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Abstract

Two decision support software to support the natural ventilation and forced
ventilation systems design were developed using MATLAB. The first program,
entitled ‘NV’, short for Natural Ventilation, is based on steady-state energy balance.
The second program, entitled ‘VETH’, is based on simultaneous steady-state energy
balance and mass balance analysis. VETH deals with the coupled relationships of
Ventilation, Evapotranspiration, Temperature and Humidity. Forced ventilation alone,
pad and fan evaporative cooling system and fogging system designs are al within the
scope of analysis utilizing the VETH software. Subprograms to calculate amount of
water evaporated of a fogging system was included in VETH program. An example
for designing and/or operating a fogging system is demonstrated using the VETH
program Both programs are user friendly and can be used as teaching/research tools
in the field of controlled environment agriculture (CEA).
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1. Introduction

Greenhouse environmental control differs greatly from the environmental control
of industrial and commercia buildings. With the very large relative area of glazing,
dynamic changes in the amount of solar insolation create large and frequently sudden
changes in cooling load. Greenhouses located in temperate regions can often be
designed to depend upon natural ventilation to remove excess heat, particularly in
cooler seasons of the year. Tropica and subtropical greenhouses generaly require
forced ventilation and frequently also require pad and/or fog evaporative cooling
systems to provide a suitable range of temperature for most crops throughout the year.

1.1. Natural ventilation

The driving forces for natural ventilation include wind and therma buoyancy.
Boulard et al. (1996) proposed a model based on these two driving forces to estimate
the natural ventilation rate in greenhouses with only roof openings. Kittas et al. (1997)
and Sase et al. (2002) using similar approach to study the natural ventilation rates of
twin-span greenhouse with continuous roof ventilators and open roof with side vents,
respectively. Sase et a. (2002) concluded that the thermal buoyancy effect is
predominant for wind velocity at 1 m/s or less.

Consistent wind speed and direction is not typically assured for al times when
ventilation is needed. Thus, natural ventilation system design must consider that
ventilation is driven only by thermal buoyancy as there are significant periods when
this is the case. Equation 1 shows an empirical equation in calculating ventilation by
thermal buoyancy for situations of different inlet and outlet areas (Albright, 1990;
Albright, 2002).

V =0.65A (1+F) [ g?h (Ti — To)/Ti]°® (1)
where
Ventilation rate, nt/s
Smaller area betweeninlet and outlet opening area, n?
increase in ventilation rate due to inlet/outlet opening areas, decimal
Acceleration of gravity, m/s’
h: Elevation difference between inlet and outlet, m
Ti:  Absolute temperature of indoor air, K
To: Absolute temperature of outdoor air, K
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Factor F ranged from O to 0.4, depending on the ratio of inlet vs. outlet area, or
vice-versa, as shown in Figure 1. Factor F equals O when sze of inlet and exit area are
the same.

Equation 1 indicates that ventilation increases proportionally to the square root
of the elevation difference (inlet to outlet) and air temperature difference and directly
with the size of the opening area. As designs were being developed for warmer areas
efforts were made to increase the roof opening since the investment required in the
structure for increasing ? his high. The typical Dutch greenhouse has a roof opening
of 18.75% for natural ventilation. Similar greenhouse designs for New Zealand have
30% roof opening. An extreme case for increasing opening area for a natural
ventilation system is the open-roof system in which the entire roof panels are opened
to a vertical position One should not forget the ‘A" in equation 1 is the smaller value
of the inlet and outlet areas.

Equation 2 shows the steady-state energy balance model for natural ventilation
Equation 3 shows the calculation of the sensible thermal flux. The solution of the
model isthe value of V where equations 1, 2 and 3 balance (Albright, 1990).

Q=(?V/A)Cp+U) (Ti—To) 2

Q=S Rs (3)
where

Q:  Sensible thermal flux, W/n?

2. Air density, kgnT (approximately 1.2 kgnt)

A: Unit floor area, 1 n?

Cp: Specific heat, Jkg/K (1050 Jkg/K)

U:  Unit floor area structural heat exchange coefficient, W/mf/K

Si:  Indoor solar insolation, W/n?

