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Abstract

This communication deals with the development of a mathematical model for experimental validation of
the thermal behavior in the greenhouse after evaporative cooling. Extensive experiments have been per-
formed during July to October 2000 for an even span greenhouse of effective floor area of 24 m2 and having
a brick north wall. A parametric study involves the area of the cooling pad (height of cooling pad and
greenhouse), mass flow rate and length of greenhouse. The optimum value of various parameters has also
been determined. A computer program based on MatLab software has been used to predict the temperature
profile as a function of various design parameters. The predicted room temperature of various zones shows
fair agreement with the experimental values.
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1. Introduction

The increase in population has resulted in more urban area for habitation, less land available
for cultivation and more food requirements. The resultant need is to increase productivity and
year round cultivation. The better option for this problem is greenhouse cultivation. Greenhouse
technology has evolved to create the favorable environment to cultivate the desirable crop year
round. The use of maintaining the climate may be extended for crop drying, distillation, biogas
plant heating and space conditioning. Thus, greenhouses are known as controlled environment
greenhouses. A greenhouse is essentially an enclosed structure, which traps the short wavelength
solar radiation and stores the long wavelength thermal radiation to create a favorable micro-
climate for higher productivity.
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Nomenclature

Ai area of walls and roofs of greenhouse (m2)
Ag area of floor under greenhouse (m2)
A n w area of nor th wall (m2)
Anw1 area of nor th wall falls under zone-I (m2)
A n w 2 area of north wall falls under zone-II (m2)
B width of greenhouse (m)
Ca specific heat of air (J/kg °C)
Fn fraction of solar radia t ion falling on nor th wall
H height of the wall of greenhouse (m)
Hc height of the cooling pad (m)
hgr radiative and convective heat transfer coefficient from greenhouse floor to r o o m (W/

m 2 o C )
hg1 overall heat loss coefficient for floor of greenhouse (W/m 2 °C)
ho convective heat transfer coefficient due to wind (W/m2 °C)
hr1r2 convective heat transfer coefficient of air from zone-I to zone-II (W/m 2 °C)
hwr convective heat transfer coefficient from nor th wall to r o o m air (W/m 2 °C)
hwa overall heat loss coefficient from nor th wall to ambient air (W/m 2 °C)
Ii solar radia t ion on various walls and roof (W/m2)
Kw thermal conductivity of wall (W/m °C)
Kg thermal conductivity of g round (W/m °C)
lw thickness of wall (m)
L length of greenhouse (m)
m_a mass flow rate of air (kg/s)
qgr heat transfer ra te from floor to r o o m [hgI(T\ 0 — Tr2Þ] (W/m2)
qg1 heat loss rate th rough floor [hgQO(T\y=0 - T1Þ] (W/m2)
qr1r2 heat transfer ra te from zone-I to zone-II [hr1r2ðT

r1 — Tr2Þ] (W/m2)
qwa heat transfer ra te from nor th wall to ambient air [hwa(Ti\z=0 — TaÞ] (W/m2)
qwr heat transfer ra te from nor th wall to r o o m air [hwr ðT1 U=o ~~ Tr1Þ] (W/m2)
Ta ambient air tempera ture (°C)
Tr1 r o o m air tempera ture in zone-I (°C)
Tr2 r o o m air tempera ture in zone-II (°C)
Tr2\x=L r o o m air tempera ture in zone-II at length L (°C)
T\ 0 surface tempera ture of floor of greenhouse (°C)
T1j z=0 surface tempera ture of nor th wall falls under zone-I (°C)
T2 z=0 surface tempera ture of nor th wall falls under zone-II (°C)
T1 tempera ture of g round at higher depth = Ta (°C)
[/; overall heat transfer coefficient from cover zone-I to ambient air (W/m2 °C)
Us overall heat loss coefficient from wall (zone-II) to ambient air (W/m2 °C)
v wind velocity (m/s)
V volume of greenhouse (m3)
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V1
V2

