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Abstract 

An analytical study of a controlled-environment agricultural system for the hot and dry climate of Delhi has been carried 
out in terms of design parameters to provide favourable environmental conditions for the optimal growth of plants. The effect 
of water flow over the greenhouse has also been incorporated in the thermal analysis. It is observed, analytically and numerically, 
that the flowrate of the water should be large to achieve minimum thermal flux into the controlled-environment agricultural 
system. 
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1. Introduction 

India can be divided roughly into six climatic zones 
ranging from extremely hot desert regions to severely 
cold, high-altitude regions, with a vast sea coast having 
a warm and humid climate (Table 1). However, a large 
part of the country lies in the hot and dry region [1]. 

The greenhouse comprises a technology which prom- 
ises control over all the environmental parameters for 
commercial crop production to fully exploit the yield 
potential of the plants. This technology is at present 
practised in over 20 countries. However, the initial 
investment to construct and equip a greenhouse and 
the subsequent operating costs makes the cost of pro- 
duction per unit greenhouse area higher than that of 
open-field cultivation [12]. 

In a tropical country like India, where there is 
abundant sunlight and day temperatures are high, the 
temperature inside a greenhouse rises above desirable 
limits owing to the greenhouse effect. This is one of 
the major problem areas due to which greenhouse 
technology has not become popular in India. 

Much work has been done on various aspects of 
greenhouses for cold climatic regions [3-5]. However, 
very limited work is reported on greenhouses for hot 
and dry regions. 

Evaporative cooling is one of the cheapest options 
available, which not only cools the ambient air but 
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humidifies the greenhouse air [6]. Many researchers 
have carried out experimental and theoretical studies 
on different designs of greenhouses based on this concept 
[7-16]. It has proved highly successful in buildings for 
the hot and dry conditions in India [17,18] and hence 
a modified version of this technology is proposed for 
a greenhouse which will henceforth be referred to as 
a controlled-environment agricultural (CEA) system 
throughout this communication. 

An attempt has been made to analyse, mathematically 
and numerically, the various conditions of evaporative 
cooling for a CEA system, the effect of water flowing 
over the roof and its effect on the plant and enclosure 
temperature. 

2. Description of the CEA system 

The intended CEA system structure is designed as 
a low-cost type of greenhouse. It would cover an area 
of 4 m × 5 m and would be built of straw, long grass 
or reeds, similar to a thatched hut. The frame of the 
structure can be constructed using wooden poles, bam- 
boo or mild-steel angles, whichever are conveniently 
available in the area. All four walls would have an 
equal height of 1.75 m. The roof, with two equal sloping 
sides facing in the north and south directions, would 
have a height of 2.0 m at the centre. Small openings 
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Table 1 
Classification of the climatic zones in India 

Zone Code Town Location 
(State) 

Hot HD-1 Jaipur Gujrai ThaUai village 
and (Rajasthan) 
dry 

HD-2 Jodhpur Mogra village 
(Rajasthan) 

Warm WH-1 Pondicherry Pelakuppam village 
and (Union Territory) 
humid 

WH-2 Dibrugarh 
(Arunachal Pradesh) 

WH-3 Madras Goodium village 
(Tamil Nadu) 

Moderate MO-1 Bangalore Chikkijala village 
(Karnataka) 

Cold CC-1 Shimla Seepur village 
and (Himachal Pradesh) 
cloudy 

CC-2 Kulu Naggar village 
(Himachal Pradesh) 

CC-3 Kodaikanal Machhur village 
(Tamil Nadu) 

CC-4 Shillong Umsning village 
(Meghalaya) 

Cold CS-1 Leh Shey village 
and (Jammu and Kashmir) 
sunny 

Composite" CO-1 Delhi Kanganberi village 
(National Capital) 

CO-2 Dehradun Saliar village 
(Uttar Pradesh) 

CO-3 Bhopal Tila Khambaba village 
(Madhya Pradesh) 

"This applies when six months or more do not fall within any of the above categories. 

covered with transparent plastic sheets would be pro- 
vided at appropriate places t o  allow sunlight to enter 
the greenhouse enclosure. This would restrict excess 
radiation. 