Rs: Portion of the indoor solar radiation converted to sensible heat,
decimal

1.2. Forced ventilation

The term Q in equations 2 and 3 is the heat flux that is the portion, Rs, of indoor
solar radiation related to temperature increase, termed sensible heat. The balance of
the indoor radiation, :Rs, is converted to latent heat by transpiration from plants,
evaporation from free water surfaces and fog if that is used. The maximum energy
that can be converted to latent heat is limited by the capacity of the ventilating air to
hold water. This approach requires a good estimate of Rs. Another approach is to
consider the reduction of sensible hesat flux due to evapotranspiration from plants and



other free surface of water as shown in equation 4.

Q=S -IE 4
S =t So(1-a) (1-9 (5)
where
Latent heat of water, kcal/g or kJ/kg (0.58 kcal/g in general)
Evapotranspiration rate, g vapor/nf/min
Transmissivity of glazing, decimal
Outdoor solar insolation, kcal/nf/min or W/n?
Indoor solar reflectance, decimal (0.1 in general)
Degree of shading, decimal

@ p oo m=T

In order that the total amount of E produced will be absorbed by and removed
through the exchange of indoor/outdoor air, E must be calculated using equation 6.

E=0.06 (Xi —Xo0) ?V (6)
where

0.06: unit conversion, 60 s/min kg/1000 g

Xi:  Humidity ratio of indoor air, kg vapor/kg dry air

Xo: Humidity ratio of outdoor air, kg vapor/kg dry air

Noted that conditions can occur that Q becomes negative, such as when outdoor
ar is very dry, thereisrelatively little sun or a high ratio of shading and a high rate of
total evaporation in the greenhouse. Adequate airflow must be provided under these
conditions for this to occur.

Equations 7 and 8 can be derived by combining equations 2, 4 and 6. These two
equations are the core of the VETH model (Mihara, 1980). Given outdoor temperature
(To) and relative humidity (Ho), the outdoor humidity ratio (X0) can be derived using
equation 9. With the user assigned airflow rate (V) and Evapotranspiration rate (E),
the indoor temperature (Ti) and interior humidity ratio (Xi) can be derived. With the
caculated Ti and Xi, indoor relative humidity (Hi) can be derived using equation 9.

Ti=To+(S-IE)/(?V Cp+U) (7)
Xi = Xo + E/(0.06 ? V) (8)
X =8.18 H (0.046 T> - 0.87 T + 16.5)/10° 9)

where
H: Relative humidity, %.
T:  Dry bulb temperature, °C



X:  Absolute humidity, kg vapor/kg dry air
1.3. Comparison on methods in deriving absolute humidity

The conventional method for calculating the humidity ratio is based on ASAE
standards (1988) and fundamentals handbooks (ASHRAE, 1993) and requires several
steps. The 1% step involves the calculation of saturated vapor pressure based on
absolute temperature as shown in equations 10 and 11. The 2" step is to calculate
vapor pressure (Pw) by multiplying Pws by relative humidity (H, in % divided by 100)
as shown in equation 12. The 39 step is to derive absolute humidity (X) based on Pw
and Patm (101.325 kPafor sea level) using equation 13.

PP = A1/Tk+Az+As Tk+As Tk?+As Tk® +As Tk*+A7 log(TK) (10)
Pws = exp(PP)/1000 (12)
Pw =Pws* H /100 (12)
X =0.62198 Pw / (Patm — Pw) (13)

where
Pws.  Saturated vapor pressure, kPa
Pw:  Vapor pressure, kPa
Patm: Atmospheric pressure, kPa
Tk:  Absolute temperature, K

for Tk > 273.15K,
A;= -5.8002206* 10°; Ao= 1.3914993;
As= -48.640239* 10°; As= 41.764768*10°C;
As= -14.452093* 10°; Ag=0.0;
A7= 6.5459673;

Although equation 9 is very straightforward and has been utilized by Mihara in
his VETH model (1980), the conventional method was adopted in this study because
it is more accurate. Figure 2 shows the difference between using equation 9 (solid
curves with ‘+ symbols) and equations 10-13 (dash curves with ‘0 symbols) in
deriving absolute humidity within the range of 10 to 30 °C and 10 to 100 % relative
humidity. For relative humidity greater than 60 %, equation 9 tends to underestimate
when T is above 20 °C and tends to overestimate whenT isbelow 16 °C, equation 9.