X

Greek
ag

aw

p

volume of greenhouse under zone-I (m3)
volume of greenhouse under zone-II (m3)
length coordinate in direction of flow (m)

letters
absorptivity of floor
absorptivity of north wall
reflectivity of north wall
transmissivity of cover

In India, hardly 300 ha of land is under greenhouse cultivation. On the higher side, it is 89,600
ha in Netherlands, 48,000 ha in China and 40,000 ha in Japan [1]. This shows that there is a large
scope to extend greenhouse technology in India for various climates [2]. The present trend in
greenhouse cultivation is to extend the crop production season in order to maximize use of the
equipment and increase annual productivity and profitability. In many Mediterranean green-
houses, such practices are limited because the improper cooling methods (mainly natural or forced
ventilation) used do not provide the desired micro-climatic condition during the summers of a
composite climate (New Delhi).

Morris [3] reported the greenhouse cooling potential by evaporative cooling through a simple
equation. Landsberg et al. [4] presented a detailed treatment of the greenhouse evaporative
cooling system. It has been observed by various authors [5-7] that the temperature can be lowered
by 6-8 °C with evaporative cooling in greenhouses. Sutar and Tiwari [8] had analyzed a green-
house suitable for the summer season, where the temperature inside the greenhouse for optimum
growth of the plants was studied. The reduction in the inside temperature was done by integrating
an earth air tunnel in a forced circulation mode.

In this paper, the cooling parameters are optimized by using the results of a developed math-
ematical model in quasi-steady state condition. An even span greenhouse of effective floor area of
24 m2 with a north wall has been considered for experimentation. The observations have been
recorded during July to October 2000. A computer program based on MatLab software has been
prepared to predict the temperature profile and optimize the cooling parameters. It is inferred that
the temperature of the cooled air increases along the length of the greenhouse due to receiving
solar incidence during the period. The proposed model validates the experimental observations
for a typical set of parameters. The optimum length of greenhouse, height (area) of cooling pad
and mass flow rate were obtained as 7 m, 1.75 m (width of 3 m) and 0.6 kg/s, respectively.

2. Design of experimental greenhouse

A roof type even span greenhouse [9] with an effective floor area of 6 x 4 m2 has been con-
sidered for experiment (Fig. 1a). The orientation of the greenhouse was east-west. The greenhouse
was installed to study the thermal load leveling (TLL) under the composite climate of India
(Delhi). There was a concrete north wall to reduce the thermal losses from the greenhouse during
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(a)

All dimensions in cm

Fig. 1. (a) Isometric view of greenhouse showing cooling pad with fan and water trickling arrangement and north wall,
(b) photograph of experimental greenhouse.

winter, as suggested by Santamouris [10] and Singh and Tiwari [11], as shown in Fig. 1a. The
central height and height of north wall and south wall were 3 and 2 m, respectively. A cooling pad
size of 3 x 1:15 m2 on the west wall and two fans on the east wall were provided for cooling the
greenhouse in summer (Fig. 1a). The cooling pad, made of corrugated cellulose that has been
impregnated with wetting agents, was used to provide maximum surface area for evaporation and
least resistance to air flow. A suitable pump with water tank was attached to the cooling pad for
continuous water trickling. The photograph of the experimental greenhouse has been shown in
Fig. 1b. The other design and operating parameters are given in Table 1.
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Table 1
Input parameters used for computation

Parameters Values

H 2
Hc 1.5
L 6
B 4
m_a 0.5
Ca 1005.8
ag 0.9
aw 0.3
p 0.1
SI 0.7
v 1
lw 0.30
Kw 0.84
Kg 0.043
hwr 5.7
hgr 5.7
hr1r2 2.8