Provision would be made for water to flow over the 
roof surface by placing a pipeline across/along the roof 
top, with small holes in it. The water flow would be 
controllable so that the roof is kept wet at all times. 
The thermal energy absorbed by the roof, from the 
solar radiation incident on it, will thus be carried away 
by this film of water. This would cool the roof surface 
and avoid any water dripping into the enclosure below. 
The radiation reaching the floor below, through the 
transparent openings in the roof, would be conducted 
into the soil, thereby raising its temperature. This would 
lead to transfer of thermal energy into the CEA system 
enclosure by convection. 

The proposed CEA system for Delhi's harsh summer 
conditions is depicted in Figs. 1 and 2. This CEA system 
would be suitable for the hot and dry climate of Delhi, 

~ i  
i~e for wafer flow 

aque porous roof 

Fig. 1. Isometric view of a CEA system with a flowing water ar- 
rangement over the roof. 

which is situated at 28 °38 '  N and 77 ° 17' E, at an 
altitude of 216 m above mean sea level [1]. Other 
climatological data for Delhi are given in Table 2. 
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Fig.  2. Cross-sect ional  v iew o f  a C E A  system with energy flow. 

Table  2 

Climatological  data for D e l h i  

Latitude 28 ° 38 '  N 

Longitude  77 ° 17'  E 

Alt i tude  216 m above  
mean  sea  level 

A n n u a l  m e a n  max imum 31.7 *C 

temperature  

A n n u a l  mean  m i n i m u m  18.8 °C 

temperature  

A n n u a l  mean  temperature  25.3 *C 

A n n u a l  global 2476 k W h  m - 2  

solar radiation 

Fig. 3. Elementa l  area  LEW cl;c o f  roo f  over which the energy balance  
is carried out.  

(c) the orientation of the CEA system is north-south 
and the ridge of length LEw is east-west; 

(d) the thermal properties of the green plants are 
th same as those of water; 

(e) the temperatures of the flowing water and the 
top roof surface are the same due to the large value 
of the convective heat transfer from the roof to the 
flowing water; 

(f) the roof surface is made up of dried grass (porous) 
of small thickness to provide shade as well as to allow 
partial solar radiation inside the CEA system; 

(g) the storage capacity of the roof/wall material is 
very small due to the low density and specific heat of 
dried grass; 

(h) radiative exchange within the CEA system is 
neglected due to its small value (2-3 W m -z eC-1) 
for small temperature differences between either the 
floor and the walls/roof or the walls and the roof. 

The energy balances for different components of the 
greenhouse are as follows. 

3.1.1. Roof 
The energy balance for an elemental area L~w dx 

(Fig. 3) at the roof surface can be written [20] as 

3. Thermal analysis 

3.1. Assumptions 

In order to write an energy balance equation for 
each component of the proposed CEA system, the 
following assumptions ]~ave been made: 

(a) the heat flow is one-dimensional and periodic; 
(b) continuity of flux and temperature at interfaces; 

aI (t) LEW dx= MwCw( dTws/dx)dx 
[solar flux [rate of thermal 
received energy carried away 
on roof] by flowing water] 

+ hcl(TwN- Ta)LEw dx 
[rate of thermal 

energy lost 
by convection] 

+ 0.01 o(p,,, -  "pa)L w 
[rate of thermal energy 
lost due to evaporation] 
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+ hr(TwN - Ta)LEw dx 
[rate of  thermal 

energy lost tO 
ambient by radiation[ 

--e zIR LEW dx 
]rate of  

energy lost 
to sky due 
to radiative 
exchange] 

-khRB(TwN- TR)LEw dx 
[rate of thermal 

energy conducted 
inside system] 

(1) 

3.1.2. Walls 
(i) Dry porous walls 

otli(t ) A~ = [(ha + hn)(Tw,- Ta) 
[solar flux [rate of  thermal 

absorbed by energy lost to ambient 
i th wall] by convection and 

radiation from ith wall] 

-t- hwi(Twi- TR) ]A i 
[rate of thermal 

energy conducted 
inside CEA system] 

(2) 

[solar flux 
absorbed by 

ith wall] 

(ii) Wet porous walls 
Referring to Fig. 3, for an elemental area LEw dy 

of the ith wall, the energy balance is 

ati(t) LEW dy = [h~(Zw,- Ta) + 0.016h~fpw,- Y'Pa) 
[rate of thermal energy lost to ambient 

by convection, evaporat ion and radiation] 

+ hr,(Tw,-Ta)]LEw dy 
]from the ith wall to ambient] 

+hwi(Zwi- TR)LEw dy 
[rate of thermal 

energy conducted 
inside CEA system[ 

(3) 

3.1.3. Doors 
The energy balance for the door is similar to that 

of dry walls. 