2. Descriptionsof ‘NV’ program
2.1. Edit Window

Figure 3, entitled ‘ Edit Window’ , appears after the user enters ‘NV’ at the
command window in MATLAB. There are 9 parameters requiring user input. The 1%
parameter is the outdoor temperature. The value entered here is also the bottom-line
temperature as shown in the Y axis of Figures 5. The 2 and 39 parameters are
needed for the determination of Q as shown in equation 3. The 4" parameter is the
ratio of inlet/outlet or outlet/inlet areas, which is determined using the lesser of the
two divided by the larger one. The insight of this parameter can be further revealed by
selecting the *% increase in flow' icon as shown in the bottom of Figures 3.

‘NV’ software requires users to enter the assigned value of U or to select the
type of glazing with default values of U listed as shown in Table 1 (ASHRAE, 1993).
After the user select the type of glazing used, the mark on ‘User assigned U will be
toggled off automatically. The default values of U were adapted from 1998
fundamentals of ASHRAE.

2.2." Run’ with 2 options

As shown in the white block of the Edit window, there are 2 options for family
of curves to select. The one as marked in Figure 3 is the default setting. The result as
shown in Figures 4 is a family of curves for elevation difference between inlet and
outlet openings of 1, 3 and 5 meters.

Conditions for Figure 4 are as follows: To: 30 °C, Si: 500 W/n?, Rs: 0.35,
inlet/outlet area ratio: 1, and 4 for Figures 4a, and 4b, respectively. Glazing: Double
PE, leading to the U value of 4 W/n?/K. The only difference in Figures 5aand 5b is
the ratio of inlet/outlet area. With the given values of 1 and 4, the air flow increased
by 0 % and 37.69 %, respectively as indicated in the ‘title’ of Figures 4aand 4b.

As shown in Figure 4, the elevation difference has an effect but is not nearly as
important as vent opening area. Indoor temperature approaches outdoor temperature
(assuming 4 °C difference is acceptable) when smaller of the inlet or outlet areas is
more than 15 % of the floor area as indicated in Figure 4aand 10 % in Figure 4b. This
is with only a 1m elevation difference between inlet and outlet and the temperature
difference is even less with greater outlet elevation.

Another option in the white block of the Edit window of Figure 3 isthe ‘ family
of curves for glazing’ with the user assigned elevation difference listed one line below.



Figure 5 shows the outcome of selecting this option with the assigned elevation
difference of 3 meters and the ratio of inlet/outlet areas equal to 4. It is quite clear that
the effect of glazing is not obvious if the minimum value of inlet/outlet area can be
kept at more than 10 % of the floor area

2.3. One Air Change

Following equation 1, if floor area and height of the greenhouse are given,
equation 14 can be used to estimate number of air change per min.

AC=60* V/ (At * h) (14)
where

AC: Number of air change per minute

As:  Greenhouse floor area, nt

h:  Greenhouse height, m

Combining equations 1 and 14 and assuming AC equals unity, equation 15 can
be derived as follows:

Ti=To/(1-k/Dh) (49
where
k = 1U((122.1h)(A/A) (1+F))?

Note that parameter dh shown in Figure 6is same as ? h shown in equations 1
and 15, and Ti is the indoor temperature required to achieve 1 air change per minute
due to thermal buoyancy. Other parameters involved are outdoor temperature (To),
ratio of flow increase (F) due to different inlet/outlet opening areas, greenhouse height
(h) and % of vent area vs. floor area (A/Af).

Assuming greenhouse height (h) is aways 0.5 meter more than the elevation
difference of inlet/outlet (dh), Figure 6 shows family curves of Ti at three given
elevation differences of inlet/outlet, and given To equals 30 °C and opening area ratio
equas 3. Both values can be assigned in the Edit window as shown in Figure 3.

Indoor temperature (Ti) of curve of 5 melevation difference is always few
degree higher than the curve of 1 melevation difference as shown in Figure 6. Thisis
because the greenhouse volume of the former is 3.67 (=5.5/1.5) timesthat of the latter
greenhouse. To reach 1 AC, tall greenhouse with more air volume will need more
(Ti-To) to create more draft. Thus, higher Ti derived if To is fixed. The difference of
Ti derived among 5 mand 1 m elevation difference curves are big when vent area as



percentage of floor areais small. However, if vent area vs. floor area reaches 30%, the
discrepancy between these two curves reduced dramatically. That’ s why the same type
of greenhouse in the Netherlands has 18.75% roof opening and change to 30% in New
Zedand.