3. Experimental observation

The greenhouse was horizontally divided into two zones for experimental purposes. An upper
zone from the upper edge of the cooling pad to the top of the greenhouse represented zone-I, and
zone-II was considered from the floor to the upper edge of the cooling pad, as shown in Fig. 2a.
Room temperature was recorded at three places in each zone at the 0, 3 and 6 m length from the
cooling pad of the greenhouse. Solar radiation was recorded with the solarimeter on the floor and
north wall of the greenhouse and outside the greenhouse at every hour from 8 am to 5 pm at one
week intervals from July to October 2000. However, the experimental validation has been done
for typical dates of observation (for 27/09/2000, 04/10/2000, 11/10/2000 and 18/10/2000). The total
radiation on each wall and roof was computed, by using the Liu and Jordan [12] formula to
determine the total solar energy received by the greenhouse, and used as input values for com-
putation of the temperatures in zone-I and zone-II.

4. Thermal analysis

The energy balance equations for the different components of the greenhouse system, as shown
in Fig. 2a, are written on the following assumption:

(i) no stratification in each zone along the height,
(ii) air moves as a column along the length of the greenhouse, (x),
(iii) absorptivity and heat capacity of air in zone-I and zone-II is negligible,
(iv) storage capacity of the roof materials is negligible, and
(v) greenhouse is east-west oriented.
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(b)

x=0

*^M^ r^~ .

x 1 Jx+dx x=L

B.dx=area of elemental cross section

Fig. 2. (a) Cross-sectional view of greenhouse showing zone-I and zone-II and various heat transfers, (b) element
thickness dx along the length of greenhouse.

The energy balance equations for various components falling in both zones of the greenhouse

can be written as follows:

(a) for air in zone-I

V

(b) for wall in zone-I

OCŴ 1 — p)ra / tAj

Tr1 - Tr2ÞAg

(1)

(2)

(c) for air in zone-II (refer Fig. 2b)

iAisiBdxHc þ hm(T2\z=0 - Tr2ÞdxHc þ he(T\ 0 - Tr2ÞBdx
V

- Tr2ÞBdx - UsðTr2 - TaÞHcdx = m_
drr, dx (3)
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(d) for wall in zone-II
awð1 -

A

(e) for floor

ag[(l - FQ) + pFQ]

nw2 = [hWI(T2\z=0 - Tr2Þ þ hwa(T2\z=0 - Ta)]Anw2

Bdx
= [hgx(T\y=0 - Tx2) + hgoo{T\y=, ~ ^

(4)

(5)

Eqs. (1)-(5) can be solved for the temperature in zone-I (Tr1) and zone-II (Tr2). With the help of
Eqs. (5) and (4) by eliminating the T\ 0 and T2\z=0 in Eq. (3), it can be rewritten as

hmBHc + [IsinHz2 — Ux2a(Tx2 — Ta)]Hc + [IsmHy2

TT (T T\TJ ™ r dTl2

— UsðTr2 — TaÞHc = m_aCar 2

- Tx2)]B þ hr1r2ðTr1 - Tr2ÞB

hr1r2Ag iAi þ Ur2aAnw1

fðtÞ
- Tr2 =

hx\x2[Tx\ — Tx2) —

nw1 þ P

hr1r2Ag

£
£ £ [/;̂ i

/»rlr2(rrl " Tr2) = HxXx2f(t) - Uxlx2(Tx2 - Ta)

Substituting the above expression Eq. (11) in Eq. (6)

c — Ur2aðTr2 — TaÞHc þ Ieff3Hy2B — Ur21ðTr2 — TaÞB

dTr2
[Hxxx2f{t) - Uxlx2(Tx2 - TJ]B - Us(Tx2 - Ta)Hc = maCa-

dx

or
dT r 2 ðUr2a þ USÞHC þ ðUr2 þ UR1R2ÞB
dx m_aCa

Ieff1BHc þ Ieff2Hz2Hc þ Ieff3Hy2B þ Hr1r2fðtÞB þ ðUr2aHc þ Ur21B

This is the form of a first order differential equation,

—- + aTx2 = F(t)

(6)

With the help of Eq. (2) by eliminating T2\z=0 from Eq. (1), it can be rewritten as