3.1.5. Floor 
The net energy flux conducted into the floor (watts) 

is given by 

I --Km - -g  x=0 

[rate of thermal energy conducted through floor] 

Af-- "L' mlm(t) (N&) + ho,(r&_o- 

[solar flux received by floor through N openings in roof] 

+ 0"016ha[P(Tm~,- o) - T'p(TR)]Af (5) 

[rate of thermal energy lost to enclosed 
room air from floor due to convection 
and evaporation] 

where the saturated partial vapour pressure at Tm[~-o 
can be linearised in normal operating conditions as 

p(Tm~=o) = R1Tm[x-o + R2 

p(Tp)=R1Tp+Rz 

Continuity of flux and temperature at interfaces, i.e. 
first the thermal flux will propagate through the wetted 
soil and, after reaching x=Lm, the same amount will 
continue to propagate through the dry soil [21], is given 
by 

_ K  m OTm I OTD 
0---x-Ix=Lm = --KD ~ x=Lm (6a) 

[thermal flux [thermal flux dry soil 
from x=0 to entering at X=Lm] 
x = L m ]  

T m [ . - L  m = TDL~--L m ( 6 b )  

The temperature at greater depths (=  4 m) is equal 
to about the annual average ambient air temperature 
which is constant annually and can be expressed math- 
ematically as 

TDL~ = = To (6c) 

3.1.4. Ventilation~infiltration 
The thermal flux (watts) carried away by ventilation 

and infiltration is given by [19] 

Qms,, = Vo + VI(TR - -  Ta) (4) 

where 

Vo = 2463(N+ N0)Ma ARh/3.6 

I"I = N + No( ARh × 1.88 + C~)Ma/3.6 

N>_-1 for ventilation (rate of change of room air per 
hour) through doors and windows; No ~< 1 for infiltration 
(leakages) through doors, ventilators, holes, windows, 
etc. 

3.1.6. Enclosed air 

hRB(Twr~ - TrO (A~ +As) 
[rate of  thermal 

energy conducted 
through roof] 

+ ~,hw,(Tw,- TR)A, 
[rate of  thermal 

energy conducted 
through walls] 

+ {hcf(TmL- o -- TR) + O.O16ha[p(TmL,-o) 
[rate of  thermal energy eonvected 

and evaporated from floor] 
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+Aphp(Tp- TR) + 0.016hp[p(Tp) - y'p(TR)]Ap 
[rate o f  thermal e n e r g y  c o n v e c t e d  

a n d  e v a p o r z t t e d  f r o m  p l a n t s  
t o  e n c l o s e d  r o o m  air] 

=MaCa dTa d---t- - Vo - 111 (T R -- Tp) (7) 

3.1.7. Isothermal mass 6~eat capacity of the plants) 
The temperature of t]~e plants will be controlled by 

thermal exchange between the plants and the room 
air: 

Mp Cp dTp =Aphp(Tp - 7 R) 
dt 

+ 0.015hp[p(Tp) - T'p(TR)]Ap (8) 
[rate o f  t h e r m a l  e n e r g y  o 3 n v e c t e d  

a n d  e v a p o r a t e d  f r o m  p l a n t s  
to  e n c l o s e d  r o o m  a i r [  

The temperature dist:ribution in moist (Tin) and dry 
(To) soil can be determined by a one-dimensional heat 
conduction equation [22], namely, 

K 02T aT 
- (9) 

pC 0x 2 at 

Since solar intensity I(t) and ambient air temperature 
are periodic in nature, these can be expressed as Fourier 
series [21] given by 

I(t) =Io+ ~ In exp(imot) (10a) 

and 

T,= T~o+ ~ Tan exp(in,ot) (10b) 
n = l  

where 

I~=i, exp(- ia , )  and T~=t~,  exp(kb~) 

i~, tan and an, qSn are the amplitudes and phase factors 
for solar flux and ambient temperature, respectively. 