3. Descriptionsof ‘*VETH’ program

After entering ‘* VETH’ in the command window of MATLAB, three windows
will appear including, 1. GH UA calculation (Figure 7), 2. VETH main window
(Figure 8), and 3. VETH sub window (Figure 9).

3.1. GH UA calculation Window

As shown in Figure 7, the upper part of the window shows edit cells which
allow for the user to input required greenhouse dimensions. The program will
calculate and display the results in the * Derived’ block, located at the bottom of this
window. There are 3 basic types of roof that can be selected including: gable, circular
arch and saw tooth. Actual U values for the roof and wall can be assigned from the 6
options as listed in Table 1L The U value listed in equation 7 is the average value
based on unit floor area. This value is calculated by dividing the UA total, 10880.78
WI/K, for this example, as shown in the last line of the * Derived’ block, by the total
floor area, in this case 1080 nf as shown in the first line of the same block. The
derived U involved in the calculation of equation 7 is then, 10.075 W/nT/K, using the
materials for roof and wall of single PE and FRP, respectively as shown in Figure
7.This value also appeared in the title of VETH sub window as shown in Figures 9 to
13.

3.2. VETH main window

Figure 8 shows the VETH main window contains 5 blocks. The first block is the
option selection block which has 5 predefined conditions and 1 user assigned
condition. Blocks 2, 3, and 4 list the default values of environmental parameters and
user defined V (ventilation rate) and E (evaporation rate of fogging system plus
evapotranspiration rate of crops). Values of the first 5 options are listed in Table 2.
The first 4 options contain regular summer conditions of tropical/subtropical regions
such as very hot/hot, dry/humid, little sun/50% shading/no shading, etc. These options
and the associated calculations are of forced ventilation only. Only V and E can be
modified in these 4 options.



The fifth option is the same as option 1 but with the supplement of the pad
system. By entering a pad efficiency, the air temperature, relative humidity and
humidity ratio passing through the pad can be calculated automatically. The software
then uses these values as the new To and Xo as listed in equations 7 and 8. The
bottom block of Figure 8 shows the calculated indoor temperature (Ti) and relative
humidity (Hi) for the example shown.

3.3. VETH sub window

Figure 9 shows the VETH sub window for option 1. In this figure, default values
of parameters listed in VETH main window are used and the type of glazing for roof
and wall are single PE and FRP, respectively. Table 2 shows vaues of related
parameters of 5 options listed in the first block of VETH main window. As indicated
in Figure 9, there are points marked with * + and * *' signs showing the given outdoor
and derived indoor temperature and relative humidity, respectively.

The given To and Ho for options 1, 2, 3 and 5 are 32 °C, 52 %, respectively.
Option 4 represents weather of very hot (45 °C) and dry (15 %). Other inputs are V a
1.0 m?/mf/min for all options and Eat 11, 5, 0.8, 13 and 7 g/n/min for options 1 t0 5,
respectively. E value is around 7 g/mf/min for full canopy of well irrigated crop.
Excess value of E can be achieved by means of humidification such as misting or
fogging, etc. Table 3 shows the derived Ti and Hi under default conditions of all
parameters.

Figures 10 to 13 shows VETH sub windows Pr options 2 to 5, respectively.
Each figure has points indicating indoor and outdoor conditions with symbols of ‘+’
and ‘*’, respectively. In addition in Figure 15, another point indicated with ‘+
symbol, labeled as ‘ Taterpad , 0Cated at the lower right corner, which shows the
temperature and relative humidity of air after passing through the wet pad just as it
enters the greenhouse. Defaults and derived values of 5 options can be found in Tables
2 and 3. The defaults of derived Ti and Hi of option 5 are 33.36 °C and 75.68 %,
respectively. By changing the valuesof V and E to 2 and 11, respectively, Ti and Hi
will change to 28.59 °C and 91.45 %, respectively.

3.4. Design of fogging system

If more water vapor is added by means of fogging, for example, the indoor
temperature can be reduced further until the indoor relative humidity reaches 100 %.
The upper limit indicated in Figure 14 shows only the bottom part of the VETH main
window. In the case shown, input data for ‘ Evaporation’ of 15 resulted in a calculated



relative humidity over 100% and generated the warning message shown. This
indicates Evaporation must be reduced, as in the example shown in the next Figure.