/effi Vx + IemHz2AQwl - Ux2a{Txl - Ta)Aawl - hxlx2{Txl - Tx2)Ag - ^ U.A^ - Ta) = 0 (7)

or

„ /effi V\ + IemHz2Aavii + (Ux2aAavii + £ UiAi)Ta + hx\x2AgTx2
(8)

(9)

ð10Þ

11Þ

ð12Þ

ð13Þ

14Þ
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where

a = ðUr2a þ UsÞHc þ ðUr2 þ Ur1r2ÞB
maCa

and

c þ Ieff2Hz2Hc þ Ieff3Hy2B þ Hr1r2fðtÞB þ ðUr2aHc þ U r 2 1 B þ Ur1r2B

The analytical solution of Eq. (14) is

FðtÞ
rp V / / i ~— ax\ I rp —ax

a

and the temperature in zone-II at x = L may be expressed as

Tx2\x=L = ^ (1 - c-aL) + Tme-aL (16)

Now,

TI2=- rr2(k = —^ l — + r r 2 0 — - — (17)
L 7o « L aL \ aL

Once the numerical value of Tr2 is known then the value of Tr1 can be evaluated from Eq. (8).

4.1. Computation of thermal load leveling

TLL is a measure of the fluctuation of temperature inside the greenhouse. The fluctuation of the
room temperature in zone-I (Tr1) plays a vital role in temperature of cooled zone-II (Tr2). Hence,
the TLL for the greenhouse can be defined as:

T- — T- •
T T T

 J n max J n mm /1 o\

1 L L = - —— (18)
-* ri max þT -* ri min

For a given temperature difference, the denominator should be a minimum for plant growth due
to cooling in summer, and therefore, TLL should be a maximum for the summer condition and a
minimum for winter conditions [11,13]. Therefore, TLL is an important index for optimizing the
cooling parameters.

5. Computational procedure and input parameters

The mathematical model has been solved with the help of a computer program based on
MatLab software. The input values of the parameters used for experimental validation are given
in Table 1. The experimental validation has been done for a typical set of observations (for 27/09/
2000, 04/10/2000, 11/10/2000 and 18/10/2000), whereas optimizing the cooling parameters was
done for the observations of a single day (11/10/2000). For optimizing the cooling parameters, like
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L, Hc and m_a, the single parameter was changed while the others were kept constant, for example,
for optimizing the length (L) in the interval from 0 to 18 m, the height of cooling pad (Hc) and
mass flow rate (m_a) remained constant at 1.5 m and 0.5 kg/s, respectively. Similarly, for optimizing
the height of cooling pad (Hc) in the interval from 0.5 to 2 m, the L and m_a remained constant
at 6 m and 0.5 kg/s, respectively, and for optimizing the mass flow rate (m_a) in the interval 0.5 to
1.0 kg/s, the L and Hc were constant at 6 and 1.5 m, respectively.

6. Results and discussion

6.1. Variation of room temperature after evaporative cooling

The average temperature in zone-II (Tr2) and zone-I (Tr1) were computed with the help of
Eqs. (17) and (8), respectively. Hourly observations of room temperature in each zone were
taken for four typical days at one week intervals. The experimental and predicted values of hourly
Tr2 and Tr1 are plotted in Fig. 3a-d (for September 27, October 4, October 11 and October 18, 2000,
respectively). The predicted temperatures Tr2 and Tr1 show fair agreement with the experimental
observations. Thus, with the help of the developed mathematical model, the average temperatures
in zone-I and zone-II can be predicted for the given geometry of the greenhouse. These figures also
show the drop in temperature from the ambient condition due to evaporative cooling. The average
temperature in zone-II is 4-5 °C less than the ambient temperature.

The temperature profiles along the length of greenhouse in zone-II (Tr2) in the experimental
days are presented in Fig. 4a-d. These figures show the similar behavior of temperature inside the
greenhouse. The temperature increases with increase in length of the greenhouse. This is mainly
due to the solar incidence during the period, which heats the greenhouse. With the help of these
figures, the temperature inside the greenhouse at a particular distance from the cooling pad (L)
can be determined. This will help in deciding the type of plants that can be cultivated (in pot or
ground) as per the required environment.