Since the water temperature TwN, the room air 
temperature TR, the plant temperature Tp and the 
ground temperature T depend on the solar intensity 
and ambient air temperature, these can also be expressed 
as Fourier series in the form 

TWN = TwNo+ ~ TWN. exp(inoX) (lla) 

TR=TRo + ~ Tan exp(bTwt) (11b) 

Tp=T,o+ ~ Tp. exp(in~) (llc) 
n = l  

and 

T= To(x ) + ~ T.(x) exp(in~t) (l ld) 
n ~ l  

where TwNo, TwN,, TRO, TR,,, Tpo, Tp~, To(x) and Tn(x) 
are constants which can be evaluated by considering 
the time independent and dependent parts of all the 
energy balance equations mentioned above. 

After substituting Eq. ( l ld) into Eq. (9) and con- 
sidering its time independent and dependent parts 
separately, the solution of the above equation for moist 
and dry soil may be reduced to the following [21]: 

To =Aoox + Boo + ~ [Con exp(flo"x) 

+DDn exp(--/3t,"X)] exp(in~) (12a) 

and 

Tm =Amox +Bmo + ~ [Cnm exp(/3m"x) 

+Dm~ exp(-f l~x)]  exp(in~) (12b) 

where 

_ ' ' 2  

and 

fl~. = amV~(l+i) 

[mpmCm~ 1/2 

In order to satisfy the condition (6c), namely 
Toil-. 0o = To, in Eq. (12a) it is obvious that ADo and 
CDn=0. 

Hence, Eq. (12a) reduces to 

To =Boo + ~DDn exp(-- riD.X) exp(inoJt) (12c) 

Further, the constants Amp, Bmo, Boo, Cm~, D ~  and 
CDn can be obtained from the time independent and 
dependent parts of Eqs. (1)-(10). 

4. Analytical results and discussion 

In order to see the effect of water flow over the roof 
and to solve the above equations (2)-(11), it is necessary 
to analyse Eq. (1) in detail, treating the time independent 
and time dependent parts separately. 

4.1. Time independent part 

The time independent part of Eq. (1), after substi- 
tuting the expressions for Tws and TR from Eqs. (lla) 
and (llb), can be written as 
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aloLEw dx =MwCw d-~,oT---, dx + (hr+hc 

+ h,w)(TwNo- Tao)LEw dr 

-- 6 ~kR L E w +  hRB( TwN o -  TRo)LEw d~ 

(13a) 

The above equation can be rearranged into a first- 
order differential equation as follows: 

dTwNo 
+aoTwNo =fo(t) + Ho TRO (13b) 

where 

ao = 
hr + hc + hew + hRB 

MwCw 
heat transfer parameters 

flowrate × specific heat 

fo(t) = 
odoLEw + EAR Lew + (hr + hcl + hew)Tao 

MwCw 
climatic parameters 

flowrate × specific heat 

hRBLEw 
14o- MwCw 

conductive heat transfer through roof 
flowrate × specific heat 

In order to get the solution of Eq. (13b), we multiply 
Eq. (13b) throughout by exp(aoX) and then integrate 
between 0 and x. After simplification we get 

fo(t) HoTRo 
Twr~o - + 

ao do 

× [1 - exp( - aox)] + T~m~o exp(-aoX) (14) 

where 

TwNoL, = o = T~wo 

The average of Twr~o can be obtained as 

LN if TwNo-- L~ TwNo dr 
0 

_ fo(t)+HoTROao [ 1 -  1 -  exp(-aoLr~)]aoLN J 

+ T ~ o  1 - exp(-aoLr~) (15) 
aoLs 

The above equation can be discussed for the following 
conditions. 

Case (a) 
If aoLN < 1, i.e. relatively high flowrate, for a given 

roof width and various thermal losses from the roof, 
then 

1 - exp( - aoLN) 

aoLr~ 

Hence, in this case Eq. (15) reduces to TwNo = T~mo. 
This condition applies to a hot and dry climatic condition 
because most of the solar radiation incident on the 
roof is carried away by the flowing water. In this case, 
the enclosed room air temperature is unaffected by 
solar radiation incident on the roof, i.e. the last term 
on the right-hand side of Eq. (13a) is a minimum. 

Further, the transmitted solar flux inside the room 
can be carried away by ventilation and the enclosed 
room air temperature can be lowered further due to 

(i) the movement of cold air through the wetted 
walls (second term on the right-hand side of Eq. (3)), 
and 

(ii) the movement of cold air from the wetted floor 
surface (second and third terms on the right-hand side 
of Eq. (5)). 

Case (b) 
If aoLN > 1, i.e. relatively low flowrate and high values 

of various thermal losses for a given roof width, then 

1 - exp( - aoLN) 
<1 

aoLN 

Hence Eq. (15) gives an average water temperature as 
a weak function of the climatic conditions, as expected. 