Before saturation occurs, fogging can be beneficia in reducing the indoor
temperature. For the case shown in Figure 15, indoor temperature below outdoor
temperature occurred when ‘ % radiation - latent heat’ is more than 100% and indoor
relative humidity is less than 100%. This can be explained by equation 4 when Q
becomes negative due to evaporative cooling of airflow passing through greenhouse
when conditions are such that there is enough evaporation potential to utilize more
heat than is coming in as transmitted radiation.

The difference in Figures 14 and 15 reveals that the maximum amount of E isin
the range of 14 to 15 g/nf/min under the specified temperature and radiation
conditions. If the amount of transpiration (Et) can be estimated, the maximum
allowable amount of fogging (Es) can be calculated (Es=EEt) assuming 100%
relative humidity is the allowable upper limit. If there is concern for disease to be
considered, the upper limit of relative humidity can be reduced, to 85% for example,
and the alowable Es value can be re-calculated based on the new E value. The time
required to operate the fogging system per minute can be determined by equation 14.

N=(E-Et)/(F*?) (14)
where
E: Maximum allowable evapotranspiration plus fogging rate, g/mf/min
Et: Estimated evapotranspiration rate, g/mf/min
F. Massflow rate of fogging nozzle, g/min/ nozzle
?.  Efficiency of fogging system, decimal
Number of fogging nozzles installed per n, also represent ratio of
operating time per min assuming 1 nozzle per nt

Using the extreme case (no transpiration occur s) in designing the fogging system,
based on Figures 14 and 15, E must be less than 14 and Et equals 0. Figure 15 shows
the outcome of user-assigned evaporation and ventilation rate. At 14 g/nf/min of
evaporation rate, athough, the indoor humidity is till less than 100%, the latent heat
required is greater than total radiation, which is not possible.

Using the data from a local nozzle manufacturer (Gene environmenta control
Ltd., 2003), the F is 80 g/min/nozzle if the pressure is at 70 kg/cnt and the efficiency
is 100%. The number of nozzles required per nt is 14/80 = 0.175. Thisworks out to 1
nozzle per 5.7 nf. If 1 nozzle per nf is a pre-request, then N becomes the ratio of
operating time per min. In this case the value 0.175 means the control system should
turn on the fogging system for 10.5 sec in each minute.

10



Figure 16 shows sub-Window of ‘Evaporation due to fogging'. Users can access
this window by pressing the 1% button listed in ‘Given V & E section. Equations 15
and 16 listed below were used. Efficiency of fogging system was determined based on
water pressure (Bottcher, et al., 1991).

?2=0.124+1.35* 10 * (100 P) (15)

Ef=N*F*?*d/60 (16)
where

Ef: Estimated fogging rate, g/nf/min

P: Water pressure, kg/cn?, P times 100 converts the unit to kPa

d:  Number of seconds for the fogging system to turn on per minute

3.5. User assigned option

Figure 17 is the VETH main window for option 6, which allows user input all
related parameters including, outdoor dry bulb temperature, relative humidity, indoor
solar radiation in either kcal/mf/min or W/n? units, pad efficiency, given ventilation
and evapotranspiration rates. The output of this option is similar to Figure 15 shown
above.

4. Conclusion

This study has transformed well documented domain knowledge of natural
ventilation and forced ventilation systems design into Windows based
computer-software usng MATLAB.

The first software, entitted ‘NV’, natura ventilation in short, involves
steady-state energy balance analysis. NV utilizes information on the ratio of vent
opening areato floor area, ratio of inlet/outlet areas, glazing type, elevation difference
of inlets and outlets and predicts the indoor/outdoor temperature difference.