6.2. Optimization of evaporative cooling parameters (pad and fan type)

6.2.1. Effect of length of the greenhouse
The room temperature in zone-II (Tr2) is computed with the help of Eq. (16) at 0, 6, 12 and 18 m

from the cooling pad of the greenhouse. Then, the respective temperatures in zone-I (Tr1) are
computed from Eq. (8). Fig. 5a represents the effect of the length of the greenhouse on room
temperature (Tr2 and Tr1) in zone-II and zone-I. This shows that Tr2 is minimum at 0 m length (near
cooling pad); it is lower than the ambient temperature; then it increases from 6 to 12 m length; and
remains steady from 12 to 18 m length. Since Tr1 is a function of Tr2 (Eq. (8)), therefore the hourly
variation of Tr1 also behaves like Tr2. It increases rapidly from 0 to 6 m length, then increases
slowly from 6 to 12 m length and remains steady between 12 and 18 m lengths. It can also be
inferred from this figure that the temperature in zone-II became equal to the temperature in zone-I
after 12 m length of the greenhouse.
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(a) (b)

Date - 27/09/00
Length of greenhouse - 6m
Height of cooling pad -1.5m
Mass flow rate - 0.5kg/s

—*— Ambient temp.
- £ - Exptl average temp.in zone-II

A Predicted average temp, in zone-II
- e - Exptl temp, in zone-I
--Q- Predicted temp.in zone-I

Date-04/10/00
Length of greenhouse - 6m
Height of cooling pad -1.5m
Mass flow rate - 0.5kg/s

- Ambient temp.
- Exptl average temp.in zone-II

Predicted average temp, in zone-II
- Exptl temp, in zone-I

Predicted temp.in zone-I

11 12 13 14

Time of a day in hours
11 12 13 14

Time of a day in hours

(c) (d)

o 4 5 -

Date-11/10/00
Length of greenhouse -6m
Height of cooling pad -1,5m
Mass flow rate-0 5kg/s

- Ambient temp.
Exptl average temp.in zone-II
Predicted average temp, in zone-I
Exptl temp, in zone-I
Predicted temp.in zone-I

~*~ Ambient temp.
- & - Exptl average temp.in zone-II
--&- Predicted average temp, in zone-I
-© - Exptl temp, in zone-I
- e - Predicted temp.in zone-I

10 11 12 13 14 15 16

Time of a day in hours

Fig. 3. Hourly variation of room and ambient temperature after evaporative cooling.

Fig. 5b shows the variation of maximum room temperature in zone-I and zone-II along the
length of the greenhouse. There is very little variation of Tr1 max along the length, approximately
42-48 °C, whereas Tr2max varies from 26 to 47 °C as the length increases from 0 to 10 m.

This clearly indicates that the difference of maximum temperatures in zone-I and zone-II is
more at 0 m length and tends to decrease with increase in length. Thus, the optimum length may
be taken as 7-8 m, where cooling is effective for the given cooling pad area and mass flow rate.
There is no cooling effect after this (7 m) length of greenhouse, hence another cooling pad may be
provided for a longer greenhouse for this configuration.

The effect of length of the greenhouse on TLL in zone-I and zone-II is given in Fig. 5c. The
maximum TLL in zone-II, which is desired during the summer season, is 0.7 at 7-8 m length. It is the
optimum length for getting the maximum TLL at a given cooling pad area and mass flow rate.
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(a) (b)

2245

Date - 27/09/00
Height of cooling pad -1.5m,
Mass flow rate - 0.5kg/i

Time of a day in hours

(C) (d)

Date-11/10/00
Height of cooling pad -1.5m
Mass flow rate - 0.5kgte ""

Time of a day in hours 0 Length of greenhouse in m

Fig. 4. Temperature profile along length in zone-II.