This condition also applies to reduce the heat con- 
ducted (last term on the right-hand side of Eq. (13a)) 
inside the enclosed room air in a CEA system because 
the water gets heated and the thermal energy is con- 
ducted through the roof. 

Case (c) 
If aoLN << 1, i.e. the lowest flowrate (stationary) for 

a given roof width, then 

1 - exp( - aoLN) , 0 
aoLN 

Hence Eq. (15) reduces to 

fo(t) + Ho TR0 
TWN 0 -- 

ao 

From the above equation, it is obvious that the average 
temperature of the water above the roof is hotter than 
in case (b) and the thermal energy conducted inside 
the CEA system is a maximum (the last term on the 
right-hand side of Eq. (13a), which is not the required 
condition for a hot and dry climate. 

4.2. Time dependent part 

The time dependent part of Eq. (1), by using Eqs. 
(10) and (11), can be written as 
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dT~¢,, 
o t / n L  EW d x  = / ~ w C w  ( ix  &: 

+ (h, +h~ + h~w)(Tv, m,, - T,,,)LEw dr 

+ hRB(TwN,,- TR,,)LEw dx (16) 

The above equation can be obtained by equating the 
coefficients of exp(inoJ¢) from both sides of Eq. (1). 
The conditions for Eq. (16), for a CEA system in a 
hot and dry climate, cart be obtained in the same way 
discussed for the time independent part, because Eq. 
(16) corresponds with Eq. (13a). 

On the basis of the analytical studies, it is inferred 
that the rate of thermal energy conducted through the 
wetted roof/walls can be minimised by having either a 
maximum flowrate or maximum convective and evap- 
orative heat losses (cases (a) and (b), respectively). 

Further, the various incoming thermal energy terms 
within the CEA system, represented by all the terms 
in Eq. (7), can be reduced. If any direct solar flux 
remains inside the CEA system it will be carried away 
by ventilation (second term of Eq. (7)). Hence an 
overall temperature rise of the enclosed room air (first 
term of Eq. (7)) will be minimised. Hence the plant 
temperature (the term on the left-hand side of Eq. 
(8)) will also be reduced. However, the plant temper- 
ature will be higher than the room temperature. 

5. Thermal load levelling 

The thermal load levelling (TLL), which gives an 
idea of fluctuations inside a CEA system, can be defined 
as follows: 

TR max-- TR min 
TLL = 

TR m~,+ TR ml. 

The value of TLL should be minimum for the best 
load levelling, along with reduced T= TR max--TR ml." 

6. Numerical results 

Numerical computations have been carried out by 
means of a FORTRAN program for a given design 
(Table 3) and climatic parameters (Fig. 4). Solar ra- 
diation on different wal]ls and roofs was first calculated 
by using the Liu-Jordan formula [23]. The values ob- 
tained were then used a:s the input climatic parameters. 

The effect of various parameters, namely, shading, 
ventilation and shading along with evaporative cooling, 
on the enclosed room air temperature is shown in Fig. 
5. From Fig. 5 it is clear that the cooling effect is most 
significant in the case of shading along with evaporative 
cooling. Further, the thermal load levelling is also a 

T a b l e  3 
List  of  des ign  p a r a m e t e r s  used  in the  m o d e l  [20] 

Symbol  V a l u e  Symbol  Va lue  

Af  20.0 m 2 NAL 1.0 m 2 

A~ 7.0 m 2 (each  wal l )  7", 22.0 °C 

AN 10.25 m 2 Tp 27.5 °C 

A s  10.25 m 2 TR 35.0 *C 

Ap 7.0 m 2 TwN 22.0 °C 
C,  1013.0 J kg -1 °C -1 he, 10.4 W m -2 *C -1 

C m 711.8 J kg - t  *C - t  ha 12.7 W m -2 °C - I  
Cp 1006.0 J kg - t  *C - t  h ,  7.0 W m -2 *C -1 

Cw 4190.0 J kg - I  *C - t  hRB 5.7 W m -2 °C - I  
Km 1.294 W m -1 *C - t  h o 5.7 W m -2 *C - t  