The second software, entitled *VETH’, combines steady-state energy balance and
mass balance analysis. VETH deals with the coupled relations of Ventilation,
Evapotranspiration, Temperature and Humidity. Ventilation with fan only, pad and fan,
fogging with fan and pad and fan plus fogging systems designs are within the scope of
VETH software. Subprograms to calculate amount of water evaporated of a fogging
system is included in VETH program. Examples of designing and/or operating a
fogging system are demonstrated using VETH software. Both software tools are user
friendly and can be used as teaching/research tools in the fields of controlled
environmental agriculture. Both software can be downloaded from the following

1



website:
http://ecaaser3.ecaa.ntu.edu.tw/weifang/cea/cea_software.htm
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1 U
Table 1. U values of various glazing materials (ASHRAE, 1998)

Glazing U, W/nf/K

Single glass 6.25
Double glass 4
Single PE 7.14
Double PE 4
FRP 6.67
Double PC/Acrylic 2.86

2. 8
Table 2. Defaults of environmental parameters of the 5 options listed in Figure 8.

To HO Radiation Pad \% Evap. Transp.
Conditions °C % wn? efficiency, % m¥m?min g/m?/min  g/mé/min

1) Hot, no shading, Fan 32 52 5303 N/A 1 4 7
2) Hot, 50% shading, Fan 32 52 2652 N/A 1 2 3
3) Hot, little sun, Fan 32 52 3489 N/A 1 0 1
4) Very hot, dry, noshading, 45 15 5582 N/A 1 6 7

Fan
5) Hot, no shading, Fan& Pad 32 52 530.3 83 1 0 7

3. 2
Table 3. Derived indoor conditions of 5 options listed in Table 2.

Ti Hi Tefterpad Hatterpad
Conditions °C % °C %

1) Hot, no shading + Fan 34.75 71.28 N/A N/A
2) Hot, 50% shading + Fan 34.03 58.99 N/A N/A
3) Hat, little sun + Fan 32.08 54.02 N/A N/A
4) Very hot, dry, no shading + Fan 46.04 32.21 N/A N/A

5) Hot, no shading, Fan& Pad 33.36 75.68 25.249 88.55

13
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1 b — - single glass, U=B.25

S0 L il — FRPU=BE?

B .._-:._-._JI._.JI_._:_.E._J:.-JI. —— single PE, U=7.14

R M 1 8 1 Il Tl

when TD =30°C

Indoor T (T, 2e)

“ent Area as Percent of Floor Area

Figure 5. Snapshot of the outcome of ‘run’ for ‘NV’ software with
‘family of curves for glazing option selected. (Other values:
elevation difference equals 3 meters and ratio of inlet/outlet
areas equals 4).

5. NV
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<} Required indoor T 1o reach 1 AC at given To and B -0 x|

L
[}

T=30°C
L
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¥
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o
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(1}
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2
T

Assuming GH height h=dh+Hl.5, Opening area ratio=3

=5 m (elevation difference)
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Figure 6. Indoor temperature required to achieve 1 AC a various

20 a0 4[] atll

“ent Area as Percent of Floor Ares

conditions.
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=10] %
GH Bay Length [m] an

............ M [ as43
GH Bay'width(m] [ &
............ M [ 1963
GH Eave Height [m] IT
............ it [1e

MHumber of Baps IT
Eave to Ridge [m] lf
............ M [ 32

|Fh:u:uf bppe 1: Gable j

U values [W/m2/K]

Roof | single PE [7.14) -
wal |FRP (6.67] |

T atal floor Area [mz] 1080

------------- [ft2] 11625
T atal wall Area [mz] 4782
------------ 24 5115
Total roof Area [m2]  1138.42
------------ [ft2) 12254
GH roof slope 033

Rooffloor Area ratio 1.05
Wall floor Area ratio 044
LI roof P AK) T2
L&y vaall P 2K 316968
L&, total [ ) 10880, 78
Uit LA totalfafdm2 k] 100748

Figure 7. Greenhouse UA calculation

window.
7. UA

=10 x|
(¥ Huat, no shading, w fan

" Hat, 50% shading, w/ fan

£ Hat, little sur, w fan

e hotddiy/no shade, w/ fan
" Hat, no shading, wfankpad

" User assigned

Outdoor T. H & R

dry bulb Temp. [deg.C] 32
relative Hurnidity [%] 52
YWet Bulb Temp. [deg.C] 2385

Radiation [kcal/mZdmin) 7.6
R adiation [\ /mz] h30.3
Pad Efficiency [%] ------

T. after Pad [degC]  ------
RH after Pad (%]  ------

GivenV & E
Yentilation [m3dm2/min] 1

E vaparation [g/m2/min] | 4

E vapotransp. [a/mzmin] 7

Derived Indoor T & H
dy bulb Temp. [deg.C]  34.75

relative Hurnidity [%] .28
% radiation--xlatent heat  83.9

Figure 8. VETH main window.