Fig. 5d shows the effect of length of the greenhouse on the average temperature in zone-I.
This depicts that there is not much variation in the average temperature in zone-I with variation in
length of the greenhouse. This proves the postulation made while writing the energy balance
equations.

6.2.2. Effect of mass flow rate
The effect of mass flow rate on room temperature in zone-I and zone-II is presented in Fig. 6a.

There is very little variation of temperature in zone-I with increase of mass flow rate from 0.2 to
1.0 kg/s, whereas the temperature in zone-II is reduced with an increase of mass flow. Fig. 6b
presents the effect of mass flow rate on the variation of maximum room temperature in zone-I and
zone-II. It is evident that the minimum mass flow rate of 0.25 kg/s is required for cooling in zone-
II. The graphical presentation of mass flow rate on TLL in zone-I and zone-II, as shown in Fig. 6c,
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(a) (b)

Date -04/10/00
Height of cooling pad- 1.5m
Mass flow rate - 0.5kg/s

- * - Ambient temp.
~&- Tempjn zone-I at 0m length
A- Temp.in zone-I at 6m length
• Temp.in zone-! at 12m length

•-*-- Temp.in zone-I at 18m length
-©- Temp.in zone-II at Om length
- * ~ Temp.in zone-II at 6m length
- a - Temp.in zone-II at 12m length
- * - Temp.in zone-II at 16m length

Time of a day in hours

(c)

Date- 04/10/00
Height of cooling pad -1 5m

- Mass flow rate - 0 5kg/s

- TLL in zone-I
- TLL in zone-II

6 8 10 12

Length of the greenhouse in m

£

e [

| 40

Date- 04/10/00
Height of cooling pad -1.5m
Mass flow rate - 0.5kg/s

- a - Maximum temp, in zone-I
-©- Maximum temp, in zone-II

6 8 10 12

Length of greenhouse in m

(d)

Date- 04/10/00
Height of cooling pad -1.5m

; Mass flow rate - 0.5kg/s

- Temp, in zone-I at 6m length of greenhouse
- Temp, in zone-I at 12m length of greenhouse

Temp, in zone-I at 18m length of greenhouse

11 12 13 14

Time of a day in hours

Fig. 5. (a) Effect of length of the greenhouse on room temperature, (b) variation of maximum room temperature w.r.t.
length of greenhouse, (c) effect of length of greenhouse on TLL, (d) effect of length of greenhouse on average tem-
perature in zone-I.

provides the optimum mass flow rate as 0.6 kg/s for maximum TLL in zone-I and zone-II as
desired for summer for the given length of greenhouse and height of cooling pad.

6.2.3. Effect of height of cooling pad
Fig. 7a shows the effect of the height of cooling pad on the room temperature in zone-I and

zone-II. The temperature in zone-I decreases with increase of the height of cooling pad, which is
obvious due to the fact that an increase in the height of cooling pad increases the volume of
cooling zone-II and reduces the volume of zone-I. This reduces the temperature in zone-I. On the
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(a) (b)

Ambient temp.
"emp.in zone-l at mass flow rate of 0.2kg/s
"emp.tn zone-l at mass flow rate of 0.4kg/s
emp.in zone-l at mass flow rate of 0.6kg/s
"emp.in zone-l at mass flow rate of 0.8kg/s
'emp.in zone-l at mass flow rate of 1 .Okg/s
'emp.in zone-It at mass flow rate of 0.2kg/s

i ne-II at mass flow rate of 0.4kg/s
"emp.in zone-II at mass flow rate of O.Skg/s
"emp.in zone-II at mass flow rate of 0.8kg/s
"emp.in zone-II at mass flow rate of 1 .Okg/s

Date-04/10/00
Length of greenhouse - 6m
Height of cooling pad - 1.5m

Date-04/10/00
Length of greenhouse - 6m
Height of cooling pad - 1.5m

Time of a day in hours

(c)

