in Table 3.

The amount of thermal loss efficiency factor for the greenhouse and the ratio of (Tp—Ta)/
St(1) were calculated for each month. The variation for each month is shown in Fig. 2.

It can be observed that there is a good agreement between the suggested behaviour of pre-
vious work done by Sutar and Tiwari [2], equation (3) and the nature of these curves.

CONCLUSIONS

On the basis of the above study, it is inferred that the proposed model is in accordance with
the experimental results observed by Santamouris [3]. Further, the proposed model can be used
to optimize the design parameters for heating and cooling of a greenhouse for a given climatic
condition.
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APPENDIX

The #(r) 15 an overall heat loss coefficient from an enclosed room air to ambient through transparent canopy cover and

can be expressed as
117!
kB =|—+—
0=[+5]

where ky and &; are internal and external heat loss coefficients and are expressed as:
(a) Internal total heat loss coefficient
1= Fpe + Ape.

An expression for A is given in the text, and it can also be considered as a temperature dependent parameter, if
required:
(b} External total heat loss coefficient

The external heat transfer coefticient is generally considered as [6)

fa =574 3.0F.

Heowever, Watmufl [7] peinted out that the above expression includes radiative losses. He proposed a new expressicn for
the convective heat loss coefficient as

S