8.VETH
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) VETH suh

UA, per unit floor area = 0014393 keal/min/m2/ = 1000748 V/m2/K

=1ox]

18 - ' ' i |
Ty 0.5 momPmin
Bl 1.0 |
. — 15
LN s 20 1
. : - — 25
Sl : J,&_ 3.0 a
o : , . — 35
- ao ; . e — 40 |
: )
S 38 B )
o o )
£ . )
2 36 3 T o !
- 3475
z 0 e ) =
o T - N
28 ' ' : | I
40 501 ol /o % *

Relative humidity, %

Figure 9. VETH sub window for option 1 (Hot, no shading, Fan only).
9.VETH 1 (

<) YETH sub window

40

LA per unit flaor area = 0.14393 kcal/min/m2/4 = 10,0748 Wrn2/K

)

IOl x|
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Air Ternperatura, °C
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L g " 08 e min
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Relative humidity, %
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Figure 10. VETH sub window fr option 2 (Hot, 50% shading, Fan

only).
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LA per unit floor area = 0.14393 kcal/mindm2/A< = 10.0748 Wim2/K
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Figure 11. VETH sub window for option 3 (Hot, little sun, Fan only).
11. VETH

3 (

LIA per unit floar ar

ea = 0.14393 keal/min/m2/< = 10.0748 WWm2/K
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Figure 12. VETH sub window for option 4 (Very ot, dry, no shading, Fan only).
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<) VETH sub window o =] 1|
U4, per unit floor area = 0.14393 kcal/min/m2/K = 10.0748 WWm2/K

4D = % T {7 T -\_\-\ T T T
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=
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Relative humidity, %

Figure 13. VETH sub window for option 5 (Hot, no shading, pad and fan).
13. VETH 5 (

Wentilation [madmz/min) 1

Evaporation [g/mz/min) I 15

Denved Indoor T & H
dy bulb Temp. [deg.C]  29.52

relative Hurmidity [%]

% radiation-->latent heat 1145

Figure 14. A warning message appears at the bottom lines when
calculated indoor relative humidity exceeds 100%.
14. 100%



Wentilation [m3dm2dmin] 1

E wvaporation [g/mz/min) I 14

Derived Indoor T & H
dry bulb Temp. [deg.C]  30.83

relative Humidity [%] 93.33
% radiation--xlatent heat  106.3

Figure 15. Snapshot window shows the outcome of user-assigned
evaporation and ventilation rate. As shown above, at 14
g/mf/min of evaporation rate, although, the indoor humidity
is still less than 100%, the latent heat required is greater
than total radiation, which is not possible.

15.
14

J | Exaporation due to fogging E]@
0z

Mumber of nozzles installed per m2, #4m2 Ii
Amount of water spraved at highest pressure, gfmindnozzle IT
“Water pressure applied to the nozzles, kgfcmz2 IT
Duty cycle of the fogging operation, secmin IT
Efficiency of fogaing system, decimal 1
Amnount of water Evapaorated, a/ma/min 5333

Figure 16. Sub-Window of Evaporation due to fogging.
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Figure 17. VETH main window for the user assigned option.
17.

<) VETH main =10 x|
(" Hot, no shading, w fan

" Hat, 50 shading, w/ fan

" Hat, little zun, v fan

" ey hotddip/no shade, w fan
(" Hot, no shading, w/fankpad

{* |lzer azzsigned

Outdoor T.H & R

dry bulb Temp. [deqg.C] a2

relative Humidity [%] g2

et Bulb Temp. [deg.C] 23.85

Radiation [keal/m2dming | 7 5
Radiation [\ /m2) 5303

T & H after Pad
Pad Efficiency [%] a0

T. after Pad [deg.C] 25,48
RH after Pad [%] aF.82

Given vV & E

Yentilation [m3/m2/mir) IT
Evaporation [g/ma/min] HT
E vapotranzp. [gémzZ/min] IT
dy bulb Temp. [deg.C]  33.45

relative Humidity [%] 7238
% radiation--xlatent heat  53.4

VETH
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