KD 0.52 W m -  1 ° C -  x ab 0.4 

LEw 4.0 m RI 293.3 

L~  2.05 m R2 - 3 9 1 1 . 5  

Lm 0.15 m ~" 0.8 

h;/w 20 kg  s - t  

M.  33.81 kg  
mp 80 kg 

Radiation, W/m2 Temperature, 0 
800 36 

--J-- l~ISm r~KIISIION . J "  
70o - ~ o,,u.d ,~,a.on / f ' \ ~  3o 

/ 
500 ~00 ~ 8"blorlt "l~'rSttlro y ~ ~ 215 

2O 

l o  
20o 

l o o  6 

0 4 8 12 I0 20 24 
Time ( hours ) 

Fig. 4. Hour ly  variation of  solar intensity and ambient air temperature. 

minimum in this case (Table 4), which is one of the 
required conditions for fast plant growth without any 
damage. 

Fig. 6 shows the effect of an isothermal mass on the 
room air temperature. In this case, the depth of water 
mentioned in Fig. 6 indicates an amount of water having 
the same floor area. Here it is clear that the TLL 
decreases with increase of isothermal mass, as expected. 

The monthly performance of the greenhouse in terms 
of maximum temperature is shown in Fig. 7. It is 
important to note that the evaporative cooling is most 
effective during summer due to fast evaporation in low- 
humidity conditions. This effect is marginal during the 
most humid periods (August-October) because of low 
evaporation. In this communication, computations were 
carried out for a single day of the month (the 15th 
day) using the average solar intensity and ambient air 
temperature of that month. 
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Table 4 
Comparison of thermal load levelling (TLL) for various cases 

Serial Fig. Curve TR ,,,x TR mi, T T L L  
no. no. no. (°C) (°C) (°C) 

(i) 5 I 40.0 15.5 24.5 0.44 
II  35.0 17.5 17.5 0.33 
I I I  32.5 15.4 17.1 0.35 
IV  30.0 16.5 13.5 0.29 

(ii) 6 I 40.0 15.5 24.5 0.44 
I I  35.0 20.0 15.0 0.27 
I l l  30.0 24.0 6.0 0.11 

(iii) 7 I 40.0 21.0 19.0 0.31 
I I  28.0 7.0 21.0 0.60 
I I I  70.0 37.0 33.0 0.31 
IV  48.0 32.0 16.0 0.20 

Temperature, C Temperature, C 
46 

40  

35 

30  

25 

20 

16 

10 

/ -t- ~ -~-- IH 

i i i i i 
4 8 12 16 20  24 

Time of the day (hours) 

Fig. 5. Hourly variation of  enclosed room air temperature: curve I, 
no ventilation; II, ventilation; III, shading and ventilation; IV, evap- 
orative cooling. 

Temperature, 0 
46 

-m.- 1 
40 " - t -  Ii 

36 

3O 

25 

2O 

16 

10 + J i ~ , 
0 4 8 12 16 20  24 

Time of the day (hours) 

Fig. 6. Effect of  isothermal mass on the enclosed air temperature: 
curve I, 0.05 M; II ,  0.10 M; I I I ,  0.15 M. 

7. Conclusions and recommendations 

On the basis of the analytical and numerical results 
including evaporative cooling and some experimental 

100 

gO 

80  

70  

6 0  

60  

Intensity, W/m2 
1200 

tO(X) 

8 0 0  

8 0 0  

30' 4 0 0  

20 i r  ~ l " ~ f ' - -  " -=-- - - - -* - - - - -=~. . . . .~  200 
10; 
0 I I I I I I I I I I 0 
Jan FeD Mar Apr May Jun Jul Aug Sap Oot NOV Dec 

Month Of the year 

-.e- Intensity -4-- Ta, maximum "-1-- TB, mlnlmul1*, 

TR, rnaxln'IJm -,v,- TR, minimum 

Fig. 7. Variation of  monthly maximum and minimum ambient air 
and enclosure temperatures. Curve I, T, (max.); II,  T= (min.);  III ,  
TR (max.); IV, Trt (min.). 

observations for a similar, existing, CEA system (in the 
I.I.T. Nursery) without evaporative cooling, the following 
conclusions have been drawn. 

(i) Evaporative cooling over the roof and walls is 
the most effective cooling method to reduce the CEA 
system enclosure temperature to even less than the 
plant temperature, for a given design. The temperature 
inside the enclosure would always be higher than the 
plant temperature without evaporative cooling. 

(ii) There is no possibility of damage to plant growth 
in such an environment. 