0.3

0.5 0.6 0.7

Mass flow rate in kg/s

Date-04/10/00

Length of greenhouse - 6m
Height of cooling pad -1.5m

05 0.6 0.7

Mass flow rate in kg/s

Fig. 6. (a) Effect of the mass flow rate on room temperature, (b) effect of mass flow rate on maximum room tem-
perature, (c) effect of mass flow rate on TLL.

contrary, the temperature in zone-II increases with increase in the height of the cooling pad. This
is due to the fact that an increase in height of the cooling pad increases the volume of zone-II. As a
result, now more volume is to be cooled with the same air flow rate, thus the temperature in zone-
II increases. The maximum room temperature with varying height of cooling pad is shown in
Fig. 7b. It is evident that the optimum height of cooling pad can be found by the intersection of
the lines for maximum temperature in zone-I and zone-II, i.e. 1.75 m. With increase in height of
cooling pad, the TLL decreases in zone-I. On the contrary, it increases in zone-II, as shown in
Fig. 7c. Approximately 1 m height of cooling pad is optimum, so far as TLL is concerned in both
zones. However, the maximum TLL is desirable in zone-II for the summer condition, thus the
optimum height of cooling pad can be chosen as 1.75 m (with width of 3 m) from Fig. 7b and c for
the given mass flow rate and length of greenhouse.
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(a) (b)

Maximum temp, in zone-l
Maximum temp, in zone-l I

Ambient temp.
emp.in zone-l at cooling pad height 0.5m
emp.in zone-l at cooling pad height 1 m
emp.in zone-l at cooling pad height 1.5m
emp.in zone-l at cooling pad height 2m
emp.in zone-ll at cooling pad height 0.5m
emp.in zone-ll at cooling pad height 1 m
emp.in zone-ll at cooling pad height 1.5m
emp.in zone-ll at cooling pad height 2m

Date-04/10/00
Length of greenhouse - 6m
Mass flow rate - Q.5kg/s

Date-04/10/00
Length of greenhouse - 6m
Mass flow rate - 0.5kg/s

12 13 14
Time of a day in hours

1 1.5

Height of the cooling pad in m

(c)

Date - 04/10/00
Length of greenhouse - 6m
Mass flow rate - 0.5kg/s

1 1.5
Height of the cooling pad in m

Fig. 7. (a) Effect of the height of cooling pad on room temperature, (b) effect of the height of cooling pad on maximum
room temperature, (c) effect of the height of cooling pad on TLL.

7. Conclusion

A mathematical model has been developed to study the thermal behavior after evaporative
cooling (fan and pad type) in the greenhouse. A computer program based on MatLab soft-
ware has been used for computational purposes. The cooling system parameters, like length of
greenhouse (for effect of cooling length), height of cooling pad and mass flow rate are optimized
against the maximum temperature and TLL in zone-I and zone-II. The temperature in the
greenhouse increases along the length of the greenhouse due to receiving solar incident radiation.
The predicted average temperature in zone-I and zone-II show fair agreement with experimental
values. The optimum parameters of the cooling system are: (a) length of green house as 6 m,
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(b) mass flow rate as 0.6 kg/s and (c) height of cooling pad as 1.75 m (with width of 3 m) for the
given size and shape of greenhouse and climatic condition.
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Appendix A

K = (1 - *e)[(l - Fa) + pFa] (A.I)

F2 = awð1 - qÞFn ðA:2Þ

F3 = ag[( l - FnÞ þ pFa] (A.3)

Hy2=7-^T7— (A.4)
hgr þ h g 1

(A.5)
hgrþ hg1

h
(A.6)

wr þ hwa

"^ þ h1 ðA:7Þ

Urn y (A.I:

hm= L^. " ' (A.9)

/eff3= ^ (A.10)

*ri« = w . + s ^ + c ^ (A-n)

^ ^ = ^(C/^nwl+E^i) ( A > 1 2 )
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ho and hrw = 5J + 3:8v
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