(iii) Evaporative cooling should be recommended for 
such a system wherever there is access to an adequate 
water supply. 

(iv) This type of CEA system should be most suitable 
for growing out-of-season vegetable crops in the summer. 

(v) This CEA system can be easily converted by 
replacing the roof with transparent, UV-stabilised glaz- 
ing for efficient use under cold climatic conditions. 
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8. List of symbols 

Z f  
A i  
A L  
AN, As 
Ao 
C 
Ca 
C., 
Cp 
Cw 
h~ 

hcf 

hcl 

hew 

hp 

hr 

hRB 

hwi 

~(t) 
In, 

K 

K~ 

Km 

LEw 
L~ 
LN 
M. 

Mp 
Mw 

n 
N 
NAL 

P~ 

floor area of CEA system enclosure (m 2) 
area of ith wall (m 2) 
area of transparent roof opening (m 2) 
north and :south facing roof areas (m 2) 
surface area of plants along with pots (m 2) 
specific heat of material (J kg -1 °C -a) 
specific heat of air (J kg -1 °C-1) 
specific heat of moist soil (J kg -1 °C -a) 
specific heat of plants (J kg -I  °C-1) 
specific heat of water (J kg-1 o C- 1) 
convective heat transfer coefficient between 
flowing water and ambient (W m -2 °C -1) 
convective heat transfer coefficient between 
CEA system enclosure and floor surface 
(W m -2 °(3-1) 
convective heat transfer coefficient between 
CEA system cover and enclosure (W m -2 
°C-1 ) 
evaporative,, heat transfer coefficient be- 
tween isothermal mass and enclosed room 
(W m -2 °C -a) 
convective iheat transfer coefficient between 
potted plants and CEA system enclosure 
(W m -2 °{2 -1) 
radiative heat transfer coefficient between 
flowing water and ambient (W m -z °C -1) 
heat transfer coefficient from flowing water 
to enclosure ( W m  -2 °C-1) 
conductive heat transfer coefficient from 
wall to room (W m -2 °C -a) 
intensity of sunlight ( W m  -2) 
intensity of sunlight available at floor sur- 
face ( W m  -2) 
thermal conductivity of material (W m -1 
°C-1 ) 
thermal conductivity of dry soil (W m -1 
°C-1 ) 
thermal conductivity of moist soil (W m-1 
°C-') 
length of CEA system (m) 
thickness of moist soil (m) 
width of n~orth facing side of roof (m) 
mass of air inside CEA system enclosure 
(kg) 
mass of plants (kg) 
mass flowrate of water over roof surface 
(kg s -1) 
harmonic number 
number of openings in roof 
total area of transparent roof transmitting 
solar radiation, m 2 
saturated partial vapour pressure of air (N 
m - 2 )  

Pw 

p(Tm~-0) 

p(Tp) 

p(T~) 

amlv 

AR 

R1, R2 
ARh 

t 
T 
r~ 
T~ 
r~ 
r~ 
r~ 

T~ 
TwN 
TwNo 

dx 
dy 

saturated partial vapour pressure of water 
(N m -2) 
saturated partial vapour pressure corre- 
sponding to temperature of moist soil at 
x---0 (N m -2) 
saturated partial vapour pressure corre- 
sponding to temperature of plants (N m-2) 
saturated partial vapour pressure corre- 
sponding to temperature of enclosed room 
(N m -z) 
rate of heat lost due to ventilation/infil- 
tration (W m -z) 
long-wavelength radiation exchange be- 
tween roof and sky (W m -z) 
constants 
difference in relative humidity inside and 
outside greenhouse 
time 
temperature (°C) 
ambient temperature (°C) 
temperature of dry soil (°C) 
temperature of wet soil (°C) 
temperature of plant (°C) 
temperature of CEA system enclosure room 
(°c) 
temperature of wall (°C) 
temperature of water flowing over roof (°C) 
average temperature of water flowing over 
roof (°C) 
elemental width of roof (m) 
elemental width of wet wall (m) 

Greek letters 

o/ 

7' 
E 

p 
T 

to 

absorptivity 
relative humidity 
emissivity 
density (kg m -2) 
transmissivity 
2~-/period, period = 24 × 60 × 60 (s- 1) 

Subscripts 

0 
i 

D 
m 

n 

time independent related quantity 
relating to east, west, north and south facing 
surfaces 
relating to dry soil 
relating to moist soil 
time dependent related quantity 
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